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ABSTRACT 
 

 
ESTABLISHING CRISPR-CAS9 AND BIOID WORKFLOWS TO PROBE MOLECULAR SIGNALING 

PATHWAYS IN KIDNEY PODOCYTES 
 
Noah James Phippen         Advisor: 
University of Guelph, 2021        Dr. Nina Jones  
 

Podocyte detachment is a significant contributor to kidney disease progression, involving 

changes in signaling proteins which control integrin activity. Integrins are a major component of 

focal adhesions, and their activity is negatively regulated by the adaptor proteins Dok1 and Dok2. 

We uncovered a protective effect of Dok1 and Dok2 loss during podocyte injury in vivo, and as 

such, the goal of this thesis was to implement two new in vitro methodologies to better 

understand the role of Dok proteins in podocytes. Herein, we outline the development of 

workflows suited to the generation of CRISPR-Cas9 knockout (KO) podocytes as well as stable 

expressing bait-miniTurbo podocyte cell lines for proximity-dependent biotin identification 

(BioID). Dok1/2 CRISPR KO podocytes revealed a modest cell adhesion phenotype as well as 

increased cell migration. Cellular component gene ontology analysis of Dok1 and Dok2 proximity 

interactors revealed association of Dok proteins to adhesive junctions.  

 

 



 

 

iii 

iii 

ACKNOWLEDGEMENTS 
 

The work that follows would not have been possible without the help and guidance from 

many exceptional scientists over the past few years. A big thank you to Dr. Nina Jones, for taking 

a chance on me as a Biochemistry Co-op student looking to explore the world of academia. I 

couldn’t have asked for a better advisor to work under, especially throughout the pandemic, your 

perpetual support and positivity helped motivate me to do my best work during truly trying 

times. Thank you to Dr. Claire Martin, you’ve been the greatest mentor and role model in science 

that I could have ever hoped for. Your guidance and insight throughout this project have been 

invaluable, and none of this would have been possible without your help. To our lab manager, 

Peihua Lu, thank you for always being there to offer a helping hand, to help me troubleshoot all 

of my tissue culture or cloning issues, or even just to have a great conversation (Also thank you 

for teaching me how to make dumplings). Many thanks to Dr. Laura New, who offered great 

insights into experimental design and helped me work through many a problem with 

ImageJ/Volocity/GraphPad. 

To Hannah, thank you for your love, support, friendship, and for putting up with me. I am 

truly fortunate to have a partner with whom I can work to solve our daily problems in science. 

Your input and feedback have been essential to my growth as a scientist and as a person, and it 

is impossible to imagine the past 4 years without you.  

Thank you to all the other members of the Jones lab. To Hayley and Nikkita, for always 

being able to bring a smile to my face and brighten my day. To Manali, Sarah, Casey, Paityn, 

Begum, and Adam for your encouragement, advice, and feedback over the years.  

 I would also like to thank the lab of Dr. Anne-Claude Gingras for their collaboration in this 

project. Your help was essential to establishing Gateway cloning, BioID, and CRISPR within our 

lab. Additionally, I would like to thank the lab of Dr. Jasmin Lalonde, who was instrumental in our 

capacity to produce lentivirus. 

 Thank you to the members of my advisory committee, Dr. Alicia Viloria-Petit and Dr. Marc 

Coppolino, for their advice and feedback throughout my degree.  

 Lastly, I would like to thank my family for their love and support. It has been a long year 

and half without seeing all of you, but I look forward to brighter times in the coming months 

when we can all be together. To my Mom and Dad, thank you for encouraging me to do the best 

that I can, and for always believing in me. To my brothers, Nick and Sean, for being amazing role 

models and encouraging me to follow my passions.  

 

 

 

           Noah Phippen 

September 1st, 2021 



 

 

iv 

iv 

DECLARATION OF WORK PERFORMED 
 

The experiments in this thesis were performed by Noah Phippen with a few exceptions.  
Dr. Claire Martin performed the streptavidin pull-downs and mass spectrometry analysis of BioID 
lysates, she also provided the standard operating protocols stated in section 2.13. In addition, Dr. 
Laura New assisted with statistical analysis of adhesion and scratch assays. Unpublished 
experiments shown in the Introduction were performed by Dr. Claire Martin (Figure 1.3) and 
Nikkita Dutta (Figure 1.4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

v 

v 

TABLE OF CONTENTS 
 

Abstract...........................................................................................................................................ii 

Acknowledgements........................................................................................................................iii 

Declaration of Work Performed.....................................................................................................iv 

Table of Contents............................................................................................................................v 

List of Figures.................................................................................................................................vii 

List of Tables.................................................................................................................................viii 

List of Abbreviations.......................................................................................................................ix 

Chapter 1: Introduction..................................................................................................................1 

 1.1 - Kidney podocytes generate a molecular sieve for blood filtration.............................2 
1.2 - Kidney podocytes contain distinct signaling compartments.......................................3 
1.3 - Signaling at the lateral cell surface.............................................................................4 
1.4 - Affinity purification mass spectrometry reveals new roles for Nck in podocyte basal   
         adhesion......................................................................................................................6 
1.5 - Signaling at the basal cell surface...............................................................................7 
1.6 - Dok1 as a potential regulator of podocyte adhesion..................................................8 
1.7 - Examining Dok1/2 knockout in mice.......................................................................... .9 
1.8 - Generating Dok1/2 knockout in cultured podocytes................................................10 
1.9 - Examining Dok1/2 proximity interactors using biotin identification........................12 
1.10 - Rationale and objectives.........................................................................................13 
 

Chapter 2: Materials and Methods...............................................................................................15 

 2.1 - Antibodies.................................................................................................................16 
2.2 - Cell Culture...............................................................................................................16 
2.3 - Plasmids....................................................................................................................17 
2.4 - Synthesis of CRISPR-Cas9 sgRNA Plasmids................................................................17 
2.5 - MPC Pooled CRISPR Knockout (KO) Lines.................................................................18 
2.6 - Tracking of Indels by Decomposition (TIDE) Analysis...............................................19 
2.7 - Adhesion Assay.........................................................................................................20 
2.8 - Production of BioID Lentiviral Transfer Vectors.......................................................20 
2.9 - Lentivirus Production................................................................................................21 
2.10 - Generating HPC MT Stable Lines............................................................................22 
2.11 - Cell Lysis................................................................................................................. .23 
2.12 - Western Blotting....................................................................................................  23 
2.13 - BioID Sample Processing and Mass Spectrometry Analysis...................................24 
2.14 - Statistical Analysis..................................................................................................28 
 

Chapter 3: Results........................................................................................................................29 



 

 

vi 

vi 

 3.1 - Optimized workflow for the production of pooled CRISPR KO mouse podocyte line. 
          .................................................................................................................................30 

3.2 - Production of Dok1, Dok2, and Dok1/2 pooled KO MPC lines.................................32 
3.3 - Dok1 KO in MPCs suggests increased cell adhesion.................................................34 
3.4 - Dok1 and Dok1/2 KO cells display increased motility when assessed via scratch  
         assay.........................................................................................................................36 
3.5 - Refined procedure for the generation of bait-miniTurbo human podocyte cell lines. 

           .................................................................................................................................38 
3.6 - Optimized expression of Dok1 and Dok2 miniTurbo in HPCs...................................42 
3.7 - Proximity interactors of Dok1 and Dok2 identified from mass spectra of BioID  
         lysates......................................................................................................................44 

 

Chapter 4: Discussion...................................................................................................................46 

Chapter 5: References..................................................................................................................54 

Chapter 6: Appendix.....................................................................................................................61 

  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

vii 

vii 

LIST OF FIGURES 
 
Figure 1.1: Overview of kidney and podocyte anatomy                3 
 
Figure 1.2: Podocyte foot process architecture                 4 
 
Figure 1.3: Dotplot of Nck1 and Nck2 interactors identified through affinity purification mass 
spectrometry in mouse podocyte cells                  7 
 
Figure 1.4: Dok1/2 KO mice demonstrate enhanced recovery following nephrotoxic serum (NTS) 
challenge                   10 
        
Figure 3.1: Optimized workflow for generation and screening of CRISPR-Cas9 Knockout (KO) 
podocyte lines                   31 
 
Figure 3.2: Evaluation of guide RNA target efficiencies in the synthesis of Dok1, Dok2, and Dok1/2 
pooled CRISPR KO lines                 33 
 
Figure 3.3: Dok1 and Dok1/2 KO MPCs demonstrate moderately increased cellular adhesion   35 
 
Figure 3.4: Scratch wound recovery over a 48-hour time course for scrambled control, Dok1 KO, 
Dok2 KO and Dok1/2 KO lines                37 
 
Figure 3.5: Refined procedure for the generation of pooled Dok1-FLAG-miniTurbo expressing 
human podocyte cell (HPC) lines                40 
 
Figure 3.6: Lentiviral transduction of HeLa cells and HPCs to achieve expression of Dok1-FLAG-
MT, Dok2-FLAG-MT, and EGFP-FLAG-MT for BioID              43 
 
Figure 3.7: BioID/MS identified proteins from Dok1- and Dok2-FLAG-MT human podocyte cell 
(HPC) lines.                   45 
 

Figure 6.1: CRISPR-Cas9 double knockout cell lines generated using 0.5g of each px459 construct 
have reduced knockout (KO) efficacies compared to their single knockout (KO) counterparts   62 
 
Figure 6.2: Relative expression of Dok1 and Dok2 in kidney glomeruli and tubules           63 
 
Figure 6.3: Confirmation of Dok1-, Dok2-, and EGFP-FLAG-MT expression and biotinylation across 
all replicates prior to mass spectrometry of lysates               64 
 
 
 
 
 



 

 

viii 

viii 

LIST OF TABLES 
 

Table 3.1: CRISPR guides and their associated target regions within genes of interest         32 
 

Table 6.1: Unedited BioID/MS data with Bayesian false discovery rate (BFDR) cut-off  1% that 
was used to obtain dotplot data for Dok1 and Dok2 proximity interactors in Figure 3.7A           65 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

ix 

ix 

LIST OF ABBREVIATIONS 
Abbreviation   Description 

ANOVA   Analysis of Variance 

AP-MS    Affinity Purification Mass Spectrometry 

BFDR    Bayesian False Discovery Rate 

BioID    Biotin Identification 

BLAST    Basic Local Alignment Search Tool 

BLAT    BLAST-like Alignment Tool 

BP    Base Pair 

CRISPR    Clustered Regularly Interspaced Short Palindromic Repeats 

DAPI    4’,6-Diamidino-2-Phenylindole 

DMEM    Dulbecco’s Modified Eagle’s Medium 

D-PBS    Dulbecco’s Phosphate Buffered Saline 

ECM    Extracellular Matrix 

FBS    Fetal Bovine Serum 

GBM    Glomerular Basement Membrane 

HPC    Human Podocyte Cells 

HRP    Horseradish Peroxidase 

IF    Immunofluorescence 

KO    Knockout 

MPC    Murine Podocyte Cells 

MT    MiniTurbo 

PAM    Proto-spacer Adjacent Motif 

PCR    Polymerase Chain Reaction 

PEC    Parietal Epithelial Cell 

SD    Slit Diaphragm 

SH    Src Homology 

SDS    Sodium Dodecyl Sulfate 

TIDE    Tracking of Indels by Decomposition 

WT    Wildtype 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 1 
 

Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

2 

2 

1.1 Kidney podocytes generate a molecular sieve for blood filtration 

Chronic kidney disease is estimated to affect 12.5% of Canadians, equivalent to about 3 

million adults, with nearly a quarter of this population having stages 3-5 of the disease (Arora et 

al., 2013). The health care costs required to provide hemodialysis to a single patient for a year 

are approximately $60,000, and as such, providing treatment to this population is a substantial 

economic burden to the country (Arora et al., 2013). Late-stage kidney disease is incurable, and 

treatments to address the underlying issues are only palliative. Therefore, studying the 

underlying molecular mechanisms that cause kidney disease is an essential means through which 

to discover methods to slow disease progression. 

 Kidneys are vital organs required for the filtration of metabolic waste products found in 

the blood (Figure 1.1A). Each kidney contains ~1 million functional units known as nephrons, 

which house a specialized structure known as the glomerulus (Figure 1.1B). The glomerulus is a 

three-layered tuft of blood vessels and is the site at which blood filtration occurs (Figure 1.1C) 

(Lote, 2012).  Glomerular vessels are a composite formed from a fenestrated endothelium, a 

glomerular basement membrane (GBM), and an outer layer of specialized glomerular epithelial 

cells called podocytes (Lote, 2012). Podocytes produce primary and secondary actin-based 

extensions, referred to as ‘foot processes’, which intertwine with neighbouring foot processes to 

form a zipper-like structure (Figure 1.1D) (Miner, 2011). Adjacent foot processes synthesize a 

network of interlinked proteins between themselves, creating a molecular sieve known as the slit 

diaphragm (SD) (Scott and Quaggin, 2015). The SD is an essential structure required to restrict 

the flow of larger blood proteins, such as albumin, into the urinary space (Scott and Quaggin, 

2015).  
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The presence of protein in urine is commonly observed in individuals with kidney disease, 

a symptom referred to as ‘proteinuria’. Proteinuria is often concurrent with the effacement of 

foot process architecture and the overall detachment/retraction of podocytes from the GBM 

(Greka and Mundel, 2012). Given the dynamic environment in which podocytes reside, they must 

be able to endure heavy tensile and shear strain originating from the underlying blood vessels. 

The inability to properly adapt to these stresses can result in podocyte loss, proteinuria, and the 

onset of kidney disease (Greka and Mundel, 2012). To remain adherent, podocytes must be able 

to respond to external stimuli through the initiation of signaling cascades involved in cytoskeletal 

reorganization and cell adhesion. However, the underlying mechanisms associated with this 

plasticity are poorly understood.  

 
Figure 1.1: Overview of kidney and podocyte anatomy. (A) Cross-sectional view of human kidney 
(source: Encyclopedia Britannica: Bright’s Disease). (B) Structure of a singular nephron with a 
glomerulus contained within the Bowman’s capsule. (C) Scanning electron micrograph of a 

glomerulus encased in epithelial podocytes (Pod), scale bar 20 m. (D) Increased magnification 
of glomerular podocyte with discernable foot processes joining to form the slit diaphragm, scale 

bar 1 m (B,C, and D adapted from Scott and Quaggin, 2015). 
 
1.2 Kidney podocytes contain distinct signalling compartments 

Stemming from their unique morphology, podocytes are characterized by three discrete 

signaling domains located at the apical, lateral, and basal cell surfaces (Figure 1.2). The apical 

interface extends into the Bowman’s capsule and contains high concentrations of podocalyxin, a 
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protein that is integral to proper podocyte differentiation (Doyonnas et al., 2001). Alternatively, 

basal and lateral domains primarily house adhesion proteins for cell-extracellular matrix (ECM) 

and cell-cell contacts, respectively. These adhesion proteins are able to function as intracellular 

signaling scaffolds that facilitate cellular responses to external stimuli in order to maintain cell 

shape and survival (Jones et al., 2006; Pozzi et al., 2008). Improved understanding of the specific 

molecular mechanisms at play in these signaling compartments is essential for development of 

therapeutic targets for treatment of kidney disease.  

 
Figure 1.2: Podocyte foot process architecture. (A) Transmission electron micrograph 
highlighting the location of the apical (red), lateral (green), and basal (blue) surfaces of foot 
processes (FP). Interspersed between foot processes are thin slit diaphragms (SD) which serve as 
a filter to retain essential blood proteins (Jones lab, Unpublished). 
 
1.3 Signaling at the lateral cell surface 

The lateral interface occurs between neighbouring foot processes and contains a unique 

cell-cell adhesion that is found only in the kidney, the SD. The core component of the SD is a large, 

membrane spanning protein, referred to as nephrin (Tryggvason and Wartiovaara, 2005). The 

extracellular domain of nephrin contains several IgG-like motifs that interact with similar 

structures on opposing foot processes to form the SD (Grahammer et al., 2016). Intracellularly, 

nephrin functions as a signaling scaffold via several conserved tyrosine residues that are subject 
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to phosphorylation by Src-family kinases, such as Fyn. This property permits nephrin to initiate 

signaling cascades responsible for podocyte survival as well as actin reorganization via adaptor 

proteins such as Nck (New et al., 2014). 

The Nck family of proteins consists of two members found in mammals, Nck1 and Nck2. 

Both paralogues contain one Src homology (SH) 2 domain and three SH3 domains, the latter of 

which allows interaction with proteins such as N-WASP, that are known to mediate actin 

polymerization (Rohatgi et al., 2001). A podocyte-specific knockout (KO) of both Nck1 and Nck2 

in mice results in severe proteinuria and podocyte detachment, demonstrating a critical role for 

Nck in podocytes (Jones et al., 2006). Despite their structural similarity, distinct binding partners 

have been identified for each of the paralogues, a finding that is in accordance with observed 

phenotypic differences between Nck1-/- and Nck2-/- murine embryonic fibroblasts (Jacquet et al., 

2018). Both Nck1 and Nck2 are known to associate with three phosphorylated YDxV motifs on 

nephrin’s cytoplasmic tail via their SH2 domain (Jones et al., 2006). Substitution of nephrin 

tyrosine residues with phenylalanine residues results in a disruption of the nephrin-Nck 

interaction and decreased localized actin polymerization in vitro (Jones et al., 2006). It was 

subsequently demonstrated that expression of this nephrin mutation in mice results in foot 

process effacement and podocyte detachment, although to a lesser extent than that observed in 

the Nck double knockout mice (New et al., 2016).  

In addition to the role Nck1/2 play in actin dynamics within podocytes, these proteins 

have previously been associated with basal signaling in fibroblasts and are known to contribute 

to cell motility via interaction with the focal adhesion kinase (FAK) (Chaki et al., 2013; Goicoechea 
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et al., 2002).  Despite these discoveries, the significance of Nck1/2 basal signaling in the context 

of kidney podocytes remains poorly defined at this time.  

1.4 Affinity purification mass spectrometry reveals new roles for Nck in podocyte basal 

adhesion 

In the last decade, significant advancements have been made to methods of identifying 

binding interactions between proteins, and one of the most prominent approaches utilizes 

affinity purification in tandem with mass spectrometry (AP-MS). This technique involves isolating 

protein(s) of interest (baits) as well as their associated interactors through means of antibody-

based purification (Chen and Gingras, 2007). Pulled-down proteins are subsequently fragmented 

through trypsin digestion, the products of which are separated using liquid chromatography 

before their masses and collision-induced dissociations are evaluated to generate a unique 

spectra (Chen and Gingras, 2007). Resulting spectra are compared with in silico protein databases 

to identify which proteins were isolated with the protein of interest (Chen and Gingras, 2007).  

By employing this approach using Nck1 and Nck2 as baits in immortalized mouse kidney 

podocytes, our lab was recently able to identify several previously uncharacterized interactors 

for each protein (Figure 1.3). After validating the newly identified interactors Lima1 and palladin, 

we found that Nck1/2 are able to recruit these proteins to modulate -actinin4 bundling of actin 

at sites of cell adhesion (Martin et al., manuscript in preparation). Following these insights, we 

have begun investigating additional adhesion-associated interactors of Nck1/2 in a podocyte 

context. 
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Figure 1.3: Dotplot of Nck1 and Nck2 interactors identified through affinity purification 

mass spectrometry (AP-MS) in mouse podocyte cells (MPC). Novel interactions are identified by 
an asterisk. Probing interactions with Lima1 and palladin unveiled a new role for Nck1 and Nck2 
in podocyte adhesion dynamics through modulation of alpha-actinin4 bundling of actin at sites 
of adhesion (Martin et al., manuscript in preparation). AvgSpec, Averaged spectral count of 
peptides belonging to the given protein. BFDR, Bayesian false discovery rate. 

 
1.5 Signaling at the basal cell surface 

 To facilitate adhesion, podocytes express a series of heterodimeric transmembrane 

receptors that are capable of recognizing and binding to ECM components of the GBM (Menon 

et al., 2012). These receptors, known as integrins, are comprised of non-covalently bound α and 

β subunits (Has et al., 2012). The ECM substrate that is bound externally is determined by the 

unique pair of subunit isoforms that are aligned; podocytes primarily utilize 1-31 integrins to 

bind to laminin and collagen IV, the main components of the GBM (Hynes, 2002; Miner, 2005; 

Pozzi et al., 2008). The importance of the 3 and 1 subunits, in particular, is highlighted through 

the immense proteinuria observed following podocyte-specific knockout of these proteins (Pozzi 

et al., 2008). Additionally, total knockout of these proteins results in death during the neonatal 

period in mice (Pozzi et al., 2008; Kreidberg et al., 1996). 

 When present in an active conformation, integrins transduce bi-directional signaling and 

serve as a scaffold that promotes further complexing of intracellular proteins at localized sites of 

adherence known as focal adhesions (Campbell and Humphries, 2011). Primary constituents of 

these complexes include FAK, talin, and paxillin. These complexes are essential to cellular 
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adhesion, and in a disrupted state, can result in podocyte detachment and proteinuria (Pozzi et 

al., 2008).  Though the significance of these receptors has been well characterized, the underlying 

mechanisms of their regulation in podocytes remains to be fully elucidated. 

1.6 Dok1 as a potential regulator of podocyte adhesion 

 In addition to identifying Lima1 and palladin in our survey of Nck interactors within 

podocytes, we also observed the downstream of tyrosine kinase (Dok)1 adaptor protein (Figure 

1.3). This interaction has previously been noted in mouse embryonic fibroblasts (Chen et al., 

1998) and human embryonic kidney cells (Jacquet et al., 2018); however, its significance in the 

context of podocyte biology remains unclear. As its name implies, Dok1 (p62) was initially 

characterized as a frequent target of phosphorylation downstream of protein tyrosine kinases in 

cells transformed with oncoproteins (Ellis et al., 1990). Dok1 came to be associated with 

immunoreceptor signaling where it and its paralogue, Dok2 (p56), act as negative regulators of 

the Ras-Erk signaling pathway (Mashima et al., 2009). More recently, however, Dok1/2 adaptors 

have been implicated as key regulators of 3 integrin signaling (Anthis et al., 2009; Oxley et al., 

2008). Members of the Dok protein family contain an N-terminal pleckstrin homology domain 

that is commonly observed in juxtamembranous proteins, as well as a phosphotyrosine binding 

(PTB) domain that preferentially binds NPxY motifs (Mashima et al., 2009). Such sequences can 

be observed within the -subunit cytoplasmic tail of most integrins (Anthis et al., 2009). Following 

phosphorylation by Src, these motifs permit the association of Dok1/2 with integrins, where they 

competitively inhibit binding of positive integrin regulators such as talin (Anthis et al., 2009; Oxley 

et al., 2008). Due to this inhibitory relationship, overexpression of Dok1 has been demonstrated 

to enhance cell motility (Noguchi, 1999), while the knockout (KO) of Dok1 has been shown to 
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impair cell spreading (Woodring et al., 2004). Though these proteins have been well 

characterized in a variety of cellular contexts, their role in podocyte adhesion dynamics remains 

poorly understood. 

1.7 Examining Dok1/2 knockout in mice 

 To better understand the role of Dok expression in podocytes, a previous student in our 

lab set out to examine the phenotypic effects observed within kidneys of compound Dok1 and 

Dok2 knockout mice. No changes to glomerular and tubular morphology were observed following 

histological preparation of Dok1/2 KO kidney samples. Additionally, urine samples retrieved from 

mice at 6 and 12 months of age demonstrated an absence of proteinuria when evaluated via SDS-

PAGE and Coomassie blue staining. To determine the effects of Dok1/2 KO following glomerular 

injury, mice were subjected to kidney challenge using the nephrotoxic nephritis model. This 

model simulates glomerular injury via an immune response elicited by injection of mice with 

1g/L rabbit anti-mouse GBM antibodies. Urine samples were collected in 24-hour intervals 

after injection and significantly less albuminuria was observed in Dok1/2 KO mice by the first time 

point (Figure 1.4A). Upon implementing a higher dose of 2.3g/L, Dok1/2 KO mice were 

observed to sustain significantly less albuminuria and were observed to return to reduced levels 

of proteinuria more quickly than their WT counterparts (Figure 1.4B). While neither genotype 

was able to completely recover from injury by the end of the monitoring window, histological 

samples prepared from both lines indicated a lower sclerosis index in Dok1/2 KO kidneys. These 

findings suggest that KO of Dok1/2 in mice generates a protective phenotype against glomerular 

injury. To better understand the molecular underpinnings of this phenotype, the overarching goal 
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of this thesis is to investigate these mechanisms in cultured podocytes using recently developed 

gene editing and proteomic analysis techniques. 

 
Figure 1.4: Dok1/2 KO mice demonstrate enhanced recovery following nephrotoxic serum 
(NTS) challenge. (A) Mice were injected with low dose NTS (1 μg/μL) or an equivalent amount of 
IgG and monitored for 96 hours. Urine samples were collected and resolved via SDS-PAGE gel, 
followed by Coomassie staining. At 24 hours, Dok1/2 KO mice demonstrated considerably less 
proteinuria relative to WT controls. In addition, Dok1/2 KO mice were able to recover by 48 hours, 
whereas WT mice required 72 hours (3 days). (B) Mice were injected with high dose NTS (2.13 
μg/μL) or an equivalent amount of IgG and monitored for 432 hours (18 days). 24 hours post 
injection, both Dok1/2 WT and KO mice have proteinuria as indicated by the representative urine 
gels from mice of the indicated genotype. Dok1/2 KO mice experienced a hastened recovery and 
diminished protein levels by 144 hours (6 days) (Jones lab, Unpublished). 
 

1.8 Generating Dok1/2 knockout in cultured podocytes 

 Podocytes exist naturally as a terminally differentiated cell type, and therefore were 

difficult to study in culture prior to advances that permitted the generation of conditionally 

immortalized cell lines. To create these lines, isolated podocytes must undergo retroviral 

transduction of the temperature sensitive A58 SV40-T gene to promote integration of this 

sequence into the genome. Cells expressing the thermolabile SV40 T antigen are able to 

proliferate at 33C due to the capacity of this protein to interfere with p53-induced cell cycle 

arrest (Saleem et al., 2002; Ali and DeCaprio, 2001). When podocytes are cultured at 37°C, the 
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SV40 T antigen is degraded, allowing cells to return to a differentiated state over a period of 10-

14 days (Saleem et al., 2002). To generate podocyte KO lines, genomic alterations must be made 

while cells are cultured at 33C in an undifferentiated state so that new lines may be propagated.  

Gene-editing techniques have advanced greatly in the last 20 years with the advent of 

technologies such as zinc finger endonucleases and transcription activator-like effector 

nucleases. More recently, a gene-editing tool derived from clustered regularly interspaced short 

palindromic repeats (CRISPR) found within microbial adaptive immune systems has been 

commandeered to facilitate targeted gene editing using the Cas9 nuclease in combination with 

chimeric guide RNAs (Ran et al., 2013). Using this system, a gene of interest can be targeted by 

selecting a 20-nucleotide excerpt from its sequence that is preceded by a proto-spacer adjacent 

motif (PAM). This PAM sequence is unique to the microbe that the Cas9 nuclease is derived from, 

the most common of which is the Streptococcus pyogenes Cas9 which recognizes a 5’-NGG PAM 

(Ran et al., 2013). The 20-nucleotide sequence that is selected can be integrated into a chimeric 

single guide RNA which will direct Cas9 to the desired gene sequence via Watson-Crick base 

pairing (Ran et al., 2013). Once at the target gene sequence, the Cas9 nuclease creates a blunt 

cut between the 17th and 18th base which, following dissociation of Cas9 from the DNA, will 

promote re-ligation via non-homologous end joining repair (Ran et al., 2013). As non-homologous 

end joining is prone to indel errors, the genomic DNA is likely to become offset from the original 

reading frame, increasing the probability that a truncated protein will be produced following 

transcription and translation (Ran et al., 2013). 

With the aid of CRISPR-Cas9 technology, the generation of targeted knockout cell lines 

has become much more feasible. As such, one aim of this thesis is to apply these techniques and 
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produce cultured podocytes that are unable to express Dok1 and Dok2 to match our existing 

mouse lines. This will permit us to examine potential roles for Dok1 and Dok2 in the regulation 

of podocyte cell adhesion in a more simplified setting.  

1.9 Examining Dok1/2 proximity interactors using biotin identification (BioID) 

 Another means through which we aim to explore the role of Dok1/2 in kidney podocytes 

is by using an innovation developed within the last several years that allows for proximity-based 

labeling of proteins neighbouring a bait of interest (Roux et al., 2013). This technique, known as 

biotin identification (BioID), involves the conjugation of the 35kDa Escherichia coli R118G mutant 

biotin ligase (BirA*) to a protein of interest (Roux et al., 2012; Samavarchi-Tehrani et al., 2018). 

By stably expressing this chimeric protein, vicinal proteins within about 10nm of the bait are 

subject to biotinylation, allowing for easy purification with streptavidin-conjugated beads (Roux 

et al., 2012; Kim et al., 2014). Applying this approach in tandem with mass spectrometry allows 

for the identification of most proteins which neighbour the bait. The proteins that are identified 

via this method may or may not directly bind to the bait of interest and are therefore termed 

‘proximity interactors’. Performing follow up analyses with these proximity interactors can yield 

further insight into protein localization and potentially permit identification of novel interactors 

(Roux et al., 2012). Early practices of this technique were limited by 18–24-hour incubation 

requirements to observe significant biotinylation (Branon et al., 2018). However, through 

directed evolution, a smaller (28kDa), more efficient biotin ligase dubbed “miniTurbo” (MT) has 

been synthesized (Branon et al., 2018). In comparison to the original biotin ligase, MT is capable 

of labeling a similarly sized proteome in a span of 10 minutes (Branon et al., 2018). This 

significantly reduced labeling window facilitates more precise analysis of processes that occur on 
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the scale of minutes, rather than identifying accrued proximity interactions that have transpired 

over a 24-hour period (Branon et al., 2018). In addition to increased precision, the lower 

molecular weight of MT is likely to reduce any potential interference of bait protein function and 

trafficking (Branon et al., 2018).    

 Given the significant potential of BioID to expand our current understanding of protein-

protein interaction, a number of systems have been generated to allow for simple 

implementation of this technology. One of the most comprehensive systems created for this 

technique is the set of MT-based lentiviral transfer vectors generated by Samavarchi-Tehrani et 

al. (Samavarchi-Tehrani et al., 2018). This toolkit allows the user to transduce any desired cell line 

with lentivirus that will facilitate integration of an N/C-terminally tagged FLAG-MT bait of interest 

that is under control of a doxycycline-inducible promoter (Samavarchi-Tehrani et al., 2018). This 

set of plasmids also permits the generation of stable expressing cell lines using either puromycin 

or m-Citrine selection. In the context of this thesis, a parallel aim is to utilize this vector system 

in conjunction with BioID to profile proximity interactors of Dok1/2 in kidney podocytes. Herein, 

any reference to BioID is implied to involve the use of the MT biotin ligase. 

1.10 Rationale and objectives 

 Elucidating the underlying mechanisms of podocyte cellular adhesion and cytoskeletal 

dynamics is essential to defining new therapeutic treatments for those affected by kidney 

disease. By establishing new workflows centered around innovative technologies such as BioID 

and CRISPR-Cas9, we will be able to identify and characterize key proximity interactors of proteins 

linked to pathological conditions far more efficiently. In the following research, I will begin to 

integrate these techniques in cultured kidney podocytes, and our ongoing analysis of Dok1 and 
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Dok2 will serve as a model pathway of interest. Based on previous observations showing effects 

of Dok1/2 in the regulation of integrins in other cell types, as well as our in vivo analysis in Dok1/2 

KO mice, I will investigate a potential role for these proteins in podocyte adhesion signaling.  

 

Objective 1: To create a workflow for the use of CRISPR-Cas9 technology in our lab and use it to 

investigate a possible role for Dok1/2 in podocyte adhesion. 

 

Objective 2: To implement BioID procedures in our lab to determine Dok1/2 localization within 

podocytes as well as their proximity interactors. 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 2 
 

Materials and Methods 
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2.1 Antibodies 

Antibodies were acquired from the following vendors: mouse anti--actin (Sigma, A1978), 

mouse anti-Dok1 (Santa Cruz, sc-6929), mouse anti-FLAG M2 used for immunoblotting (Sigma, 

F1804), mouse anti-FLAG M2 used in immunofluorescence staining (Sigma, F3165). Horseradish 

peroxidase (HRP) -conjugated goat anti-mouse (BioRad, 170-6516) and goat anti-rabbit (BioRad, 

170-6515) secondary antibodies were used in immunoblot detection. Alexa Fluor® 647 goat anti-

mouse secondary antibody (Invitrogen, A-21235) was used for immunofluorescent staining. Dok2 

antibody recognizing the full-length protein was generated previously (Jones and Dumont, 1998). 

2.2 Cell Culture 

Immortalized human podocyte cells (HPC) were gifted to our lab by Dr. Moin A. Saleem 

at the University of Bristol (Haley et al., 2018). Cells were cultured in RPMI 1640 (Multicell, 350-

000-CL) supplemented with 10% fetal bovine serum (FBS) (Multicell, 098-150), 200 units/mL 

penicillin (Multicell, 450-201-EL), 200 g/mL streptomycin (Multicell, 450-201-EL), 5g/mL 

insulin, 5g/mL transferrin, and 5ng/mL selenite (Sigma, SLCF3240) at the permissive 

temperature of 33C. To stimulate differentiation, the previously described medium was 

exchanged for RPMI 1640 with 2% FBS, 200 units/mL penicillin, and 200 g/mL streptomycin and 

cells were transferred to 37C to promote degradation of the temperature sensitive transgene. 

Cells were allowed to differentiate for a period of 10 days prior to their use in experiments. 

Murine podocyte cells (MPCs) were a gift from Dr. Sue Quaggin. MPCs were passaged on 

type-I rat collagen (R&D Systems, 3440-100-01) coated dishes in RPMI 1640 enriched with 10% 

FBS, 200 units/mL penicillin, 200 g/mL streptomycin, and 10 U/mL -interferon (PeproTech, 315-

05-100UG) at 33C. MPCs used in adhesion assays were cultured on 12mm coverslips that were 
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previously coated with type-IV rat collagen (Corning, 354233). Cells were allowed to differentiate 

at 37C for a period of 10 days in RPMI differentiation medium as previously described.  

Human embryonic kidney (HEK) 293T cells for lentivirus production were gifted to us by 

the lab of Dr. Anne-Claude Gingras at the Lunenfeld-Tanenbaum Research Institute and HeLa 

cells were gifted to us by Dr. Richard Mosser at the University of Guelph. Both lines were cultured 

in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% FBS, 200 units/mL 

penicillin, and 200 g/mL streptomycin at 37C. All cells described previously were passaged 

using 0.05% trypsin/EDTA (Multicell, 325-542-EL). All cells were routinely screened for 

mycoplasma. 

2.3 Plasmids 

Empty pSpCas9(BB)-2A-Puro (px459) V2.0 (Addgene #62988) used in the generation of 

CRISPR-Cas9 plasmids was a gift from Dr. Anne-Claude Gingras. In addition, the pxPAX2 (Addgene 

#12260), pCMV-VSV-G (Addgene #8454), C-pSTV6 MiniTurbo (MT) (Samavarchi-Tehrani et al., 

2018), N-pSTV6 MiniTurbo (MT) (Samavarchi-Tehrani et al., 2018), pDONR223, and FUW-EGFP 

plasmids used for biotin identification (BioID) were a gift from the Gingras lab. hDok1 HA 

pcDNA3.1(-) was prepared in our lab from hDok1 EGFP gifted to us by Dr. Daniel J. Dumont and 

was used as a template for the hDok1 pENTR223 and hDok1-FLAG-MT pSTV6 plasmids. hDok2 

pENTR221 that was used to produce hDok2-FLAG-MT pSTV6 was acquired from the Arizona State 

University plasmid repository (DNASU, HsCD00042494).  

2.4 Synthesis of CRISPR-Cas9 sgRNA Plasmids 

Vectors utilized in CRISPR-Cas9 mediated knockout were generated by inserting 20 

nucleotide guide sequences into BbsI (NEB, R0539) digested and alkaline phosphatase treated 
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px459 V2.0 plasmid. Oligonucleotides were designed for genes of interest using the CRISPR tool 

on the Benchling web platform. These sequences were selected from exon regions that encode 

the first 100-200 amino acids of the target protein when possible and were selected using an 

“On-target” and “Off-target” threshold of >60. Upon obtaining and reconstituting primers, as well 

as their complementary pairs (Sigma), a 5’ phosphorylation was performed via a 30-minute 

incubation at 37C with T4 polynucleotide kinase (NEB, M0201) in T4 DNA polymerase buffer 

(NEB, M0203). Following phosphorylation, primers were mixed with their complement and 

placed on a heat block at 95C for 5 minutes before removing heat block and allowing to cool to 

~40C. Primer pairs were diluted 1:250 in polymerase chain reaction (PCR) water before ligation 

with BbsI-digested px459 V2.0. Resulting plasmids were sequenced to confirm insertion of 

correct primer pairs into the sgRNA backbone.  

2.5 MPC Pooled CRISPR Knockout (KO) Lines  

 Wildtype (WT) MPCs at low passage were seeded into 6-well tissue culture plates at a 

density of 200,000 cells/well. Twenty-four hours later, MPCs were transfected with 1g of sgRNA-

containing px459 V2.0 vector using Lipofectamine 3000 (Invitrogen) reagent, as per the 

manufacturer’s instructions. In addition to the vectors containing targeted guide sequences, a 

scrambled (non-targeting) vector was also transfected into one well to generate a control line. 

Following an 18-hour incubation, media was refreshed to provide cells a brief recovery period of 

6 hours before transitioning them to media supplemented with puromycin (Wisent, 400-160-EM) 

at a concentration of 2g/mL. Puromycin media was refreshed at 24 hours to increase selection 

efficacy before returning cells to normal media at the 48-hour timepoint. Following selection, 
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cells were re-grown to confluency before passaging to larger stock plates and use in subsequent 

experiments.    

2.6 Tracking of Indels by Decomposition (TIDE) Analysis 

 To design primers for TIDE analysis, the 20-nucleotide guide sequence that was generated 

for each targeted knockout was queried against Mus musculus genome in the BLAST-like 

Alignment Tool (BLAT) offered on the University of California Santa Cruz Genome Browser. A 

sequence retrieval region was then set to acquire 400 bases upstream and downstream of the 

guide sequence. The resulting string of bases was entered into the Primer-Basic Local Alignment 

Search Tool (BLAST) on the U.S. National Centre for Biotechnology Information website, with the 

search parameters adjusted to survey within the genome of Mus musculus. Primer outputs from 

this search were then selected for ordering if they had a GC content between 45-55% and melt 

temperatures between 57-63C. Upon arrival, primers (Sigma) were reconstituted in PCR water 

and used with Phusion Polymerase (NEB, M0530) as per manufacturers specifications in a PCR 

reaction with genomic DNA acquired from their complementary CRISPR KO line. Resulting PCR 

products were resolved on a 1% agarose gel (FroggaBio, A87-500G) and bands corresponding to 

the correct molecular weight were excised and subject to gel extraction (Invitrogen, K210012).  

Gel extracted products were submitted for sequencing alongside corresponding scrambled 

control fragments for later evaluation of KO efficacy. Upon receiving sequencing data for CRISPR 

KO products and their scrambled control pair, both files were uploaded onto the 

tide.nki.nl/#about website for generation of a quantitative spectrum of indels surrounding the 

CRISPR target site. Decomposition regions were set as per the recommendations specified in the 

original publication (Brinkman et al., 2014).  
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2.7 Adhesion Assay 

 Pooled CRISPR knockout lines were seeded into two 10cm culture dishes and 

differentiated for 10 days under previously described conditions. Following differentiation, 

medium was removed and the remaining excess was washed away with Dulbecco’s phosphate 

buffered saline (D-PBS) (Multicell, 211410XK) before cells were incubated for 2 minutes in 0.05% 

Trypsin/EDTA solution. After cells had lifted, an excess of DMEM was added to inhibit trypsin 

activity and cells were counted using a Corning cell counter (Cytosmart). Cells were seeded at a 

rate of 50,000 cells/well onto 12mm coverslips in a 24-well dish with wells containing 500L of 

DMEM. At 15-, 30-, 60-, and 120-minute timepoints, media was removed from wells and 

coverslips were washed once with D-PBS. After aspirating D-PBS from coverslips, cells were fixed 

in 4% paraformaldehyde (Electron Microscopy Sciences, 15710-S) for 10 minutes and then 

washed three times with D-PBS. MPCs were permeabilized in 0.1% Triton X-100 (Boehringer 

Mannheim, 1332481) for 10 minutes before another three washes with D-PBS. Coverslips were 

mounted using ProLong™ Gold Mountant with 4’,6-diamidino-2-phenylindole (DAPI) (Life 

Technologies, P36931) nuclear counterstain. Epifluorescent images at a 10x objective were 

acquired using Volocity software (Quorum Technologies) version 6.5.1 on a DMIRE2 microscope 

(Leica). Images were taken by randomly selecting 10 fields of view per cover slip.  

2.8 Production of BioID Lentiviral Transfer Vectors 

Lentiviral transfer plasmids used in BioID were generated using the C-pSTV6-FLAG-MT 

backbone. hDok1 cDNA was PCR amplified with Gateway AttB primers (FW: GGG GAC AAC TTT 

GTA CAA AAA AGG TGG CAC CAT GGA CGG AGC AGT GAT GGA, RV: GGG GAC AAC TTT GTA CAA 

GAA AGT TGG GTA GGT AGA GCC CTC TGA CTT GA) from previously sequenced plasmids and 
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Gateway-cloned through the BP reaction into the pDONR223 vector. Following an additional 

round of sequencing, the LR Gateway reaction was performed to migrate both the hDok1 and 

hDok2 genes into the C-pSTV6 FLAG MT destination vector. An EGFP N-pSTV6-FLAG-MT control 

vector was generated alongside the hDok pSTV6 vectors.  

2.9 Lentivirus Production 

Lentivirus used in the production of Dok-FLAG-MT stable lines was produced in HEK 293T 

cells seeded in a 6-well dish at a density of 450,000 cells per well. The morning after seeding, HEK 

cells were transfected with 1.3g of psPAX2 (Addgene #12260), 0.8g of pCMV-VSV-G (Addgene 

#8454), and 1.3g of pSTV6 FLAG MT transfer vector for each bait of interest (Dok1, Dok2, and 

EGFP) using the jetPRIME® (Polyplus) reagent as per the manufacturer’s specifications. An 

additional preparation of virus was produced in tandem with MT viruses using the FUW-EGFP 

vector in place of the pSTV6 transfer vector. This construct promotes the constitutive expression 

of EGFP to indicate the production of lentivirus without needing to induce bait-MT associated 

lines with doxycycline. After 10 hours, media was replaced with 3mL DMEM containing 5% heat 

inactivated FBS, 200 units/mL penicillin, and 200 g/mL streptomycin. 48 hours after 

transfection, the viral supernatant was collected and centrifuged at 500 rpm for 5 minutes to 

pellet cell debris. Supernatant was passed through a 0.45m filter before aliquoting and freezing 

at -80C until needed for transduction. 

Small aliquots were set aside for determining viral titer via transduction of HeLa cells 

seeded in a 24 well dish on 12mm coverslips. Cells were infected with 25, 50, 75, and 100L of 

viral supernatant for 24 hours prior to induction using biotin-depleted DMEM containing 1g/mL 

doxycycline (Sigma, D9891). Following an additional 24-hour incubation, media was replaced 
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with DMEM supplemented with 50M biotin (Bio Basic, BB0078) for a 30-minute interval before 

removing media, washing once with D-PBS, and fixing cells for 10 minutes with 4% PFA. Fixed 

cells were permeabilized with 0.1% Triton X-100 for 10 minutes, washed three times in PBS, and 

left on the nutator for 1 hour in PBS containing 5% skim milk powder. Following an additional 

three washes with PBS, slides were inverted on top of 45L droplets of PBS containing 1:100 

mouse anti-FLAG M2 (Sigma, F3165) and left for one hour. After the elapsed hour and three more 

PBS washes, cells were again inverted on 45L droplets, this time containing 1:10,000 DAPI 

(Invitrogen, 3571), 1:2500 Alexa Fluor® 594-conjugated streptavidin (Invitrogen, S11227), and 

1:1000 Alexa Fluor® 647 goat anti-mouse secondary antibody. Three more washes with PBS were 

performed after this incubation prior to mounting on coverslips using ProLong™ mounting media 

(Life Technologies, P36961) for later immunofluorescence imaging as described in section 2.7. 

2.10 Generating HPC MT Stable Lines 

 On day 1, WT HPCs were seeded in a 6-well tissue culture dish at a density of 100,000 

cells/mL. The following morning, cells were transduced with one of the following lentivirus preps: 

Dok1-FLAG MT C-pSTV6, Dok2-FLAG MT C-pSTV6, EGFP-FLAG MT N-pSTV6, or FUW-EGFP. To 

avoid single cells from receiving more than one copy of the lentiviral constructs, the volume of 

lentiviral supernatant that was required to observe a 20% expression rate via Hela titering was 

scaled proportionally to account for larger well size. After 24 hours, viral supernatant containing 

media was replaced with RPMI supplemented with 3g/mL puromycin. This treatment lasted for 

72 hours, with a replacement of the media with fresh puromycin-containing media at 24-hour 

intervals to increase the efficacy of selection. After 3 days, the cells were transitioned back to 

regular RPMI and allowed to recover before passaging. Expression of intended bait/control was 
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evaluated via immunofluorescence imaging as previously described, as well as through Western 

blotting.  

2.11 Cell Lysis 

 For CRISPR KO lines, culturing media was aspirated from plates and cells were washed 

once with 5mL of cold D-PBS. Plates were left on an incline to allow residual D-PBS to collect so 

as to remove all excess liquid prior to lysis. Cells were lysed in Phospholipase C (PLC +) buffer 

(50mM HEPES, 150mM NaCl, 10% glycerol, 1% Triton X-100, 1.5mM MgCl2, 1mM EGTA, 10mM 

NaPPi, and 100mM NaF) supplemented with 1mM phenylmethylsulphonyl fluoride, 1mM sodium 

pervanadate, and fresh protease inhibitors (10g/mL aprotinin and 10g/mL leupeptin). Lysates 

were collected and supernatants were isolated following centrifugation at 12,000g for 10 

minutes. Whole cell lysates were stored at -20C. 

 Lysates to be used for BioID were prepared from 1g/mL doxycycline-induced stable lines 

that underwent a 30-minute incubation in media supplemented with 50M biotin. The 15cm 

culture plates were removed from the incubator, placed on ice, and received two washes with 

10mL of cold D-PBS after aspirating media away. Plates were left on an incline to allow residual 

D-PBS to collect so that all excess liquid could be removed prior to lysis. Cells were treated with 

MS lysis buffer (3M Tris, 150mM NaCl, 0.4% SDS, 1% NP-40, 1.5mM MgCl2, 1mM EGTA) 

supplemented with protease inhibitor cocktail (Sigma, P8340), 25U of benzonase (EMD Millipore, 

71205), 1M NAF, and phosphatase inhibitor cocktail 2 (Sigma, P5726). For each replicate, lysate 

from 3 plates of each line was collected and frozen on dry ice before storing at -80C until needed 

for streptavidin pull-downs.  

2.12 Western Blotting 
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 A fraction was withdrawn from the aforementioned lysates and diluted 4:1 in a 5x sodium 

dodecyl sulfate (SDS) loading buffer (50% glycerol, 300mM Tris, 10% SDS, 25% -

mercaptoethanol). The mixture was heated at 95C for 10 minutes before loading into a 10% 

polyacrylamide gel to be resolved via SDS polyacrylamide gel electrophoresis. Proteins 

embedded in the resulting gel were transferred to a polyvinylidene fluoride (PVDF) membrane 

(Millipore) which was next blocked in TBST supplemented with 5% skim milk powder. Following 

three washes to remove excess milk, blots were incubated overnight at 4C in primary antibody 

diluted in TBST as per the manufacturer’s instructions. Blots resolved to determine the 

biotinylation capacity of MT stable lines were incubated overnight with 1:5000 diluted HRP-

conjugated streptavidin (Sigma, RPN1231). The next morning, blots were washed four times with 

TBST for 5-minute intervals before incubation with the appropriate HRP-conjugated secondary 

antibodies. Another four washes were performed before exposing bands with ECL Western 

blotting substrate (Pierce, 32106) on a ChemiDoc XRS+ (Bio-Rad) using ImageLab analysis 

software (Bio-Rad). 

2.13 BioID Sample Processing and Mass Spectrometry Analysis 

BioID lysates were prepared in MS lysis buffer as previously described in section 2.11, 

further processing was performed at the Lunenfeld-Tanenbaum Research Institute according to 

the following standard operating procedures. Lysates were subject to one freeze-thaw cycle 

followed by gentle agitation on a nutator at 4°C for 30 minutes. Lysates were then centrifuged at 

16,000g for 20 minutes at 4°C and the supernatant was transferred to fresh 1.5-mL 

microcentrifuge tubes. Following overnight incubation of supernatants with 25μL of 60% 

streptavidin-sepharose bead slurry (17-5113-01, GE Healthcare) at 4°C, beads were washed with 
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2% SDS buffer (2% SDS, 50mM Tris pH 7.5), twice with MS lysis buffer and three times with 50mM 

ammonium bicarbonate (ABC) pH 8.0. Beads were then resuspended in 50mM ABC (100μl) with 

1μg of trypsin (T6567, Sigma-Aldrich) and rocked at 37°C for 4 hours. An additional 1μg of trypsin 

(in 2μL of 50mM ABC) was added to each sample and incubated at 37°C with rocking overnight. 

To collect tryptic peptides, beads were centrifuged at 500g for 1 minute, and the supernatant 

(containing the peptides) was transferred to a new tube. Beads were rinsed with mass 

spectrometry (MS)-grade H2O (100μL), and this rinse was combined with the initial fraction. 10% 

formic acid was added to the pooled supernatants to final concentration of 2%. Following 

centrifugation at 16,000g for 5 minutes to pellet residual beads, 230μL of the pooled supernatant 

was transferred to a new 1.5-mL microcentrifuge tube and the tryptic peptide samples were dried 

using a vacuum concentrator. Dried peptides were resuspended in 10μL of 5% formic acid prior 

to MS analysis. Samples were analyzed by nano-HPLC (high-pressure liquid chromatography) 

coupled to MS, first via data-dependent acquisition (DDA) followed by data-independent 

acquisition (DIA) modes. Nano-spray emitters were generated from fused silica capillary tubing 

(100μm internal diameter, 365μm outer diameter) using a laser puller (Sutter Instrument Co., 

model P-2000, heat = 280, FIL = 0, VEL = 18, DEL = 2000). Nano-spray emitters were packed with 

C18 reversed-phase material (Reprosil-Pur 120 C18-AQ, 3μm) in methanol using a pressure 

injection cell. 6μL of sample (3μL (~1/3) of each sample + 3μL of 5% formic acid) was directly 

loaded at 800nL/min for 20min onto a 100μmx15cm nano-spray emitter. Peptides were eluted 

from the column with an acetonitrile gradient generated by an Eksigent ekspert™nanoLC 425 and 

analyzed on a TripleTOF™6600 instrument (AB SCIEX, Concord, Ontario, Canada). The gradient 

was delivered at 400nL/min from 2% acetonitrile with 0.1% formic acid to 35% acetonitrile with 



 

 

26 

26 

0.1% formic acid using a linear gradient of 90 minutes. This was followed by a 15-minute wash 

with 80% acetonitrile with 0.1% formic acid and equilibration for another 15 minutes to 2% 

acetonitrile with 0.1% formic acid, resulting in a total of 120 minutes for each acquisition. For 

DDA, the first MS1 scan had an accumulation time of 250ms within a mass range of 400-1800Da. 

This was followed by 10 MS/MS scans of the top 10 peptides identified in the first DDA scan, with 

an accumulation time of 100ms for each MS/MS scan. Each candidate ion was required to have 

a charge state from 2-5 and a minimum threshold of 300 counts per second, isolated using a 

window of 50mDa. Previously analyzed candidate ions were dynamically excluded for 10 seconds. 

Data from a second injection was then acquired on the mass spectrometer in data-independent 

acquisition (DIA) mode. Cycle time was 3.5 seconds, consisting of a 250 ms MS1 scan (400-1250 

Da) and 34 x 25 Da SWATH windows covering the range of 400-1250 m/z. 

BioID-MS data generated were stored, searched, and analyzed using ProHits laboratory 

information management system (LIMS) platform (Liu et al., 2016). Within ProHits, WIFF files 

were converted to an MGF format using the WIFF2MGF converter and to a mzML format using 

ProteoWizard (V3.0.10702) and the AB SCIEX MS Data Converter (V1.3 beta).  

DIA files were analyzed using the MSPLIT-DIA v1.0 pipeline (Wang et al., 2015) 

implemented in ProHits 4.0 (Liu et al., 2016). Briefly, the DDA files were used to build a sample-

specific library using the MS-GFDB search engine. Two sample-specific libraries were produced, 

matching the samples used for DIA protocol 1(fixed DIA window size) and DIA protocol 2 (variable 

DIA window size), respectively. For both libraries, the DDA files were first searched with MSGF-

DB using the NCBIRefSeq database (v57,   Jan   30,   2013)   containing 36,241 human sequences 

supplemented with adenovirus sequences, common contaminants from the MaxPlanck Institute 
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(http://141.61.102.106:8080/share.cgi?ssid=0f2gfuB) and the GlobalProteome  Machine   (GPM;  

http://www.thegpm.org/crap/index.html). The MS-GFDB parameters were set to search for 

tryptic cleavages, allowing no missed cleavage sites, 1 C13 atom per peptide with a mass 

tolerance of 50 ppm for precursors with charges of 2+ to 4+ and a tolerance of ± 50 ppm for 

fragment ions. Peptide length was limited to 8–30 amino acids. Methionine oxidation was 

selected as a variable modification. Peptide-spectrum matches (PSMs) from matched DDA runs 

were pooled by retaining only the spectrum with the lowest MS-GFDB (version 7780) (5) 

probability for each unique peptide sequence and precursor charge state, and a peptide-level 

false discovery rate (FDR) of 1% was enforced using a target-decoy strategy. Decoys were 

appended to this spectral library using the decoy library command integrated in MSPLIT-DIA, with 

a fragment mass tolerance of 0.05 Da. The resulting peptide spectra library was then utilized for 

identification by MSPLIT-DIA search using a parent mass tolerance of ± 25 Da and fragment mass 

tolerance of ± 50ppm. Peptides identified by MSPLIT-DIA passing a 1% FDR were used for 

mapping to genes using a method first described in ProHits 4.0 (Liu et al., 2016). 

BioID-SAINT analysis SAINTexpress (version 3.6.1) was used as a statistical tool to 

calculate the probability of potential protein-protein interactions from background contaminants 

using default parameters (Teo et al,. 2014). SAINT analysis was performed using four biological 

replicates per bait and four negative control experiments (GFP-miniTurbo-3xFLAG stable lines), 

each compressed by a factor of two. Two unique peptide ions and a minimum iProphet 

probability of 0.95 were required for protein identification. SAINT probabilities were calculated 

independently for each sample, averaged (AvgP) across biological replicates and reported as the 
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final SAINT score. Only SAINT scores with an FDR ≤ 1% were considered high-confidence protein 

interactions. Data was visualized using ProHitzViz (Knight et al., 2017). 

2.14 Statistical Analysis 

 Two-way analysis of variance (ANOVA) was performed on adhesion assay and scratch 

assay data. Statistical analysis and graph preparation were completed using GraphPad Prism 

version 9.1.2 (GraphPad Software, La Jolla, CA). For all datasets, a single replicate refers to cells 

taken at a given passage number, hence each additional replicate originates from a subsequent 

passage from stock cell lines.  
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3.1 Optimized workflow for the production of pooled CRISPR KO mouse podocyte lines 

 To develop a protocol for creating targeted knockouts in podocytes, we began by 

designing complementary 20-nucleotide guides from genes of interest that were preceded by a 

5’-NGG PAM (Figure 3.1A).  Guides were annealed to their complement and integrated into the 

chimeric guide RNA scaffold in the pSpCas9(BB)-2A-Puro (px459) V2.0, then successful insertion 

was evaluated through Sanger-sequencing (Figure 3.1A). Sequenced plasmids were transfected 

into undifferentiated wildtype (WT) mouse podocyte cells (MPC) created by Mundel et al., a cell 

line that is commonly accepted to be the field standard (Figure 3.1A) (Mundel et al., 1997). 

Scrambled control lines were synthesized in tandem with protein of interest knockout lines using 

a non-targeting guide that was inserted into px459. Scramble and knockout px459 transfected 

cells were subjected to puromycin selection for 48 hours to generate pooled knockout lines 

(Figure 3.1A). Cells were re-grown to confluency and passaged, and spare plates were used to 

collect lysates and gDNA for tracking of indels by decomposition analysis (TIDE). TIDE was 

performed by sequencing 500-600 base pair (bp) polymerase chain reaction (PCR) products that 

were made using primers complementary to genomic DNA located 400bp upstream and 

downstream of CRISPR guide targets (Figure 3.1B). Sequencing files were uploaded to tide.nki.nl 

to evaluate sequence decomposition following the CRISPR guide target location (Figure 3.1B).  
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Figure 3.1: Optimized workflow for generation and screening of CRISPR-Cas9 Knockout (KO) 
podocyte lines. (A) Guide oligos are selected to target a 20-nucleotide sequence in the gene of 
interest that is preceded by PAM motif. These guides are integrated into a chimeric guide RNA 
backbone in the pSpCas9(BB)-2A-Puro (px459) V2.0 vector. Non-targeting (scramble) control and 
targeting px459 vectors are transfected into mouse podocyte cells (MPC) that undergo 
puromycin selection to create pooled KO lines. (B) Genomic DNA is collected from pooled 
control/KO lines and used as a template in polymerase chain reactions (PCR) to amplify 500-600 
base pair products containing targeted KO site. These products are sequenced and undergo 
tracking of indels by decomposition (TIDE) analysis to determine guide target efficacy using 
comparative sequence decomposition following the guide target site.  
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3.2 Production of Dok1, Dok2, and Dok1/2 pooled KO MPC lines 

 Guide oligonucleotides were created for the targeted knockout of Dok1 and Dok2 in MPCs 

(Table 3.2). Guides were integrated into px459 vector and 1g of each construct was transfected 

into WT MPCs which underwent puromycin selection to produce pooled KO lines. For the Dok1/2 

dual KO line, we transfected 1g of each construct simultaneously; prior experiments using 0.5g 

of each construct produced insufficient KO efficiencies (Appendix, Figure 6.1). Knockout was first 

evaluated via immunoblot analysis, which revealed successful knockout of Dok1 in both the Dok1 

single KO line as well as the Dok1/2 dual KO line (Figure 3.2A). Evaluation of Dok2 KO via 

immunoblotting was not feasible, as Dok2 is not endogenously expressed in podocytes to a 

significant degree (Figure 3.2B; Appendix, Figure 6.2 A,B). To ensure that a targeted knockout 

had still occurred as planned, we proceeded with TIDE analysis of genomic DNA (gDNA) harvested 

from each knockout line (Figure 3.2C). TIDE analysis of Dok1 KO MPC gDNA indicated that the 

Dok1 guide was 74.2% efficient at targeting the corresponding sequence within the genome 

(Figure 3.2C). A 96.2% efficacy was observed for the Dok2 guide RNA in the evaluation of Dok2 

gDNA products (Figure 3.2C). Similar efficiencies of 70.3% and 96.6% were observed for Dok1 and 

Dok2 guides in the Dok1/2 dual KO line, respectively (Figure 3.2C).  

 
Table 3.1: CRISPR guides and their associated target regions within genes of interest. Guides 
were designed using the Benchling web platform CRISPR tool and, after ordering, were annealed 
and integrated into px459 vectors. Each vector was transfected into MPCs which underwent 
puromycin selection to produce pooled CRISPR KO lines. Mm, Mus musculus. (Scramble guide 
sequence was obtained from Sanjana et al., 2014) 
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Figure 3.2: Evaluation of guide RNA target efficiencies in the synthesis of Dok1, Dok2, and 
Dok1/2 pooled CRISPR KO lines. (A) Confirmation of Dok1 knockout in the Dok1 and Dok1/2 
pooled KO MPC lines assessed via immunoblot. Corresponding B-actin ensures equal loading. (B) 
Absence of Dok2 banding in MPC lines when attempting to discern effectiveness of Dok2 guide 
RNA at producing a pooled KO. Spleen lysate loaded as a positive control for Dok2 expression 
demonstrates lack of endogenous expression in MPCs. (C) Tracking of indels by decomposition 
(TIDE) analysis indicates >70% target efficiency for Dok1 and Dok2 guide RNAs.  
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3.3 Dok1 KO in MPCs suggests increased cell adhesion 

 The impact of Dok1, Dok2, or Dok1/2 KO on cell adhesion was evaluated through an 

adhesion assay. Compared to the scrambled control line, differentiated Dok1 KO cells appeared 

to have a moderate increase in the capacity to adhere to type IV collagen-coated coverslips at 

the 60- and 120-minute timepoints (Figure 3.3B). In contrast, Dok2 KO cells were observed to be 

less adherent than the control line at the 15-, 30-, and 120-minute timepoints (Figure 3.3C). 

Dok1/2 KO cells appeared to behave similarly to the Dok1 alone KO line, with moderate increases 

in cell adhesion observed at all timepoints (Figure 3.3D). Statistical analysis revealed that none 

of the observed disparities between control and KO lines in this pilot experiment were significant.   
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Figure 3.3: Dok1 and Dok1/2 KO MPCs demonstrate moderately increased cellular adhesion. 
(A) Representative images of adherent cell nuclei counterstained with 4’,6-diamidino-2-
phenylindole (DAPI). Images were converted to black-and-white, and thresholds were adjusted 
to allow for better visualization of cell number. (B,C,D) Average taken from 10 cell counts 
recorded for each timepoint compared between the scrambled control line (n=4) and Dok1 (n=4), 

Dok2 (n=3), and Dok1/2 KO (n=4) lines, respectively. Scale bars = 100m. 
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3.4 Dok1 and Dok1/2 KO cells display increased motility when assessed via scratch assay 

 Adhesion-based phenotypes were further investigated in Dok1, Dok2 and Dok1/2 KO 

MPCs via scratch-wound assays. MPCs were evaluated at 24 and 48 hours for wound recovery 

after scratch using a reference image taken at the 0-hour timepoint. At 24 hours, Dok1 and Dok2 

KO lines saw similar wound recovery to that of the scrambled control line (Figure 3.4A,B), 

whereas Dok1/2 KO lines experienced two-fold greater recovery of wound surface area (Figure 

3.4A,B). By 48 hours, both Dok1 and Dok1/2 KO lines had significantly greater wound recovery 

than that observed in scrambled and Dok2 KO lines (Figure 3.4A,B). Despite these observations, 

it is important to note that the Dok1/2 KO line appeared to have impaired capacity for 

differentiation and had numerous clusters of proliferative cells dispersed throughout the well. 

Therefore, it is quite likely that some, if not all, of the observed phenotype may be the result of 

cells proliferating into the wound during the extended time course as opposed to migrating into 

it.  
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Figure 3.4: Scratch wound recovery over a 48-hour time course for scrambled control, Dok1 KO, 
Dok2 KO and Dok1/2 KO lines. (A) Representative images of scratch wound area recorded at 0-, 
24-, and 48-hour timepoints to observe cell migration into wound in MPC control and KO lines. 
(B) Quantification of average surface area recovered by 24 and 48 hours for scrambled control 
(n=3), Dok1 KO (n=3), Dok2 KO (n=3) and Dok1/2 KO (n=3) lines. Two-way ANOVA was performed 

to determine significance (* = p < 0.05) (**** = p < 0.0001). Scale bars = 100m. 
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3.5 Refined procedure for the generation of bait-miniTurbo human podocyte cell lines 

 To synthesize cell lines expressing a bait of interest conjugated to MT, we first had to 

prepare the bait-MT lentiviral transfer vector (pSTV6). The only means through which to integrate 

our baits of interest into this vector was to utilize Gateway® cloning technology, a system which 

had yet to be established in our lab. As opposed to standard restriction enzyme-based cloning 

methods, Gateway relies on a homologous recombination system derived from bacteriophage  

(Katzen, 2007). Genes of interest can be amplified using standard PCR methods to include 

flanking 21bp attB1 and attB2 sites (Figure 3.5A) (Katzen, 2007). This product can be incubated 

with a cocktail of enzymes referred to as the “BP enzyme mixture”, that will promote homologous 

recombination of the gene of interest into an awaiting “donor” vector containing compatible 

attP1 and attP2 sites (Figure 3.5A) (Katzen, 2007). Donor vectors with successful incorporations 

(herein denoted as entry vectors) will now contain the bait of interest flanked by rearranged 

recombination sequences referred to as attL1 and attL2 which are complementary to attR1 and 

attR2 sequences that flank the ejected gene (Figure 3.5A) (Katzen, 2007). Selected entry vectors 

can subsequently be incubated with a destination vector (in this case, the pSTV6-FLAG-MT 

lentiviral transfer vector) in “LR enzyme mix” to exchange the bait of interest for the toxic ccDB 

gene contained in “empty” pSTV6 (Figure 3.5A).  

When designing the Dok1- and Dok2-Flag-MT vectors, we opted for C-terminal tagging of 

Dok proteins with Flag-MT so as not to interfere with the N-terminal pleckstrin homology domain 

(Figure 3.5B). Newly generated bait-pSTV6 plasmid was next co-transfected with lentiviral 

packaging plasmids psPAX2 and pCMV-VSV-G into HEK-293T-N cells to begin viral particle 

synthesis (Figure 3.5C). Viral supernatant was collected from the plate after 48 hours, titered via 
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transduction of HeLa cells, and later transduced onto undifferentiated human podocyte cells  

(HPC) (Figure 3.5C,D). After a 24-hour incubation, undifferentiated HPCs were either transduced 

and subjected to puromycin selection to generate stable lines, or were differentiated, 

transduced, and incubated with doxycycline to perform BioID (Figure 3.5B,D). Unfortunately, we 

were unable to perform the protocol using the non-selective method, likely as a result of low viral 

titers. Instead, to circumvent titer issues, we opted for puromycin selection of transduced HPCs, 

to generate pooled stable lines. Expression of bait-FLAG-MT occurs following addition of the 

tetracycline analog doxycycline, which allows binding of the reverse tetracycline transactivator 

(rtTA) to the doxycycline inducible  PTight promoter in pSTV6 (combined tetracycline response 

element and minimum Cytomegalovirus promoter) (Figure 3.5A,B) (Samavarchi-Tehrani et al., 

2018).  
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Figure 3.5: Refined procedure for the generation of pooled Dok1-FLAG-miniTurbo expressing 
human podocyte cell (HPC) lines. (A) Synthesis of bait-pSTV6 vector using Gateway® 
recombination to clone PCR amplified gene of interest (Dok1) into entry and pSTV6 vectors  
(Adapted from Katzen, 2007; Samavarchi-Tehrani et al., 2018). (B) Expression of Dok1-FLAG-MT 
by the reverse oriented PTight promoter which is activated by rtTA complexed with doxycycline. 
Puromycin and rtTA expression is under regulation of the forward oriented phosphoglycerate 
kinase (PGK) promoter. (C) Generation of lentiviral supernatant through co-transfection of bait-
pSTV6 lentiviral transfer plasmid, psPAX2, and pCMV-VSV-G into HEK-293T-N cells. (D) BioID of 
bait-FLAG-MT expressing human podocyte cells (HPCs) produced through lentiviral transduction. 
Differentiated HPCs can be transduced and incubated in doxycycline media to express bait-FLAG-
MT for use in BioID. Alternatively, undifferentiated HPCs can be transduced and selected with 
puromycin to produce stable lines for more robust bait expression following doxycycline 
induction for BioID. MT, miniTurbo; LTR, long terminal repeats; rtTA, reverse tetracycline 
transactivator; WPRE, Woodchuck Hepatitis Virus Posttranscriptional Regulatory Element. 
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3.6 Optimized expression of Dok1 and Dok2 miniTurbo in HPCs 

 After producing lentiviral particles, the functional titer of Dok1-FLAG-MT, Dok2-FLAG-MT, 

and EGFP-FLAG-MT control virus was estimated in HeLa cells using immunofluorescence (IF) 

imaging (Figure 3.6A). Unfortunately, the volume of lentiviral supernatant required to observe 

~80% transduction efficiency in a single well of a 24-well dish was >500L, which when scaled to 

account for surface area requires >40mL of supernatant to transduce a 15cm plate. Since HPC 

lysates do not yield significant amounts of protein, this approach would be very inefficient as 

several 15cm plates are required for a single BioID replicate. To evaluate the transduction 

efficiency in undifferentiated HPCs, we added 400L of viral supernatant to 6cm culture dishes 

(operating under the assumption that the greatest amount of viral supernatant we could feasibly 

produce would result in ~3mL/ 15cm plate). However, this method proved ineffective when 

lysates were assessed for FLAG expression or self-biotinylation of bait proteins (Figure 3.6B). To 

circumvent this issue, we instead transduced undifferentiated HPCs in 6-well culture dishes with 

200L of viral supernatant and, after a 24-hour incubation period, subjected cells to puromycin 

selection. Selected cells were propagated to confluency and evaluated for bait expression via IF 

(Figure 3.6C) and immunoblotting (Figure 3.6D). IF imaging of Dok1-FLAG-MT, Dok2-FLAG-MT, 

and EGFP-FLAG-MT revealed a strong biotinylation capacity of the baits of interest when 

compared to FUW control line (Figure 3.6C). In addition to moderate FLAG expression observed 

via immunoblot analysis, streptavidin-HRP detection revealed self biotinylation of baits of 

interest, as well as a characteristic smear of biotinylated proximity interactors (Figure 3.6D).   
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Figure 3.6: Lentiviral transduction of HeLa and HPCs to achieve expression of Dok1-FLAG-MT, 
Dok2-FLAG-MT, and EGFP-FLAG-MT for BioID. (A) HeLa cells transduced with 100uL of viral 
supernatant were stained with DAPI and Alexa-Fluor-597-conjugated streptavidin to determine 

functional titer. (B) Lysate collected from 6cm culture dishes of HPCs transduced with 400L of 
viral supernatant shows poor FLAG expression and only background endogenous biotinylation. 
(C) HPCs that underwent puromycin selection following viral transduction produce strong 
biotinylation signal from Alexa-Fluor-597-conjugated streptavidin staining. (D) Puromycin 
selected HPC lysates have moderate FLAG expression and considerable biotinylation of baits of 
interest and proximity interactors. Immunofluorescent images were taken using a 10x objective. 

Scale bars = 100m. 
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3.7 Proximity interactors of Dok1 and Dok2 identified from mass spectra of BioID lysates 

 Stable cells were expanded following puromycin selection and seeded into 3x15cm plates 

each for Dok1-, Dok2-, and EGFP-FLAG-MT lines which were differentiated for 10 days prior to 

treatment. Stock plates were replenished and used to seed additional replicates for a total of 

four replicates (Appendix, Figure 6.3), each one passage apart from the last. On the 10th day of 

differentiation, media was exchanged for fresh biotin depleted media supplemented with 

doxycycline to induce expression of bait-FLAG-MT proteins. Twenty-four hours later, media was 

supplemented with 50 M biotin for a 30-minute period to promote biotinylation of proximity 

interactors before lysates were collected. Biotin labelled proteins were isolated and subject to 

trypsin digestion prior to identification via LC-MS/MS (Figure 3.7A).  Cellular component focused 

gene ontology analysis revealed that proteins identified through Dok1 (Figure 3.7B) and Dok2 

(Figure 3.7C) BioID are primarily localized to cell-cell junctions, anchoring junctions, and the 

cytoskeleton. In addition to proteins found in these cellular regions such as Nectin2 (PVRL2), PATJ 

(INADL), and SORBS1(CAP/Ponsin), we also identified proximity interactors involved in regulation 

of gene silencing (TNRC6B) and regulation of endosomal trafficking (EHBP1, IST1). 
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Figure 3.7: BioID/MS identified proteins from Dok1- and Dok2-FLAG-MT human podocyte cell 
(HPC) lines. (A) Dotplot of prey proteins identified through BioID/MS of lysates derived from 
Dok1- and Dok2-FLAG-MT human podocyte cell (HPC) lines. AvgSpec, averaged spectral counts 
of peptides belonging to the given protein across replicates. BFDR, Bayesian false discovery rate. 
(B,C) Cellular component focused gene ontology (GO) analysis for proteins identified from BioID 
(BFDR <1%) of Dok1 and Dok2 to determine localization of bait proteins in human podocyte cells. 
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Here we present optimized workflows for the development of CRISPR-Cas9 KO MPCs and 

for the generation of bait-FLAG-MT stable HPC lines for BioID. To model the potential of CRISPR-

Cas9-mediated KO, we utilized this system to generate Dok1 and Dok2 single and double KO cells 

to investigate a potential role for these proteins in podocyte cell adhesion. We subsequently 

applied our BioID protocol to produce Dok1-FLAG-MT and Dok2-FLAG-MT stable lines to 

investigate the proximity interactors and localization of these proteins in podocytes.  

MPC lines with successful KO of Dok1, Dok2, and Dok1/2 were acquired through 

implementation of CRISPR-Cas9 workflow (Figure 3.1A,B). Interestingly, multiple Dok1 guides had 

to be assessed in order to arrive at a sgRNA capable of eliminating Dok1 expression (Figure 3.2A). 

For this reason, it is recommended to synthesize multiple guides and examine their KO efficacies 

simultaneously to obtain successful KOs more efficiently. In addition to the hurdles encountered 

during development of Dok1 KO lines, discerning the KO of Dok2 in MPCs proved difficult, as this 

protein is not significantly expressed in podocytes (Appendix, Figure 6.2). While this was an 

anticipated roadblock and was pursued primarily to simulate a genotype similar to our existing 

mouse lines, future experiments should consider endogenous expression of proteins of interest, 

as well as the availability of effective antibodies to permit detection. Guides for proteins of 

interest could alternatively be validated in cell lines known to express said proteins, before using 

them in the desired cell line. However, it is important to note that this would still leave some 

uncertainty in guide effectiveness within the target cell line. In addition to identification of KO 

via immunoblotting, TIDE analysis was an effective tool for determining the target efficiency of 

the guides of interest, and was the primary means through which we inferred Dok2 KO. Despite 

previous observations that KO efficiency determined via TIDE analysis has the potential to closely 
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match expression within an observed cell population (Brinkman et al., 2014), TIDE should 

primarily be performed to complement protein analysis whenever possible. Since TIDE can be 

limited by PCR product purity and repetitive genomic sequences, there is potential to derive false 

conclusions from the prescribed guide efficacy (Brinkman et al., 2014). Although CRISPR-Cas9 

induces a change to host DNA, it cannot be said with certainty that downstream Dok2 was truly 

knocked out by truncation or sufficiently mutated to eliminate function. For this reason, future 

efforts should be directed towards using qPCR to determine transcript level changes which may 

offer additional information about KO effectiveness. 

Examining the Dok KO MPCs for an adhesion phenotype revealed moderately increased 

cell adhesion in Dok1 and Dok1/2 KO lines. While this data was not statistically significant, these 

findings were of great interest as they suggest that Dok1 may potentially influence podocyte 

adhesion. Dok proteins have previously been implicated as negative regulators of -integrins, 

namely 2, 3, 5, and 7, and therefore their absence could potentially lead to an increase in 

activated -integrin, corresponding to greater cell adhesion (Anthis et al. 2009; Oxley et al. 2007; 

Calderwood et al. 2003). Indeed, glomeruli isolated from Dok1/2 KO mice show increased levels 

of active 1-integrin and primary podocytes derived from Dok1/2 KO mice exhibit qualitative 

changes in focal adhesion size compared to controls (Jones lab, Unpublished). As previously 

noted, however, 31 integrins are the primary integrin expressed within podocytes, and 

previous attempts to establish a direct link Dok1 to the cytoplasmic tail of  1 integrin have been 

unsuccessful (Kreidberg and Symons, 2000; Calderwood et al. 2003). Future studies should assess 

this interaction in podocytes; however, it is presently not clear whether the observed increase in 

podocyte adhesion is truly the result of an interaction between Dok1 and 1 integrin. 
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In addition to moderately increased adhesion in Dok1 and Dok1/2 KO lines, scratch assays 

revealed a significant increase in cell migration for Dok1/2 KO podocytes as well as a slightly 

enhanced migration phenotype for Dok1 KO podocytes at 48 hours compared to controls. These 

findings came as a surprise given that previous research examining Dok1 in Chinese hamster 

ovary cells observed increased cell motility as a result of Dok1 overexpression (Noguchi, 1999). 

Concurrently, these observations also conflict with our prior assumption that elimination of Dok 

expression may result in an increase in -integrin activation. If Dok were responsible for 

modulating integrin activation in podocytes, it is likely that its absence would perturb the ability 

of cells to inactivate integrins to facilitate migration. It should be considered that the increased 

“migration” observed in Dok1 and Dok1/2 KO podocytes may stem from the incomplete 

differentiation encountered by these cell lines. In many of the scratch assay replicates, Dok1 and 

Dok1/2 KO lines exhibited patches of clustered, proliferative cells which may have interfered with 

scratch wound healing. Instead of migrating into the wound, it is possible that these cells 

proliferated into it, limiting our ability to discern the true migratory abilities of these lines. This 

proliferative behaviour is not typically observed in podocyte lines and may have originated as an 

artifact during recovery from puromycin selection. Alternatively, Dok1/2 are known to be 

negative regulators of the Ras-Erk pathway, and therefore their absence may interfere with the 

ability of the MPCs to exit the cell cycle (Mashima et al. 2009). It is possible that a greater 

proliferative propensity derived through Dok1 KO is the origin of the protective phenotype we 

observed in our Dok1/2 KO mice (Poulsum and Little, 2009). Given the terminally differentiated 

nature of podocytes they are not likely to exhibit this proliferative defect, however, it is possible 

that the parietal epithelial cells (PEC) from which podocytes are derived may have an increased 
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proliferative ability. This may allow them to better respond to glomerular injury and would 

coincide with the hastened NTS recovery observed in the Dok1/2 KO lines. While this possibility 

should be investigated, future experiments exploring podocyte adhesion should be replicated in 

newly synthesized Dok KO lines with close attention being directed to cell confluency. If this issue 

persists, an alternative measure that could be employed to limit cell division after transferring 

podocytes to 37C would be to supplement media with a low concentration of mitomycin C. This 

is a chemotherapeutic agent that reduces cell proliferation and may more efficiently induce 

podocytes to a differentiated state (Tomasz, 1995).  

By applying Gateway® recombination technology to amplified gene products and the 

lentiviral transfer plasmid pSTV6 (Samavarchi-Tehrani et al., 2018), we were able to successfully 

generate Dok1-, Dok2-, and EGFP-FLAG-MT pSTV6 vectors. From these vectors we were able to 

produce lentivirus capable of transducing HPCs for BioID. We initially planned to transduce HPCs 

with lentivirus at day 9 of differentiation, 24 hours before induction with doxycycline. Using this 

approach, we would only have had to maintain a single WT HPC line for all BioID experiments, 

reducing any complications that may arise from carrying multiple unique lines. Unfortunately, 

our low lentiviral titers (Figure 3.6A,B) prohibited us from being able to carry out experiments in 

this manner, and required that we develop stable lines for each bait. When generating stable 

lines, we transduced HPCs using a volume of lentivirus expected to produce a 5-10% rate of 

proviral integration into host cells. This was to decrease the likelihood of HPCs receiving more 

than one proviral copy, which may lead to downstream expression abnormalities across cell lines. 

Interestingly, upon performing puromycin treatment, approximately 20% of the HPC population 

endured selection (qualitative observation), suggesting viral titers were higher than estimated 
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using our IF-based titer method. For future titering of lentivirus, it is suggested to employ qPCR-

based methods to determine the number of proviral copies integrated into the host cell genome. 

Titering using this method provides greater accuracy but is significantly more labor intensive due 

to the requirement of establishing a control line known to contain one proviral copy. Due to time 

constraints of this project, we were unable to establish such a line. Doxycycline induction and 

biotin incubation of these newly generated BioID lines yielded significantly better streptavidin 

signal via IF and Western blot (Figure 3.6 C,D).  

By achieving greater expression levels of Dok1-, Dok2- and EGFP-FLAG MT, we were able 

to proceed with BioID experiments to produce lysates suitable for MS analysis. LC-MS/MS of 

trypsin digested peptides acquired from streptavidin pulldown of BioID lysates yielded a list of 

proximity interactors for Dok1 and Dok2 in HPCs (Figure 3.7A; Appendix, Table 6.1).  Cellular 

component gene ontology revealed that several of the identified proximity interactors localize to 

sites of cell-cell adhesions, as well as cell anchoring junctions (Figure 3.7B,C). These findings 

suggest that Dok1 and Dok2 may also localize to these cellular components within podocytes and 

give reason to continue investigating a potential role for Dok in podocyte cell adhesion. To our 

surprise, 1 integrin did not appear amongst the identified proximity interactors, even upon 

widening BFDR cut-off parameters. However, this does not necessarily indicate that Dok1 or Dok2 

do not interact with 1 integrin or associated focal adhesion proteins. The capability of MT to 

successfully biotinylate a proximal protein relies on the presence of an exposed lysine residue, to 

which the biotin is covalently attached (Roux et al., 2012). Therefore, it is possible that a 

hypothetical interaction between Dok and 1 integrin could obstruct exposed lysine residues, 

limiting our ability to detect their proximity interaction. Alternatively, it is possible that talin, 
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which has a higher binding affinity to the cytoplasmic tail of 1 integrin, may have obstructed 

binding of Dok, thereby impacting the ability of MT to label 1 integrin (Dong et al., 2016). Despite 

not detecting 1 integrin, one of the more promising proximity interactors we have noted is the 

cell-cell adhesion protein Nectin2 (Mizutani and Takai, 2016). Similar to 1 integrin, Nectin2 has 

an NPxY motif on its cytoplasmic tail, which is subject to tyrosine phosphorylation by Src family 

kinases (Kikyo et al., 2000) and could potentially bind the Dok PTB domain. Since this protein is 

associated with cell-cell adhesion, dysregulation could impact the ability of cells to detach from 

one another to facilitate processes such as migration, which could help to explain the 

observations from our scratch assays (Figure 3.4). In addition to Nectin2, we have identified 

several other junction-localizing proteins of interest such as Macc1 and PATJ. PATJ, in particular, 

is a cell membrane scaffolding protein that has been associated with adaptors such as PARD3 

(found just above our BFDR cut-off threshold) that are known to bind to Nectin2 (Shin et al., 2007; 

Go et al., 2021). To begin investigating these proximity interactors of interest, we plan to first 

attempt to validate possible interactions through co-immunoprecipitation. In the event that 

these initial experiments are not fruitful, we may alternatively explore immunofluorescent co-

localization through proximity ligation assays (Gullberg et al., 2004). Additionally, we will 

investigate the localization of Dok1/2 and our proximity interactors of interest using 

immunofluorescence microscopy with specific markers such as nephrin or paxillin that are known 

to reside in distinct foot process compartments. In the event that we determine an association 

between Dok1/2 and target proximity interactors, subsequent experiments will examine the 

expression and/or activity of these proteins in response to Dok1/2 KO using our CRISPR-Cas9 

generated lines. Alternatively, we could examine possible changes to Dok1/2 expression or 
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phosphorylation following CRISPR-Cas9 targeted KO of the proximity interactor of interest in 

HPCs. By performing these follow up experiments, we believe that we will be able to better 

identify the molecular foundations of the Dok1/2 KO protective phenotype in mice and gain a 

greater understanding of the role of these proteins in podocyte biology.  

Altogether, the results shown in this thesis establish new workflows for several advanced 

methodologies that will contribute to understanding podocyte cell signaling pathways in health 

and disease. 
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Figure 6.1: CRISPR-Cas9 double knockout cell lines generated using 0.5g of each px459 
construct have reduced knockout (KO) efficacies compared to their single knockout (KO) 
counterparts. Lone KO of Nck1 resulted in an 87.5% effective knockout when analyzed through 
tracking of indels through decomposition (TIDE) compared to a 59.9% effective Nck1 knockout 
observed in Nck1/2 KO line. A similar trend was observed between the Nck2 single KO line and 
Nck1/2 KO lines, with a 17.2% reduction in CRISPR-Cas9 efficacy noted in the Nck1/2 KO line.  
 
 
 
 

 



 

 

63 

63 

 

 
Figure 6.2: Relative expression of Dok1 and Dok2 in kidney glomeruli and tubules. (A) Stained 
kidney sections from the Human Protein Atlas reveal moderate Dok1 expression (AB: CAB004224) 
in glomeruli and an absence of Dok2 in glomerular tissue (AB: CAB004379). Scale bars represent 
200μm and 50 μm, respectively. (B) Comparison of mouse podocyte cell (MPC) lysate and mouse 
spleen lysate resolved via immunoblot analysis reveals relative lack of Dok2 expression in MPCs. 

-actin was used as a loading control.  
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Figure 6.3: Confirmation of Dok1-, Dok2-, and EGFP-FLAG-MT expression and biotinylation 
across all replicates prior to mass spectrometry of lysates. Smears observed in streptavidin-HRP 
detected lanes indicate proper self-biotinylation of baits as well as biotinylation of associated 
proximity interactors. Flag immunoblot demonstrates similar expression of baits of interest 

across replicates. -actin was used as a loading control.  
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Bait PreyGene Spec AvgSpec Replicates 
Control 
Counts SaintScore FoldChange BFDR UniProtID 

DOK1 APOH 6|6|2|5 4.75 4 0|1 0.97 9.5 0.00 APOH_BOVIN 

DOK1 KRT73 29|0|20|23 18 4 0|0 1 180 0.00 K2C73_HUMAN 

DOK1 NCK1 9|5|6|0 5 4 0|0 1 50 0.00 NCK1_HUMAN 

DOK1 NECTIN2 35|34|35|27 32.75 4 0|0 1 327.5 0.00 NECT2_HUMAN 

DOK1 RBBP6 2|0|15|5 5.5 4 0|0 1 55 0.00 RBBP6_HUMAN 

DOK1 DLG5 16|18|20|16 17.5 4 4|5 1 3.89 0.00 DLG5_HUMAN 

DOK1 DDX6 1|4|1|7 3.25 4 0|0 1 32.5 0.00 DDX6_HUMAN 

DOK1 TNRC6B 26|23|33|28 27.5 4 9|7 1 3.44 0.00 TNR6B_HUMAN 

DOK1 PRRC2C 4|11|12|7 8.5 4 3|1 0.99 4.25 0.00 PRC2C_HUMAN 

DOK1 EHBP1 6|1|0|3 2.5 4 0|0 0.97 25 0.00 EHBP1_HUMAN 

DOK1 APOH 12|8|9|6 8.75 4 0|1 1 17.5 0.00 APOH_BOVIN 

DOK1 THBS1 57|120|120|150 111.75 4 33|44 1 2.9 0.00 TSP1_BOVIN 

DOK1 CEP170B 5|5|10|8 7 4 0|0 1 70 0.00 C170B_HUMAN 

DOK2 KRT73 19|0|21|23 15.75 4 0|0 1 157.5 0.00 K2C73_HUMAN 

DOK2 MACC1 24|20|21|21 21.5 4 0|2 1 21.5 0.00 MACC1_HUMAN 

DOK2 OVAL 54|0|328|1 95.75 4 8|0 0.99 23.94 0.00 OVAL_CHICK 

DOK2 NCK1 3|7|0|0 2.5 4 0|0 0.97 25 0.00 NCK1_HUMAN 

DOK2 NUP88 48|42|35|36 40.25 4 0|4 1 20.12 0.00 NUP88_HUMAN 

DOK2 PCDHGB5 1|6|0|3 2.5 4 0|0 0.97 25 0.00 PCDGH_HUMAN 

DOK2 PTBP1 6|4|4|0 3.5 4 0|0 0.99 35 0.00 PTBP1_HUMAN 

DOK2 NECTIN2 55|59|52|50 54 4 0|0 1 540 0.00 NECT2_HUMAN 

DOK2 RBBP6 9|13|4|13 9.75 4 0|0 1 97.5 0.00 RBBP6_HUMAN 

DOK2 CDC42BPB 5|5|4|5 4.75 4 0|0 1 47.5 0.00 MRCKB_HUMAN 

DOK2 IST1 37|20|36|27 30 4 11|11 1 2.73 0.00 IST1_HUMAN 

DOK2 H1-1 0|8|17|0 6.25 4 0|0 1 62.5 0.00 H11_HUMAN 

DOK2 TNRC6B 22|21|25|32 25 4 9|7 0.97 3.12 0.01 TNR6B_HUMAN 

DOK2 KRT27 4|0|0|3 1.75 4 0|0 0.97 17.5 0.01 K1C27_HUMAN 

DOK2 MACC1 4|11|7|11 8.25 4 0|2 0.96 8.25 0.01 MACC1_HUMAN 

DOK2 HR 5|5|3|10 5.75 4 0|1 0.95 11.5 0.01 HAIR_HUMAN 

DOK2 RPL21 3|4|1|0 2 4 0|0 0.97 20 0.01 RL21_HUMAN 

DOK2 CDC42BPB 3|4|0|3 2.5 4 0|0 0.97 25 0.01 MRCKB_HUMAN 

DOK2 PCDHGB5 0|4|3|0 1.75 4 0|0 0.97 17.5 0.01 PCDGH_HUMAN 

DOK2 PATJ 25|11|20|17 18.25 4 4|8 0.95 3.04 0.01 INADL_HUMAN 

DOK2 CCT4 3|3|5|2 3.25 4 0|0 0.97 32.5 0.01 TCPD_HUMAN 

DOK2 SORBS1 4|0|3|0 1.75 4 0|0 0.97 17.5 0.01 SRBS1_HUMAN 

DOK2 RUVBL1 3|2|5|3 3.25 4 0|0 0.97 32.5 0.01 RUVB1_HUMAN 

DOK2 SMG7 4|0|3|3 2.5 4 0|0 0.97 25 0.01 SMG7_HUMAN 
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Table 6.1: Unedited BioID/MS data with Bayesian false discovery rate (BFDR) cut-off  0.01 that 
was used to obtain dotplot data for Dok1 and Dok2 proximity interactors in Figure 3.7A. 
Proteins of non-human origin were later omitted due to the likelihood of being contaminants, as 
were keratin/hair proteins which are assumed to have been introduced during sample 
preparation. 


