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Abstract 
 
Title of Dissertation: Novel PC2 regulation of ezrin in renal epithelia reveals insights into 
ADPKD cystogenesis 
 
Eryn E. Dixon, Doctor of Philosophy, 2020 
 
Dissertation directed by: Owen M. Woodward, PhD, Assistant Professor, Department of 
Physiology, University of Maryland School of Medicine 
 
 

Autosomal dominant polycystic kidney disease is caused by the loss of function of 

either two transmembrane proteins, polycystin-1 or polycystin-2. In renal epithelia, the 

consequence of polycystin loss is the formation of progressive, focal, fluid-filled cysts. 

However, the function and associated downstream signaling pathways specific to the 

polycystins have not been defined. Therefore, a new in vitro tubuloid model was designed 

to investigate the proximate cellular changes in renal epithelial cells following inactivation 

of Pkd2, the gene that encodes for polycystin-2. This model system reinforced the 

relevance of proteins associated with cell junctions, adhesions, and matrix in the cyst 

mechanism. The impact of this model was further supported through morphometrical 

analysis of epithelial compartmentalization in human ADPKD tissue, demonstrating an 

altered apical compartment in emerging cysts compared to noncystic tubules. Seeking 

connection between the junctions and disrupted apical compartment led to investigation of 

ezrin, a master scaffold in the apical compartment in renal epithelial cells. Ezrin plays a 

critical role in regulation of polarity, cytoskeleton organization, and protein trafficking, and 

the downstream consequences of its disruption have not been elucidated. Investigation into 

the initiating events of cystogenesis in ADPKD revealed a dramatic change in ezrin, 

following loss of PC2 in our tubuloid model, cystic mouse model, and pathological human 

ADPKD tissue. Based on this novel regulatory relationship between PC2 and ezrin, as well 



  

as the antecedent loss of ezrin to cyst formation in mice, ezrin was overexpressed in the 

pkd2 morpholino zebrafish model. Increased expression of ezrin diminished the formation 

of pronephric cysts. This lead to the design of a cyst rescue mouse model, which has 

exhibited promising preliminary data for cyst area reduction with additional ezrin. The 

disruption of ezrin in Pkd2 inducible in vitro and in vivo model systems, changes in 

ADPKD patient tissue, and rescue of pronephric cysts in the pkd2 MO suggest there is a 

role of ezrin in renal cystogenesis. Understanding the relationship of ezrin, with PC2 in 

renal epithelial cells will help elucidate the mechanism of ADPKD cystogenesis and define 

important downstream pathways necessary for epithelial functions.    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 
 
 
 
 
 
 
 
 
 
 
 

 
Novel PC2 Regulation of Ezrin in Renal Epithelia Reveals Insights into ADPKD 

Cystogenesis 
 
 
 
 
 
 

by 
Eryn E. Dixon 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dissertation submitted to the Faculty of the Graduate School of the  
University of Maryland, Baltimore in partial fulfillment  

of the requirements for the degree of  
Doctor of Philosophy 

2020 
 
 



  

 
 
 
 
 

© Copyright 2020 by Eryn E. Dixon  
 

All rights reserved  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 



 iii 

 
Dedication 

 
To my mother, Christine, and father, Craig, for instilling through constant reminder that 

“if it is to be, it is up to me.” 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 iv 

Acknowledgements 

Where does one begin to acknowledge all the players on the pathway to a doctorate? 

I did not always know that pursuing academic research was in the cards for me. I struggled 

for the first couple of years finding my place and for that I need to start by thanking my 

family. On my eighteenth birthday, you all wrote in my card that you were handing over 

the pen and it was time for me to write my own story. Well, I wrote 200 pages with it, so I 

hope you enjoy this odyssey. Mom, I do not know if you realize what an amazing example 

of independence and hard work that you set for me. I never needed someone to tell me that 

I could achieve anything I wanted to as an independent woman because I always had you 

to show me that you did it every day with unmatched grace and beauty. Dad, I have never 

accepted complacency and I continue to reach for the stars surrounding the moon you hung 

for me. Many of my life decisions have been made on horseback and I do not know what 

trail I would have blazed without those lessons. Cameron, you are now embarking on your 

own doctorate journey. I will always be here for you in the ups and downs that are to come, 

and I look forward to sitting in the audience at your defense. It is going to come fast, so 

enjoy it. I love you all and hope I have made you proud. 

I have been fortunate to have the support and friendship of many beautiful minds 

through my undergraduate and graduate education that seemed to appear from thin air; 

really too many to name. However, there are some special souls that you only meet once 

in a lifetime. Katelyn Haldeman, Courtney Chandler, and Julia Thayer; you all are such 

extraordinary role models for me each and every day. I constantly have looked to your 

example and would not have made it through this journey without the many moments of 



 v 

laughter, insanity, tears, sarcasm, and counsel. For the past years of friendship and the 

many years to come, thank you from the bottom of my heart.  

My journey to science was product of years and years of excellent, dedicated 

teachers. While I have many that have contributed to my story, I have to mention Mr. Skip 

Shetler and Dr. Brian Kelley. Mr. Shetler, you probably are shaking your head right now, 

but your passion and enthusiasm for science were felt in your classroom. It started my 

whole educational journey with love and respect for nature, physiology, and research. Dr. 

Kelley, you spotted me out of a sea of students, giving me the confidence and training to 

think outside the box. This will never be forgotten. I would also like to extend a special 

thank you to my dissertation committee; Drs. Terry Watnick, Paul Welling, Jennifer 

Pluznick, and Thomas Blanpied. Your guidance and input have shaped the course of my 

doctoral studies on an unexpected journey to independent academic research.  

Finally, I would like to thank my mentor, and friend, Dr. Owen Woodward. The 

opportunity to study with you dramatically changed the trajectory of my career. I would 

have never considered a career in academic science, but your work ethic, creativity, and 

general passion for scientific inquiry made it such an obvious and exciting path. I know 

there will be many challenges to come, but I am confident that the training and mentorship 

you shared have prepared me for the grand research adventure I am about to start. Though 

I now have to blame you for my coffee addiction, those afternoon conversations, morning 

doughnut breaks, branding meetings, and life talks during the NCAA finals (UVA finally 

won) have made all the difference. I will not be able to ever thank you for everything, but 

I look forward to the research collaborations to come. I hope my small part in the 

Woodward Laboratory epic will be fondly remembered.  



 vi 

TABLE OF CONTENTS 

CHAPTER 1: INTRODUCTION ................................................................................... 1 

1.1 Autosomal dominant polycystic kidney disease ....................................................... 1 

1.2 Clinical history of ADPKD ...................................................................................... 2 

1.3 Genetics of ADPKD ................................................................................................. 4 

1.4 Defining ADPKD pathophysiology depends on understanding the polycystins ...... 7 

1.5 State of ADPKD treatment ....................................................................................... 9 

1.6 In vitro models for ADPKD ................................................................................... 10 

1.7 Understanding epithelial tubules to define possible cyst mechanisms ................... 19 

1.8 Ezrin as a master epithelial regulator ..................................................................... 21 

1.9 Scope of work ........................................................................................................ 27 

CHAPTER 2: GDNF DRIVES RAPID TUBULE MORPHOGENESIS IN NOVEL 

3D IN VITRO MODEL .................................................................................................. 28 

2.1 INTRODUCTION .................................................................................................. 28 

2.2 RESULTS .............................................................................................................. 34 

2.2.1 Novel development of tubules and differentiated structures via primary cell 

culture in Matrigel sandwich ................................................................................... 34 

2.2.2 Driving collecting duct-like tubes and enhancing epithelial development with 

GDNF pulse ............................................................................................................. 37 



 vii 

2.2.3 Tracking and assessing polycystin-2 inactivation in doxycycline treated 

tubuloids ................................................................................................................... 39 

2.2.4 3D tubule system integrates relevant PKD matrix genes ................................ 44 

2.3 DISCUSSION ........................................................................................................ 48 

2.4 MATERIALS AND METHODS ........................................................................... 54 

2.5 ACKNOWLEDGEMENTS ................................................................................... 66 

2.6 FUNDING .............................................................................................................. 66 

CHAPTER 3: APICAL COMPARTMENTALIZATION DISRUPTED IN 

CYSTOGENESIS ........................................................................................................... 67 

3.1 INTRODUCTION .................................................................................................. 67 

3.2 RESULTS .............................................................................................................. 72 

3.2.1 Inducible primary cells demonstrate changes in apical constriction and cell 

stiffness following Pkd2 inactivation ........................................................................ 72 

3.2.2 Cysts in human ADPKD tissue exhibit changes in apical morphology ........... 74 

3.3 DISCUSSION ........................................................................................................ 76 

3.4 MATERIALS AND METHODS ........................................................................... 80 

3.5 ACKNOWLEDGMENTS ...................................................................................... 85 

CHAPTER 4: MASTER SCAFFOLD EZRIN DISRUPTED IN THE INITIATION 

OF ADPKD CYSTOGENESIS ..................................................................................... 86 

4.1 INTRODUCTION .................................................................................................. 86 



 viii 

4.2 RESULTS .............................................................................................................. 90 

4.2.1 In vitro tubuloid model reveals decrease in ezrin in Pkd2- cells ..................... 90 

4.2.2 Ezrin decreased at the apical membrane in ADPKD mouse model ................ 93 

4.2.3 Human ADPKD tissue reveals changes in localization and abundance of ezrin

 .................................................................................................................................. 95 

4.2.4 Ezrin rescues pronephric cysts in pkd2 MO .................................................... 99 

4.2.5 Cyst rescue of inducible pkd2 inactivation in vivo with ezrin overexpression

 ................................................................................................................................ 101 

4.2.6 Ezrin and PC2 as interactors ........................................................................ 104 

4.3 DISCUSSION ...................................................................................................... 108 

4.4 MATERIALS AND METHODS ......................................................................... 114 

4.5 ACKNOWLEDGEMENTS ................................................................................. 124 

4.6 FUNDING ............................................................................................................ 125 

CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS ............................. 126 

5.1 GDNF drives rapid tubule morphogenesis in novel 3D in vitro model ................ 127 

5.2 Apical compartmentalization disrupted in cystogenesis ....................................... 127 

5.3 Master scaffold ezrin disrupted in the initiation of ADPKD cystogenesis ........... 128 

5.4 Ongoing work to determine the rescue potential of ezrin in ADPKD cystogenesis

 ................................................................................................................................... 129 

5.5 Future directions to define the role of ezrin in ADPKD ....................................... 130 



 ix 

5.6 Broad impact on science and disease ................................................................... 132 

5.7 Final thoughts on project ...................................................................................... 133 

APPENDIX A: Supplementary figures for Chapter 2 .............................................. 134 

APPENDIX B: Supplementary figures for Chapter 4 .............................................. 136 

REFERENCES ............................................................................................................. 142 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 x 

TABLE OF TABLES 
 
Table 1. 1. Shared characteristics between ADPKD 3D in vitro model systems, advantages 

of pioneered systems, and applications in ADPKD research……………….....................18 

 
Table 2. 1. Downregulated genes in Pkd2 inactivated tubuloids………………………...46 
 
Table 2.  2. Upregulated genes in Pkd2 inactivated tubuloids………………………...…47 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xi 

TABLE OF FIGURES 
 
Figure 1. 1. ADPKD has a complex, multifaceted disease progression ............................ 11 

Figure 1. 2. In vitro models can potentially isolate complex ADPKD phenotypes into 

easily observable structures ............................................................................................... 13 

Figure 1. 3. Schematic of the functional domains of ezrin ................................................ 24 

 

Figure 2. 1. Rationale for 3D culture of primary cells ...................................................... 29 

Figure 2. 2. Characterization of unique 3D structures ....................................................... 36 

Figure 2. 3. Effect of GDNF on tubuloid differentiation ................................................... 38 

Figure 2. 4. Tubuloid culture with Pkd1fl/fl Pax8rtTA TetOCre ...................................... 40 

Figure 2. 5. Addition of doxycycline results in inactivation of Pkd2 in 3D culture .......... 41 

Figure 2. 6.  Loss of Pkd2 changes tubuloid morphology ................................................. 43 

Figure 2. 7. Differentially expressed ADPKD related genes ............................................ 45 

 

Figure 3. 1. Schematic of epithelial cell organization and polycystin localization ........... 68 

Figure 3. 2. 2D in vitro model reveals changes in apical constriction and cell stiffness 

following Pkd2 inactivation ............................................................................................... 73 

Figure 3. 3. Apical compartment morphometry significantly altered in ADPKD ............ 75 

Figure 3. 4. Schematic of junctional associated proteins involved in ADPKD and renal 

cystogenesis ....................................................................................................................... 79 

 

Figure 4. 1. Ezrin decreases in Pkd2- cells in tubuloid structures ..................................... 91 

Figure 4. 2. Ezrin abundance and localization is unaltered in 2D culture ......................... 92 



 xii 

Figure 4. 3. Ezrin intensity decreases in short induction Pkd2 inactivation in vivo model

 ........................................................................................................................................... 94 

Figure 4. 4. Ezrin localization in human normal and ADPKD renal tissue ...................... 96 

Figure 4. 5. Ezrin abundance is disrupted in human ADPKD cysts .................................. 98 

Figure 4. 6. Overexpression of ezrin in pkd2 morpholino reduces pronephric cysts ...... 100 

Figure 4. 7. Transcript and protein expression in EBT mice ........................................... 102 

Figure 4. 8. Normal histology of liver, small intestine, and kidney in male high EBT 

founder ............................................................................................................................. 103 

Figure 4. 9. Pkd2 inactivated mice with EBT suggest decrease in cystic area ................ 105 

Figure 4. 10. Potential interaction between ezrin and PC2 ............................................. 107 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xiii 

LIST OF ABBREVIATIONS 
 
2D: two-dimensional 

3D: three-dimensional 

ADPKD: autosomal dominant polycystic kidney disease 

ARPKD: autosomal recessive polycystic kidney disease 

AFM: atomic force microscopy 

AJC: apical junctional complex 

ASC: adult stem cell 

AQP2: aquaporin 2 

BAC: bacterial artificial chromosome 

BCA: bicinchoninic acid 

bFGF: basic fibroblast growth factor 

BSA: bovine serum albumin 

C-: carboxy 

C-ERMAD: carboxy ezrin-radixin-moesin association domain 

cAMP: cyclic adenosine monophosphate 

cDNA: complementary deoxyribonucleic acid 

CGN: cingulin 

CKD: chronic kidney disease 

co-IP: co-immunoprecipitation 

DBA: Dolichos Biflorus Agglutinin 

DMSO: dimethyl sulfoxide 

EBT: ezrin bac transgenic 



 xiv 

ECM: extracellular matrix 

EGF: epidermal growth factor 

EM: Electron microscopy 

EPF: Effective plasma flow 

ERM: Ezrin-Radixin-Moesin 

ESKD/ESRD: End stage kidney/renal disease 

EZR: ezrin 

FACS: fluorescence activated cell sorting 

FERM: Four point one (4.1) protein-ezrin-radixin-moesin 

GDNF: glial derived neurotrophic factor 

GFR: Glomerular filtration rate 

GO: gene ontology 

H&E: Haemotoxylin and Eosin 

HEK: human embryonic kidney  

HGF: hepatocyte growth factor 

HIER: Heat induced epitope retrieval 

HLA: human leukocyte antigen 

HPF: hours post fertilization 

HR: hour 

ICC: immunocytochemistry 

IHC: immunohistochemistry 

IP: intraperitoneal 

iPSC: induced pluripotent stem cells 



 xv 

kDa: kilodalton 

kPa: kilopascal 

LC: loading control/total loaded protein 

LLC-PK1: Lilly Laboratories Cells – porcine kidney 1 

LTL: Lotus Tetragonolobus Lectin 

MDCK: Madin-Darby canine kidney cells 

mRNA: message ribonucleic acid  

mTmG: membrane Tomato membrane GFP 

MO: morpholino 

N-: amino 

NaKATPase:  

NPHP1: nephrocystin-1 

PBS: phosphate buffered saline 

PC: polycystin 

PC1: polycystin-1 

PC2: polycystin-2 

PI3K: phosphoinositide 3-kinase 

PI(4,5)P2: phosphatidylinositol 4,5 bisphosphate 

PIP: phosphoinositide 

PKA: protein kinase A 

PKC: protein kinase C 

PKD: polycystic kidney disease 

PSC: pluripotent stem cells 



 xvi 

iPSC: induced pluripotent stem cells 

PTP/TP: positive thresholded pixels/ thresholded pixels 

REC: renal epithelial cell 

RNA-Seq: RNA sequencing 

RPKM: Reads per kilobase per million mapped reads 

RT-qPCR: quantitative real time polymerase chain reaction  

SDS: sodium dodecyl sodium  

SEM: standard error of the mean 

SGK: serum/glucocorticoid regulated kinase 

SIM: structured illumination microscopy  

siRNA: small interfering ribonucleic acid 

TER: transepithelial electrical resistance 

TNS1: tensin-1 

TRP: Transient receptor potential 

V2R: vasopressin receptor 2 

WB: western blot 

ZO-1: zonula occludens 1 

 

 

 

 

 

 



 1 

CHAPTER 1: INTRODUCTION 
 
1.1 Autosomal dominant polycystic kidney disease 
 

The formation of cysts in human physiology is prevalent in many tissues, including 

bone, brain, liver, and kidney, with undefined mechanisms, and often leads to detrimental 

phenotypes. Cystogenic diseases in the kidney have a range of clinical manifestations with 

similar involved cellular pathways despite different associated genetic mutations (Gascue 

et al., 2011). Many of these genetic mutations fall into a larger family of disorders, called 

ciliopathies; such as Meckel Gruber syndrome, Joubert syndrome, and Bardet Biedl 

syndrome (Devlin and Sayer, 2019). This group of multisystem diseases demonstrates a 

broad range of phenotypes including cystic dysplasia, interstitial renal fibrosis, as well as 

extrarenal consequences in the retina, liver, and brain, (Devlin and Sayer, 2019). Among 

the ciliopathies, autosomal dominant polycystic kidney disease (ADPKD) is the most 

common, occurring in 1/500 to 1/1000 individuals around the world, caused by loss of 

function mutations in PKD1 and PKD2 (Cornec-Le Gall et al., 2019). Interestingly, a recent 

study has reported that there is a discordance between the point and genetic prevalence of 

ADPKD, with its diagnosis increasing 2.2 times from 1980-2016 (Suwabe et al., 2020). 

The genetic prevalence may be inflated due to autopsy reports including other acquired or 

genetic cystic kidney diseases, but also must be carefully studied because patients with 

mild phenotypes are often overlooked (Suwabe et al., 2020).  

ADPKD is the fourth leading cause of end stage kidney disease (ESKD) in adults 

(Suwabe et al., 2020). Patients diagnosed with ADPKD often present with hypertension 

attributed to enlarged kidneys and decreased glomerular filtration rates, and experience 

complications including pain, hematuria, infection, and nephrolithiasis (Cornec-Le Gall et 
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al., 2019; Suwabe et al., 2020). Renal manifestations are accompanied by hepatic, 

pancreatic, and liver cysts, as well as intracranial aneurysms, abdominal hernias, and 

cardiac valvular disease (Cornec-Le Gall et al., 2019). The broad phenotypic profile of this 

disease is associated with the expression of PKD1 and PKD2 in epithelial, cardiac, and 

smooth muscle tissue (Chauvet et al., 2002). While the cause of ADPKD is majorly 

attributed to the loss of function mutations in PKD1 and PKD2, there are other mutations 

that have been associated with mild forms of ADPKD. These other implicated genes 

include GANAB, encoding for glucosidase II subunit alpha which has been demonstrated 

to be critical for maturation and localization of PC1 and PC2 (Porath et al., 2016), and 

DNAJB11, encoding for a key endoplasmic reticulum chaperone  (Cornec-Le Gall et al., 

2018). The genetic variability is one of the many factors contributing to the extensive 

phenotype variability in patients; over 1500 different mutations of PKD1 and PKD2 have 

been identified (Cornec-Le Gall et al., 2019). Furthermore, other pathologies, such as 

autosomal dominant tubulointerstitial kidney disease resulting from mutations in genes 

such as MUC1 and UMOD, have similar clinical notes including inflammation, fibrosis, 

kidney function decline, and exhibit bilateral kidney cysts, but present smaller kidneys and 

are incorrectly diagnosed as ADPKD (Cornec-Le Gall et al., 2019; Devuyst et al., 2019).  

 

1.2 Clinical history of ADPKD 
 

The life history of ADPKD disease progression with late onset of observable 

symptoms made understanding the contributions of inheritance to disease prevalence 

difficult. Adult-type PKD was only diagnosed in the fourth decade of life or after, 

accompanied by early death caused by renal insufficiency, rupture of intracranial 
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aneurysms, and effects of chronic hypertension. By looking at inheritance, infants of 

parents with suspected ADPKD were found to have enlarged kidneys (Kaye and Lewy, 

1974). The first report of the “adult” form of polycystic kidney disease (PKD) in an infant 

was in 1971 (Kaye and Lewy, 1974). At this time, there was a struggle to detect 

heterozygosity of PKD mutations in siblings for transplant at an early enough time point 

to determine the best chance of prolonged function in a transplant kidney. This challenge 

put stress on genetic counseling to find suitable matches for renal transplant (Milutinovic 

et al., 1980). In response, clinical pathologists turned to histological profiling of sibling 

kidney biopsies to find risk for PKD, with the ultimate goal of establishing the earliest 

diagnostic point. Subjects had normal excretory urograms and were tested for glomerular 

filtration rate (GFR) and effective plasma flow (EPF), as well as filtration fraction, renal 

concentration capacity, and renal acidification capacity. Two of the 15 subjects had 

abnormal renal functions and in the follow up evaluations were determined to develop PKD 

(Milutinovic et al., 1980). These results did not support the use of function tests in early 

diagnosis of PKD. However, tubular dilatation was present in three of four patients that 

eventually developed PKD, indicating that this may be useful in identifying PKD patients 

(Milutinovic et al., 1980). A follow up study investigating tubule structure with electron 

microscopy (EM) revealed, that in subjects with documented PKD, there was a splitting of 

the lamina densa of the glomerular capillary basement membrane (Milutinovic et al., 1980). 

Even still, this report did not suggest using histological profiles as a way to diagnose PKD. 

With the pathogenic mechanism of ADPKD still unknown, it is clear this study was a 

foundational stepping stone putting forth two important predictions that established the role 

of cell-matrix interactions in cystogenesis: (1) the gene involved in pathogenesis plays a 
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role in the determination of the glomerular and tubular basement membrane collagen and 

(2) this gene also plays role in regulating the basement membrane composition 

(Milutinovic et al., 1980). 

 

1.3 Genetics of ADPKD 
 

In 1985, a genetic locus causal for ADPKD was identified near the alpha-globulin 

locus on the short arm of chromosome 16 (Reeders et al., 1985). This first ADPKD loci 

was mapped to 16p13.3, a region known as polycystic kidney disease 1 [PKD1].  Despite 

other efforts to identify the primary defect in PKD1, the European Polycystic Kidney 

Disease Consortium (1994) identified the position of the chromosome breakpoint in 

16p13.3 that disrupted PKD1, further identifying a 14kb transcript that was the PKD1 gene 

(Consortium, 1994). Just a few years later, PKD2 was identified again by positional cloning 

(Mochizuki et al., 1996).    

PKD1 and PKD2 encode two transmembrane proteins, polycystin 1 and polycystin 

2 (PC1/2), which have been localized to the cilia, endoplasmic reticulum, plasma 

membrane, and junctions in epithelial tissue (Köttgen and Walz, 2005; Roitbak et al., 2004; 

Yoder et al., 2002). PKD1 is located on chromosome 16 (16p13.3) and encodes a large 

protein that is characterized as an atypical G protein coupled receptor. PKD1 is expressed 

early in human gestation and development, but is difficult to detect with low abundance in 

adult kidneys (Chauvet et al., 2002). Mutations in PKD1 are responsible for the majority 

of ADPKD patients (approximately 78%) (Cornec-Le Gall et al., 2019). This primary effect 

is attributed to the size of this corresponding eleven transmembrane domain protein and, 

therefore, high mutation rate (Rossetti et al., 2001). The function of PC1 is ultimately 
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unknown. However, due to its extensive amino (N-) terminus, it is suggested to serve as a 

signaling protein; though the ligand has yet to be identified. PC1 has identified cleavage 

sites in its N- and carboxy (C-) terminals and its intracellular loop (P100), with each 

fragment predicted to serve a unique signaling role in extracellular and intracellular 

signaling, respectively (Merrick et al., 2014; Woodward et al., 2010; Yu et al., 2007). PC1 

is suspected to create a functional signaling complex with PC2, a six transmembrane 

domain protein that is part of the transient receptor potential (TRP) channel family (Delmas 

et al., 2004; Hanaoka et al., 2000; Su et al., 2018). This nonselective cation channel-like 

protein is encoded by PKD2 on chromosome 4 (4q21). PKD2 is expressed in the 

metanephros during the entirety of nephron development and can be localized to all 

segments of the differentiated nephron (Chauvet et al., 2002).  

The genetics of ADPKD have been most widely described as a two-hit mechanism. 

This classification stems from a large body of research and literature that having two fully 

penetrant mutations in either of the polycystin genes would be nonviable (Harris, 2010).  

Additionally, several observations about the pathogenesis of ADPKD and its intrafamily 

phenotypic variability, as well as late stage of GFR decline, contributed to support of this 

hypothesis. The two-hit hypothesis originally was suggested by Reeder (1992), based on 

Knudson’s classic model for carcinogenesis (Pei, 2001). While this proposal was difficult 

to test, it suggested that epithelial cells with both a genetic and somatic mutation would 

have a proliferative advantage over cells with only the inherited genetic mutation in either 

PKD1 or PKD2. The growth advantage would allow for clonal expansion into a fluid filled 

cyst structure. Previously, there was controversy across the field because it was questioned 

as to how this could be the rate limiting step for cyst formation when there was a differing 
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hypothetical rate from what would be expected of somatic mutations (30-40%) and lack of 

polycystin immunoreactivity in ADPKD cysts (Pei, 2001). Ultimately, Watnick et al and 

Pei et al experimentally demonstrated the two-hit hypothesis as the predominant 

mechanism of cyst formation in  ADPKD (Pei et al., 1999; Watnick et al., 1998). In 2018, 

Tan et al used whole exome sequencing and long-range PCR to look at the exome of 

individual cysts (Tan et al., 2018). This extensive screening mechanism confirmed the two-

hit hypothesis and reported that approximately 90% of the somatic mutations in PKD1/2 

were truncating in frame deletions or splicing mutations with a median of 65 somatic 

variations (Tan et al., 2018). In this cohort, since the majority of mutations were truncating, 

the genetic dosage theory may not directly apply, since expression would be null (Tan et 

al., 2018). However, the authors did recognize that rare ADPKD patients with homozygous 

or compound heterozygous inheritance of hypomorphic alleles had more severe disease 

phenotypes (Tan et al., 2018). 

Another well supported model and expansion from the two-hit hypothesis is that 

genetic dosage is critical in the phenotypes associated with ADPKD (Gallagher et al., 

2010). For cytogenesis, it has been demonstrated that reduction of functional polycystin 

gene product below a certain threshold is sufficient to cause renal cyst formation (Harris, 

2010; Hopp et al., 2012; Rossetti et al., 2009). This threshold is influenced by a variety of 

factors, including modifier loci variants, environmental effects, developmental stage, and 

physiological responses (Gallagher et al., 2010). However, even with the integration of 

dosage response in the complicated scheme of the somatic second hit hypothesis, the only 

clear conclusion that can be drawn is that cysts form when PC1/PC2 signaling falls below 

a critical threshold.  
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1.4 Defining ADPKD pathophysiology depends on understanding the polycystins 

The pathophysiology of ADPKD has been unique in comparison to other renal 

diseases due to the formation and expansion of focal, fluid-filled cysts (Baert, 1978), rather 

than the deterioration and enlargement of tubules. Early hypotheses about the ADPKD 

mechanism suggested that cysts resulted from tubular hyperplasia from some type of 

intratubular obstruction or distension of renal tubules simply attributed to the compliance 

of the tubule wall and elasticity of the basement membrane (Grantham, 1983). However, 

modeling by Welling and Welling predicted that if ADPKD cysts were just a product of 

tubule expansion then cells would have to thin to compensate for these morphological 

changes, but studies instead showed that cells were of normal thickness and that there were 

actually more cells, indicating proliferation (Grantham, 1983; Welling and Welling, 1985). 

Furthermore, Welling and Welling anticipated that, based on the calculation of single 

nephron GFR and proximal tubular absorptive capacity, there would require a phenotypic 

change to compensate for the massive expansion in ADPKD cystogenesis (Grantham, 

1983; Welling and Welling, 1985). These model predictions have greatly contributed to 

identifying critical components in cystogenesis. Ultimately, determination of this 

pathophysiological mechanism will boil down to understanding of the role of the 

polycystin complex and how loss of PC1/PC2 signaling and function alter renal epithelial 

cells.  

The polycystins have been hypothesized to share and affect many downstream 

signal transduction pathways (Harris and Torres, 2014). While the interaction potential of 

PC1 and PC2 has been ruthlessly questioned, it has recently been resolved via high 

resolution cryo-EM (Su et al., 2018). Su et al were the first to show the PC1/PC2 complex 
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with this technique. They were able to accomplish this by using a shortened version of PC1 

and PC2 without the N- or C-terminals. They ultimately defined the 1+3 complex as one 

PC1 molecule to three PC2 molecules (Su et al., 2018). This paper was critical for many 

reasons, but one of which was the deemphasizing of the role of the C-terminals in the 

PC1/PC2 complex; shaking the field’s view of PC1 and PC2 interaction since it has been 

most commonly hypothesized that the C-terminals drive the interactions between the two 

proteins (Su et al., 2018; Woodward and Watnick, 2019). Downstream signaling of the 

polycystin complexes are mostly derivative of research demonstrating calcium 

permeability of the PC2 channel protein (Cantiello, 2004). Therefore, it is suggested that 

following trafficking and complexing of PC1 and PC2 that binding of an unknown ligand 

to PC1 permits calcium (Ca2+) influx through PC2 to initiate Ca2+-mediated signaling 

(Torres and Harris, 2014). In recent years, the structure of PC2 was also independently 

resolved in lipid nanodiscs (Shen et al., 2016). The 3.0 Å resolution of this structure using 

single-particle electron cryo-microscopy revealed that, in addition to the six 

transmembrane domains, there is a top domain that may play a role in channel assembly 

(Shen et al., 2016). Additionally, it was found that calcium is not the predominant ion 

transported through PC2, but that PC2 has higher selectivity for sodium and potassium, 

broadening the potential changes in downstream signaling after function loss (Liu et al., 

2018; Shen et al., 2016). Both the ligand and downstream signaling cascade for PC1 and 

PC2 remain elusive, resulting in a complex profile of affected signaling pathways in renal 

epithelia. 

 
 
 



 9 

1.5 State of ADPKD treatment  
 

With the inherent variability of patient mutations and phenotypes, it is 

understandable why the road to effective treatments and therapies has been difficult. Renal 

transplantation is still the most effective form of treatment for ADPKD patients; though 

the pressure to find suitable donors is still challenging. In April 2018, Tolvaptan, a 

vasopressin receptor 2 (V2R)  antagonist, was approved by the FDA as the first treatment 

for ADPKD, developed by Otsuka Pharmaceuticals (Torres et al., 2012). This FDA 

approved drug was reported to delay cyst growth and improve kidney function to overall 

improve the quality of life of ADPKD patients in two phase III clinical trials, TEMPO and 

REPRISE (Blair, 2019; Torres et al., 2012; Torres et al., 2017). Unfortunately, the drug 

has many drawbacks including thirst, polyuria, and urinary frequency; and additionally 

requires extensive monitoring of the liver (Mustafa and Yu, 2018). The overarching 

mechanism of this drug focuses on the relationship between the renal V2R, vasopressin, 

and cyclic adenosine monophosphate (cAMP). The antagonist tolvaptan works by reducing 

the cAMP levels stimulated by arginine vasopressin in renal epithelial cells, which are 

thought to drive pathways in cystogenesis (Chang and Ong, 2012). The rationale for this 

drug started with early in vitro studies implicating cAMP and Ca2+ in the cystogenic 

pathway (Grantham et al., 1989; Mangoo-Karim et al., 1989). cAMP is able to stimulate 

fluid secretion and proliferation, which are key components of the hypothesized cyst 

mechanism (Calvet, 2015). Specifically, as the field identified that cyst fluid accumulation 

could be attributed to chloride (Cl-) secretion, cAMP became an even more attractive target 

for the mechanism as inhibition of cAMP-dependent Cl--secretion resulted in fluid 

absorption (Calvet, 2015; Wallace et al., 1996). The observations of increased cAMP levels 
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continued in in vivo and human PKD models, making a therapeutic that reduces cAMP 

levels an obvious choice. While tolvaptan has made great strides in ADPKD therapy, there 

are limited changes in total kidney volume and modest GFR maintenance that would just 

classify this as a disease-modifying drug; leaving room for future significant therapeutic 

improvement (Sans-Atxer and Joly, 2018).  

 

1.6 In vitro models for ADPKD1 
 

Cystogenesis in ADPKD is an extremely complicated process. The mechanism of 

cystogenesis associated with ADPKD can be conceptually parsed into several key 

components, including loss of polycystin protein, changes in apical and basolateral 

organization, disruptions in cell-matrix interactions, increases in proliferation, and fluid 

secretion/accumulation (Chapin and Caplan, 2010; Drummond, 2011; Terryn et al., 2011; 

Ye et al., 1992) (Figure 1.1). In practice, experimentally teasing apart the stages of 

cystogenesis is extremely difficult. Intricate in vivo model systems have failed due to the 

great complexity of the phenotype, and canonical two-dimensional (2D) systems have 

proved insufficient to glean mechanistic detail about the earliest phases of ADPKD 

cystogenesis due to the nonphysiological epithelial organization (Duval et al., 2017; 

Shamir and Ewald, 2014). However, recent development of next generation in vitro model 

systems that recapitulate three-dimensional (3D) organization and renal physiology offer a  

 
1 Dixon, E.E., and Woodward, O.M. (2018). Three-dimensional in vitro models answer the right questions 
in ADPKD cystogenesis. Am J Physiol Renal Physiol 315, F332-f335. 
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Figure 1. 1. ADPKD has a complex, multifaceted disease progression 

 

 

 

 

 

 

 

 

 

 

 

 

Progressive cystogenesis, resulting in chronic kidney disease (CKD) and end stage renal disease (ESRD), 
in ADPKD patients can be broken down into pathophysiological components. This process begins with 
loss of polycystin 1 or 2 function through a second hit mechanism. There is an unknown downstream 
signaling event that initiates cystogenesis, leading to proliferation, and accumulation of fluid in cysts. 
This cyst expansion leads to damage of neighboring nephrons, which then contributes to functional 
compensation and eventually fibrosis, ultimately resulting in end stage renal disease. 
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glimpse of systems that make dissection of the mechanisms of cystogenesis possible and 

may provide a definitive etiology for ADPKD (Figure 1.2). The pioneers of this new class 

of 3D systems have already contributed to our understanding of critical components of 

cystogenesis, including fluid secretion and microenvironment interactions, but significant 

hurdles, including illumination of polycystin function and mimicking of somatic mutations, 

remain (Cruz et al., 2017; Grantham et al., 1989; Pey et al., 1999). 

Behaviors of cell model systems need to integrate elements of cell differentiation, 

migration, and mechanics, as well as tubulogenesis, which are elicited by the 

microenvironment (Duval et al., 2017). Therefore, the use of 2D model systems for 

ADPKD has a limit. Designing 3D model systems has many hurdles as well, including the 

development of a tissue to tissue interface, spatiotemoporal distributions of oxygen and 

carbon dioxide (as well as nutrients and waste), and the effective utilization of 

microenvironmental factors (Duval et al., 2017). Two-dimensional assays depend on 

several features, including adherence to a flat surface, which is also supposed to provide 

mechanical support (Duval et al., 2017). Without the cues from a 3D matrix, cells do not 

receive appropriate control signals for shape that affect bioactivities by forcing the cells 

into establishing a certain growth axis, which may not be ideal or relevant. Interestingly, 

gene expression in 2D models with stiff substrates show more gene expression changes 

than 2D or 3D hydrogels, or less stiff matrices (Duval et al., 2017). Therefore, the substrate 

material of cultured cells has a notable effect on cytoskeletal contractility and extracellular 

matrix proteins; a separate study has demonstrated that 2D models or cells grown in a 

monolayer have higher levels of these proteins than cells in 3D model systems (Duval et 

al., 2017; Pineda et al., 2013). Thus, even monoclonal 3D spheroid culture systems provide  
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Figure 1. 2. In vitro models can potentially isolate complex ADPKD phenotypes into 
easily observable structures 
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Figure 1.2. In vitro models can potentially isolate complex ADPKD phenotypes into easily 
observable structures

(A) Medial section of a nephrectomized human kidney from ADPKD patient with PKD1 truncat-
ing mutation. (B) Brightfield, three-dimensional organoid structure demonstrates formation of a 
fluid filled cyst from a tubule in culture. Magnification 20X, scale bar 50 μm.                                                                                                 (A) Medial section of a nephrectomized human kidney from ADPKD patient with PKD1 truncating 

mutation. (B) Brightfield, three-dimensional organoid structure demonstrates formation of a fluid filled 
cyst from a tubule in culture. Magnification 20X, scale bar 50 μm. 
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significantly more insight for physiologically biostructural and biofunctional properties, as 

compared with 2D planar cell cultures. Furthermore, the culture paradigm is simple and 

easy to reproduce. The similarity to tubular-like physiological organization has been 

insightful for learning about growth factor secretion, gene expression, and deposition of 

extracellular matrix (ECM). 

 The approaches for creating viable 3D model systems are extremely varied. Explant 

cultures employ dissected tissue as a “scaffold” for cellular outgrowth in a 3D matrix 

environment and have been successfully demonstrated in lung and mammary gland 

systems (Avner et al., 1990; McAteer et al., 1988). In ADPKD, cyst formation from cells 

of renal cyst wall explants cultured in a synthetic basement membrane matrix or Transwell 

inserts exemplify the functional benefits of this organotypic system in maintaining cell to 

cell contacts and architecture with a manipulatable environment (Avner et al., 1990; Gupta 

et al., 2003). Furthermore, murine embryonic explant cultures have shown promise as a 

cyst assay for small molecules, demonstrating the advantages of this system in isolating 

growth and differentiation from effects of hormones, filtration, and other renal functions 

(Yang et al., 2008). However, this model system has many reported drawbacks, including 

the effects of mechanical stress during isolation of the tissue, bacterial contamination, and 

inadvertent selection of cell types with survival capacity in the explant culture 

environment. More recent work has expanded on the use of scaffolds and biomaterials to 

provide appropriate structure, chemistry, and morphology in which to study cyst formation 

(Loh and Choong, 2013; Subramanian et al., 2010). These systems have been optimized 

for ADPKD with collagen-Matrigel content, as well as the addition of flow using perfusion 

bioreactors to increase longevity of culture (Subramanian et al., 2010). While this system 
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was able to demonstrate appropriate polarity and junction integrity, there was not a 

cystogenic phenotype and phenotypic analysis was limited to lack of branching in Pkd1 

mutants (Subramanian et al., 2010). 

 A reductionist approach to 3D models, the use of immortalized cells including 

Madin-Darby canine kidney cells (MDCK) and kidney proximal tubule cells (LLC-PK1) 

in a 3D matrix, has significantly contributed to our understanding of the pathology of 

ADPKD. Grantham and colleagues (Grantham et al., 1989; Mangoo-Karim et al., 1989) 

introduced the 3D MDCK model system as a foundational tool for the study of ADPKD 

cystogenesis with their studies on determinants of fluid secretion. The MDCK 3D culture 

system shared characteristics with the distal nephron, including being responsive to the 

addition of cAMP agonists (Buchholz et al., 2011; Grantham et al., 1989; Yamaguchi et 

al., 1995). This model drove the field forward in the understanding of fluid secretion in 

ADPKD as it demonstrated that cyst enlargement could be manipulated by agents that alter 

solute transport and cell proliferation (Grantham et al., 1989; Wallace et al., 1996). Many 

questions still remained as the outputs for the system were restricted to changes in 

proliferation and fluid accumulation. These applications demonstrated the key advantages 

of this system, in that it was genetically manipulatable, clonal, and exhibited appropriate 

organization of renal epithelia (McAteer et al., 1987). This model system has been critical 

to the determination of mechanisms of polarity, lumen formation, and apicobasolateral 

compartment organization in epithelial cells (Bryant et al., 2014; Elia and Lippincott-

Schwartz, 2009; Manivannan et al., 2012). For the LLC-PK1 system, advancements using 

bioengineering and collagen basement membrane allowed for an extended culture time of 

eight weeks compared with previous models, with required hormone supplemented media 
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(Kuo et al., 2014). In both variations, components of cystogenesis were able to be observed 

and quantified, leading to extrapolation of the ADPKD cyst mechanism. However, with 

immortalized cells, there is a disadvantage in the relevance to mouse and human 

physiology, as well as the requirement for cell selection for clones or sublines that yield 

the cyst phenotype (Desrochers et al., 2014; Kuo et al., 2014). Additionally, the default 

structural organization of MDCK cells, as well as LLC-PK1 cells, in culture is that of a 

spheroid, making it difficult to observe formation of a pathological cyst structure. 

Following this system, the evolution of ADPKD 3D systems required additional 

complexity in cell type and microenvironment, leading efforts to explore the promise of 

pluripotent stem cells. 

Kidney organoids are defined as multicellular units with nephron-like epithelial 

structures, including podocytes and tubular segments, as well as characteristics of self-

organization and functionality (Bartfeld and Clevers, 2017; Dutta et al., 2017; Freedman, 

2015). These systems can potentially be generated from tissue biopsies with adult stem 

cells or from induced/human pluripotent stem cells (PSC) (Bartfeld and Clevers, 2017; 

Little, 2016). The most influential and flexible of the ADPKD model systems is the induced 

PSC system, advantageous due to its capacity for clonal expansion and differentiation of 

daughter cells into multiple cell types (Bartfeld and Clevers, 2017; Takasato et al., 2015). 

This system is representative of a nascent developmental phenotype with impressive 

differentiation capabilities, including both the ureteric bud and metanephric mesenchyme 

(Little, 2016; Takasato et al., 2016). Major advantages of the PSC approach are that these 

systems are human/patient specific in areas of physiology and toxicology and are 

genetically diverse (Freedman, 2015). For cystogenesis, PSCs represent a very plastic 
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environment for the study of acute morphometric and functional changes with addition of 

ADPKD-related mutations (Freedman et al., 2015). Specific mutations can be introduced 

into PSC cultures with CRISPR-Cas9 technology, which is beneficial for studying 

monogenetic diseases, such as ADPKD (Dutta et al., 2017; Freedman, 2015; Freedman et 

al., 2015). While stem cell organoids are the pinnacle of ADPKD 3D model systems, there 

are several components that may affect translation of a cystogenic mechanism, including 

difficulty of recapitulating the two-hit hypothesis, an immature phenotype, and a costly 

and intricate culture protocol. Despite these roadblocks, stem cell organoids provide the 

most advantageous 3D system to date. Additionally, innovative manipulation of basement 

membrane constructs and culture conditions has resulted in novel outputs for these 

systems; adherent or spheroid cultures present a platform for lumenogenesis and polarity 

assays, while the newly suggested suspension cultures present new opportunities to study 

a more expansive role for the polycystins in the microenvironment (Cruz et al., 2017; 

Morizane et al., 2015). 

Each of these systems discussed were adapted for use in ADPKD research (Table 

1.1), but what features would be necessary to engineer a next generation 3D system built 

specifically to study cystogenesis in ADPKD? To begin, it would employ primary cells 

from mouse postnatal whole kidneys to both represent the complexity of renal segment cell 

types and produce characteristics native to renal epithelia (Pey et al., 1999). These cells, 

plated into a 3D basement membrane and exposed to a concise differentiation protocol, 

would yield relevant renal tubule structures. This system should also have the capacity to  

facilitate the addition of flow and interrogate effects of fluid dynamics on tubule formation. 
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Another goal of a novel system should be to optimize a method for assessing acute 

consequences of loss of the polycystin proteins, using an engineered kidney-specific 

inducible Cre recombinase cell line with floxed Pkd gene products and a global, double 

fluorescent Cre reporter (e.g., mTmG) (Jaisser, 2000; Muzumdar et al., 2007). The use of 

an inducible system, unlike the currently employed CRISPR-Cas9 technology, would 

allow the temporal control and tracking of inactivation of the ADPKD genes in tubule 

structures, better mimicking the accepted two-hit mechanism of inactivation and presenting 

a unique opportunity to visualize changes in morphology, tubule organization, and cell-

cell-matrix interactions in the cystogenesis of ADPKD. For many reasons, the pursuit of 

an appropriate 3D in vitro culture system is critical for ADPKD (Table 1.1). It is the only 

model system approach that will allow for isolation of acute changes in cell-cell 

interactions without confounding or additive variables, which is the field’s best chance for 

understanding the function of PC1 and PC2 at a cellular physiology level.  

 

1.7 Understanding epithelial tubules to define possible cyst mechanisms  
 

Cystogenesis is more broadly a disruption of tubule formation, or tubulogenesis, 

resulting from changes in downstream signaling following loss of the functions of the 

polycystins. While tubulogenesis can represent a transient phase of development, there are 

many pathways in place to maintain and continue appropriate orientation of tube structures 

that may be disrupted in ADPKD (Andrew and Ewald, 2010). Additionally, tubule 

architecture affects compartmentalization, barrier functions, and delivery of nutrients, 

hormones, etc. (Andrew and Ewald, 2010). Mature epithelial tubes are defined by polarized 

epithelial cells, demonstrating close cell-cell contact, adhesion, strong apicobasolateral 
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polarity, specialized junctions, and basal located basement membrane. Each of these key 

characteristics can be independently monitored and altered during development, but also 

during disease. Therefore, investigating changes in tubules, and more specifically 

understanding epithelial characteristics could yield insights into early mechanisms of cyst 

formation. Epithelial cells are defined by having two opposite poles that are asymmetrically 

organized. This polarity and organization is dependent on tissue specific mechanisms that 

integrate both intrinsic and extrinsic signals promoting specialized contacts to connect to 

the matrix and neighboring cells (Knust, 2002). Epithelial cells are further characterized 

by two types of polarity; apicobasolateral and planar. The asymmetry and organization of 

the apical and basolateral membranes create a gradient for directional transport across the 

cell. Planar cell polarity is orthogonal to the apicobasolateral axis, establishing orientation 

with cell-cell and cell-matrix contacts (Wang et al., 2012).  

Epithelial cells are organized by adhesive junctions that are regulated by 

transmembrane proteins, which have specialized intracellular tails to interact with 

accessory proteins. In addition specialized proteins are needed to attach the plasma 

membrane to the actin cytoskeleton, including members of the band 4.1 protein family 

(also known as the ERM family) (Knust, 2002). Establishment and maintenance of cell 

adhesion is required for apicobasolateral polarity and loss of adhesion is responsible for 

changes in cellular shape. The cellular shape is maintained by two forces including cortical 

tension and cell-cell adhesion. The first of which is created by the forces within the 

cytoskeleton that are countered by adhesive force from cell interactions (Wang et al., 

2012). Epithelial cells during proliferation divide in a way that maintains the junctions as 

well as apical and basal membrane domains, which shifts dependence of separation onto 
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membrane domains. The mitotic spindle is parallel to the surface and each daughter cell 

can then be reintegrated into the epithelium (Knust, 2002). This is evidence for the 

maintenance of adhesion properties while cells change shape, and support for involvement 

of epithelial cell-cell and cell-matrix contact changes in the progression of cystogenesis in 

ADPKD.  

 

1.8 Ezrin as a master epithelial regulator  
 

In order to disrupt the organization and signaling compartmentalization of renal 

epithelial cells as has been described in cyst lining epithelia, there must be a change in the 

maintenance of the apical junctional complex (AJC). The AJC is responsible for 

apicobasolateral compartmentalization and scaffolding of critical membrane proteins 

involved in polarity, membrane trafficking, and signaling. Components of the AJC are in 

turn regulated by master apical compartment proteins that serve direct and indirect 

functions in the stabilization of apical protein complexes and signaling proteins. A key 

master apical regulator in epithelial cells is ezrin. Ezrin belongs to the Ezrin-Radixin-

Moesin (ERM) or band 4.1 family of proteins and is key to maintaining cell polarity, in the 

kidney. The ERM proteins, which are paralogs sharing 75% identity, have been localized 

and function in many cellular structures, including apical microvilli, cleavage furrows of 

mitotic cells, retraction fibers, and adhesion sites where the membrane must attach to the 

F-actin cytoskeleton (Ponuwei, 2016; Smith et al., 2003). The primary role of ERM 

proteins is to maintain the structural integrity of the cortex by tethering transmembrane 

proteins to the actin cytoskeleton and are therefore involved in many cellular pathways 

including cell survival, membrane dynamics, and regulation of cell migration, adhesion, 
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and protrusion (Ponuwei, 2016). Ezrin levels have previously been defined as a prognostic 

marker in childhood nephrotic syndrome, where decreases in ezrin were associated with 

increasing severity and predicted a worse response to steroid treatment (Ostalska-Nowicka 

et al., 2006). Ezrin and the other ERM family proteins have also been associated with 

diabetic complications; reporting that increases in advanced glycation end-products inhibit 

ezrin and disrupt tubulogenesis (McRobert et al., 2012). Most importantly, ezrin has been 

previously implicated in other renal cystic diseases, autosomal recessive polycystic kidney 

disease (ARPKD) (Orellana et al., 2003) and Joubert syndrome (Xu et al., 2017). 

Ezrin was first identified as a major component of microvilli, part of an initiative 

to understand the core of microvilli on the level of a single actin filament (Bretscher, 1983). 

Microvilli at this time were of great interest as a model system to better map out and 

understand the organization and regulation of microfilaments. The study that identified the 

estimated 80 kilodalton (kDa) protein, which interestingly is only 69 kDa despite migrating 

on gels at 80 kDa, that would later be known as ezrin was revolutionary at the time because 

it was able to define a new player in the microvilli core assembly and demonstrate the 

techniques necessary for identification of these minor, isolated components (Bretscher, 

1983). The 80 kDa protein was found to be a major component of the microvilli in vivo 

and evident in a variety of nonmuscle cells (Bretscher, 1983). Most importantly, this paper 

highlighted a very important observation that this protein was specifically localized to 

surface protrusions where F-actin is the internal skeleton; this would be key in 

understanding the function later. Ezrin, along with other minor microvilli components 

villin and fimbrin, would be purified in 1986 (Bretscher, 1986). Soon after, human ezrin 

complementary DNA (cDNA) was cloned and sequenced, which elucidated its structural 
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similarity to band 4.1, which is mainly responsible for the regulation of cell shape through 

modulations of the link between the actin cytoskeleton and membrane (Gould et al., 1989). 

From these experiments, as well as others, we now understand that ezrin is found in 

intestine, kidney, and lung in a highly polarized distribution at the apical membrane 

(Viswanatha et al., 2013).  

Ezrin is a 586 amino acid protein that is made of three functional domains that are 

attributed to its specific regulatory functions in the apical compartment (Figure 1.3). Ezrin 

has been defined as a substrate of protein tyrosine kinase receptors with many functions in 

cell signaling due to interactions with 85 kDa regulatory subunit (p85 via Tyrosine 353) of 

phosphoinositide 3-kinase (PI3K), multifunctional regulator RhoGDI, EBP50, and tumor 

suppressor, hamartin; on top of binding to actin, it also binds to CD44 and ICAM2 

(Gautreau et al., 1999; Smith et al., 2003). Ezrin has a trilobed, or clover leaf, N-terminal 

(FERM) domain, which is responsible for interacting with the cell membrane (Ponuwei, 

2016). The three lobes of this FERM domain consist of subdomains homologous to a 

ubiquitin-like fold (F1; 2-82), acyl-coA binding protein (F2; 83-192), and plekstrin 

homology/phosphotyrosine binding fold (F3; 198-297) (Ponuwei, 2016; Smith et al., 

2003). While there is not a crystal structure available for the entire ezrin structure, the first 

crystal available for the FERM domain was 2.3 Å resolution in its active state and has been 

valuable in understanding ligand binding, energetics, and structure homology among ERM 

proteins (Smith et al., 2003). Following this, Phang et al resolved the ezrin FERM domain 

at 1.75 Å, which permitted the identification of two different conformations of F3 when 

comparing active and inactive conformations (Phang et al., 2016). This FERM domain is  
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Figure 1. 3. Schematic of the functional domains of ezrin 

 

 

 

 

 

 

 

joined to the carboxy terminus by a 200-residue coiled-coil alpha linker with a protein 

kinase A (PKA) binding subunit (Gautreau et al., 1999; Smith et al., 2003). This coiled coil 

linker is responsible for the sequestration of PKA, as well as an anchor for PI3K through 

p85 interaction for regulation of protein activity in the AJC (Gautreau et al., 1999). 

Additionally, the linker between the coiled coil helices is highly preserved across metazoan 

evolution, lending to the critical functional role of ERM dimers in biology (Phang et al., 

2016). Finally, the C-ERMAD, or carboxy terminus of approximately 100 amino acids 

(516-586) in four α-helices, houses the activation site for ezrin function, the F-actin binding 

site at threonine 567 (Phang et al., 2016; Smith et al., 2003). Ezrin can be cleaved between 

sites 310 and 390, creating a stable N-terminal fragment of about 55 kDa; this cleavage is 

primarily known to be elicited by Ca2+-dependent calpain (McRobert et al., 2012; Yao et 

al., 1993). While the mechanism of ezrin cleavage is not well understood, it is recognized 

The structure of ezrin is highly organized by functional domains with a cloverleaf N-terminal (FERM), 
alpha(α)-linker, and a C-terminal (C-ERMAD) that stabilizes the actin cytoskeleton. 
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that this cleavage disrupts tubulogenesis and membrane tethering, resulting in cell shape 

changes (McRobert et al., 2012; Roberts et al., 2020). Ezrin typically resides in an 

autoinhibited state in the cytosol, where the N-terminal FERM domain is covered by the 

C-ERMAD, covering lobes F2 and F3 (Smith et al., 2003). The binding of the C-ERMAD 

to the FERM domain blocks certain protein binding sites that only become accessible after 

a conformational change (Smith et al., 2003). In addition to the FERM domain crystal, 

Phang et al also resolved the dormant FERM:C-terminal domain of ezrin in monomer and 

dimer form, where the C-ERMAD:FERM interaction was more specifically defined as an 

α4c interaction with F3 (Phang et al., 2016).  

 There is some debate about the sequence of activation of ezrin from the dormant 

state, but the field generally agrees that both phosphorylation and phosphoinositide (PIP) 

binding affect ERM activation and allow for the binding to the F-actin cytoskeleton (Phang 

et al., 2016). The dormant state of ezrin is only known to have one interacting partner, PKA 

(Smith et al., 2003). When recruited to the apical membrane through electrostatic 

interactions with phosphatidylinositol 4,5 bisphosphate (PI(4,5)P2), ezrin is activated by 

the phosphorylation of threonine 567 (Viswanatha et al., 2013). There is a dynamic 

interconversion of ezrin between states of inactivity and activity at the membrane, each 

state with a half-life of an estimated 1-2 minutes (Viswanatha et al., 2013). Atomic force 

microscopy (AFM) further demonstrates that phosphorylation causes intramolecular 

unfolding and that PI(4,5)P2 binding to the N-terminal is responsible for altering the 

structure to allow for phosphorylation to activate ezrin binding  (Fievet et al., 2004; Liu et 

al., 2007). Furthermore, Fievet et al performed important experiments in LLCPK1 cells, 

which are derived from the kidney proximal tubule, to demonstrate that PI(4,5)P2 binding 
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is the primary conformational activation step of ezrin, while it does not drive the 

association of ezrin with the membrane (Fievet et al., 2004). In this critical experiment, 

LLCPK1 clones expressing either the FERM domain, or N-terminus of ezrin, and the 

FERM domain with a mutation in the PI(4,5)P2 binding site (K253/254N and K262/263N) 

were stably expressed. Ezrin constructs with the PI(4,5)P2 mutation alone did not allow 

binding to the membrane and resulted in pools of ezrin in the cytoplasm, so the 

coexpression of other NH2-terminal domains permitted the observation that the membrane 

binding is not PI(4,5)P2 dependent, but that PI(4,5)P2 is necessary for phosphorylation and 

activation mechanisms (Fievet et al., 2004). 

  The kinase responsible for this activating step in renal epithelial cells is uncertain, 

but top candidates include Rho-kinases, protein kinase C (PKC) theta, PKC alpha, atypical 

PKC iota, PKA, Akt-2, and serum/glucocorticoid regulated kinase (SGK) (Miura et al., 

2015; Shiue et al., 2005; Smith et al., 2003). Atypical PKC iota is one of the better 

characterized activators of ezrin and a known determinant of apical polarity (Wald et al., 

2008). Atypical PKC iota has also been exhibited to have synchronous expression with 

ezrin phosphorylation (Wald et al., 2008). The role of ezrin binding at the cytoskeleton has 

implications in the compartmentalization of signaling as well as membrane trafficking for 

PDZ binding proteins. Abnormal localization of ERM proteins has been previously 

reported to cause aberrant signal transduction, identified in cancer (Ponuwei, 2016). More 

generally, the regulation, specific functional role, and turnover is not defined in renal 

epithelial cells. Intriguingly, the proposed mechanisms of cystogenesis overlap with the 

demonstrated and predicted functions of ezrin in renal epithelia.  
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1.9 Scope of work  
 

The overall goal of this dissertation was to develop a new in vitro model for 

ADPKD that targeted a very specific question in the mechanism of cystogenesis. The novel 

3D tubuloid model to be discussed in the following chapters was designed to investigate 

the most proximate changes in epithelial cells following inactivation of Pkd2, the gene that 

encodes PC2. Using primary kidney tubule fragments from an inducible Cre mouse as well 

as manipulation of the matrix and addition of specific growth factors drove formation of 

tubuloids, or tubule-like structures. From this model where morphological, protein, and 

gene changes can be tracked before and after Pkd2 inactivation, this project identified 

significant changes in the apical compartment and in an epithelial cell regulator, ezrin. 

Therefore, the central hypothesis of this work was that ezrin is involved in the initiation of 

cystogenesis in ADPKD. This was interrogated in distinct in vitro, in vivo, and human 

ADPKD model systems. The work presented in this dissertation presents a new system for 

cystogenesis research, and additionally identified a new potential target in the ADPKD cyst 

mechanism while further expanding the role of ezrin in renal epithelial cells.   
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CHAPTER 2: GDNF DRIVES RAPID TUBULE MORPHOGENESIS IN NOVEL 
3D IN VITRO MODEL2 
 
2.1 INTRODUCTION 
 

In vitro models of stem cell differentiation and kidney development have set the 

stage for expanding our understanding of nephrogenesis. Recognition that three-

dimensional (3D) culture systems support the development of normal structure and 

physiology better than 2D nonpolarized systems (Figure 2.1A) has led to a paradigm shift 

in the field (Duval et al., 2017). Thus far, new 3D culture systems with embryonic or adult 

stem cells have led to advances in understanding diseases of the lung, intestines, brain, and 

now the kidney (Clevers, 2016; Morizane et al., 2015; Schutgens et al., 2019; Takasato et 

al., 2016). Optimized variations of 3D epithelial culture using induced pluripotent (iPSC) 

and adult (ASC) stem cells have led to novel kidney model systems that are able to 

recapitulate intermediate mesoderm, metanephric mesenchyme, ureteric epithelium, and 

proximal tubules (Freedman et al., 2015; Schutgens et al., 2019; Takasato et al., 2016). 

Further, introduction of specific mutations by CRISPR-Cas9 gene editing can be used to 

model human diseases of the kidney (Clevers, 2016; Schutgens et al., 2019; Takasato et 

al., 2015). These intricate models remain unmatched in recapitulating the complexity of 

the developing kidney. However, organoid complexity is not always a desirable feature, 

especially for studies focused on identifying and characterizing molecular pathways that 

drive tubulogenesis, epithelial cell differentiation, and complex disease processes, such as 

autosomal dominant polycystic kidney disease (ADPKD) (Clevers, 2016).  

 
2 Dixon, E.E., Maxim, D.S., Halperin Kuhns, V.L., Lane-Harris, A.C., Outeda, P., Ewald, A.J., Watnick, T.J., 
Welling, P.A., and Woodward, O.M. (2020). GDNF drives rapid tubule morphogenesis in novel 3D in vitro 
model for ADPKD. J Cell Sci. 
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Figure 2. 1. Rationale for 3D culture of primary cells 

 

 

 

 

 

 

(A) Schematic representation of changes in morphology from 2D to 3D culture. (B) Immortalized single 
cells (Pkd2fl/fl Pax8rtTA TetOCre Sv40) are resuspended and cultured in Matrigel dots with renal growth 
factor media. Spheroids develop from single cells and cellular aggregates. Brightfield, Magnification 4X. 
Scale bar 250 μm. (C) Schematic representation of tubule fragment preparation from whole mouse 
kidney. Primary tubule fragments seeded between two layers of Matrigel on Day 1 and Day 2 of culture, 
demonstrating a succinct protocol for tubule development. Brightfield, Magnification 4X. Scale bar 250 
μm. 
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The limitations of current in vitro model systems include cost, relevancy, and 

translational applications, which all stem from efforts to maintain epithelial like structures 

from reverting back to innate stemness (Dixon and Woodward, 2018). Despite the intricate  

characterization of these kidney organoids and personalization of the models to patients, 

the resulting structures demonstrate insufficient functional relevance and often rely on a 

nascent phenotype, which creates challenging interpretation for late stage diseases, such as 

ADPKD (Forbes et al., 2018; Takasato et al., 2015). Recently, Schutgens et al have 

expanded the niche of stem cell models by creating a tubuloid system that uses adult stem 

cells from human cortex biopsies to create epithelial structures (Schutgens et al., 2019). 

Unfortunately, the application of stem cell models to elucidate cystogenic mechanisms are 

limited in much the same way the foundational 3D in vitro models were, which used 

immortalized cell lines and focused on spheroid development, including changes in number 

and size (Grantham et al., 1989; Mangoo-Karim et al., 1989).  

 Here, we describe a tubuloid model system that employs tubule fragments derived 

from whole murine postnatal kidneys. This approach preserves a progenitor cell population 

that can be manipulated to selectively drive a collecting duct-like phenotype. Unlike other 

segments, the differentiation, tubulogenesis, and extension of the Wolffian duct is largely 

driven by a single growth factor, glial derived neurotrophic factor (GDNF) (Majumdar et 

al., 2003). Additionally, increased levels of GDNF expand populations of collecting duct 

progenitor cells (Li et al., 2019). The use of a primary cell 3D system driven to a desired 

tubule-like phenotype could be used to isolate changes in epithelial organization following 

acute experimental perturbations. Therefore, we designed a system that would be 

inexpensive, utilize commercially available reagents, allow for differentiation and 
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experimental protocols to be completed in less than two weeks, and that would allow 

tracking and imaging of tubuloids in situ (Dixon and Woodward, 2018). 

The impetus for developing this model is driven by the lack of understanding of 

cystogenesis in tubular cystic diseases, including autosomal dominant (ADPKD), 

autosomal recessive (ARPKD) polycystic kidney disease, and nephronophthisis. These 

cystic diseases share a phenotypic profile that includes presentation of collecting duct or 

medullary cysts (Bergmann et al., 2018; Hildebrandt and Zhou, 2007), supporting the need 

for development of an in vitro model with features of the distal renal tubule. Current models 

that employ static knockout approaches, such as siRNA or CRISPR, of specific causal 

cystic genes in renal epithelial cells do not allow investigators to compare changes in 

epithelial cells before and after genetic perturbation (Cruz and Freedman, 2018; Cruz et 

al., 2017; Freedman et al., 2015). The current in vitro model systems represent a summary 

of epithelial changes rather than isolation of proximate changes to gene loss limiting the 

investigation of multiphasic pathology in cystogenic diseases. Our new in vitro system 

presents a platform for investigating cystic diseases in an isolated tubule-like structure. 

The most prevalent of the aforementioned genetic epithelial cystic diseases is 

ADPKD (Cornec-Le Gall et al., 2019; Igarashi and Somlo, 2002). ADPKD is caused by 

loss of function mutations in PKD1 and PKD2, which encode for two transmembrane 

proteins, polycystin-1 (PC1) and polycystin-2 (PC2). The functions of the polycystin (PC) 

proteins in renal epithelial cells remained undefined, but they are hypothesized to form a 

channel complex with roles in cell migration and signaling (Delmas et al., 2004; Hanaoka 

et al., 2000; Su et al., 2018). The polycystins have been localized to the plasma membrane, 

cilia, endoplasmic reticulum, and cellular junctions (Kottgen and Walz, 2005; Roitbak et 
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al., 2004; Yoder et al., 2002). Renal cystogenesis occurs when germline loss of function 

mutations in PKD1 or PKD2 are coupled with an additional somatic mutation in the PKD 

gene inherited from the unaffected parent (Pei et al., 1999; Tan et al., 2018; Watnick et al., 

1998). When polycystin signaling falls below a critical threshold, mutant cells undergo 

morphological changes, increases in cell proliferation, changes in fluid secretion and 

alterations in numerous signaling pathways (Chapin and Caplan, 2010; Gallagher et al., 

2010; Pei, 2001; Ye and Grantham, 1993). As cysts clonally expand in the kidney, 

neighboring nephrons become damaged, resulting in compensatory hyperfiltration, 

eventually resulting in inflammation and fibrosis. 

This complicated multiphasic pathology and poor understanding of the function of 

the polycystin proteins has left the pathological mechanisms of cystogenesis incompletely 

understood. Current stem cell based in vitro models utilized for studying cystogenesis 

(Cruz et al., 2017; Freedman et al., 2015), in ADPKD focus on explaining proliferation, 

fluid accumulation, and changes in cell-matrix interactions, suffering the same restraints 

as older 3D in vitro models that used immortalized cell lines to focus on spheroid 

development and expansion (Grantham et al., 1989; Mangoo-Karim et al., 1989). The 

conclusions drawn from both immortalized and stem cell PKD models tend to conflate 

potential downstream repercussions of polycystin loss, like proliferation and fluid secretion 

with causal factors in cystogenesis. Current models do not provide the possibility to 

observe morphological changes resulting from acute polycystin loss in an intact tubuloid 

or tubule structure (Cruz et al., 2017; Grantham et al., 1989; Mangoo-Karim et al., 1989). 

 Here, we present a new tubuloid model system that is designed to overcome many 

of the major current roadblocks to our understanding of the initiating steps in epithelial 
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morphological changes and cystogenesis. We used mouse renal tubule fragments 

containing Six2 positive progenitor cells pulsed with GDNF to yield collecting duct-like 

tubuloid structures. For proof of principle, we used tubuloids, generated from an inducible 

Pkd2 knockout system (Pkd2fl/fl Pax8rtTA TetOCre +mTmG), demonstrating the ability to 

track the morphological, protein, and genetic changes that correlate with observable and 

quantifiable cyst formation. This model system is well suited for studying the proximate 

pathological mechanisms of cystogenesis resulting from genetic cystic diseases; 

mechanisms that may be amenable to therapeutic targeting.  
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2.2 RESULTS 
 
2.2.1 Novel development of tubules and differentiated structures via primary cell 

culture in Matrigel sandwich  

Two-dimensional in vitro models have provided critical insight into the cell biology 

of epithelial mechanisms of proliferation and fluid secretion, but there is a limit to the 

relevance and translation of 2D cultures to physiological mechanisms. This disconnect is 

in part due to the dramatic change in morphometry and organization of epithelial cells on 

flat, stiff substrates (Figure 2.1A). Therefore, we opted for a 3D system employing Matrigel 

to establish a synthetic basement membrane matrix. The rationale behind the development 

of this system was to drive and maintain the formation of specific tubule structures through 

manipulation of the basement membrane and growth factors. To begin, we resuspended 

single cells and cell aggregates from a renal epithelial immortalized cell line (Pkd2fl/fl 

Pax8rtTA TetOCre Sv40; see methods) into Matrigel droplets (Figure 2.1B) (Sato and 

Clevers, 2013). After exposure to kidney specific growth factor enriched media, cells 

proliferated and exclusively expanded into fluid-filled spheroids - the apparent default 

structure for epithelial cells in 3D culture, independent of the polycystin status (Benton et 

al., 2014; Dutta et al., 2017). Since we were unable to generate tubule shaped structures, 

we hypothesized that morphological changes precede alterations to proliferation and 

secretion after polycystin loss. Lack of tubular structures with the immortalized renal 

epithelial cell lines, before inactivation of the PKD genes, prevented the testing of this 

hypothesis. 

Based on this observation, we made two critical changes to the plating protocol to 

aid in the development of tubules. First, primary cell material, isolated from a postnatal 
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day 7 mouse kidney, was used instead of an immortalized cell line. Secondly, tubule 

fragments which were isolated by digestion with a collagenase solution, were seeded in 

between two layers of polymerized Matrigel, known as the sandwich technique (Figure 

2.1C). This culture technique allowed us to grow structures in a single focal plane, which 

was helpful for tracking and imaging in a single field of view. Additionally, the seam in 

the matrix appeared to increase diffusion of the culture media and increase exposure of the 

plated structures to nutrients and growth factors, allowing rapid tubule formation within 48 

hours of culture (Figure 2.1C).  

The combination of primary cell fragments and a Matrigel plating strategy with 

renal specific growth factor media resulted in the development of two categories of 3D 

structures: prestructures, and tubuloids (either spheroids or tubules; Figure 2.2A). The first 

structure class, prestructures, were globular and categorized as being non-differentiated (E-

cadherin negative; Figure 2.2B). These were often found supporting other differentiated 

(E-cadherin positive) tubuloid structures (Figure 2.2B-C). Differentiated tubuloids were 

further segregated by morphology into spheroids, defined by a circular, clear lumen, and a 

spheroid wall that was 1-2 cells wide, or tubules, defined as a structure with a slit-like 

lumen and approximately 50 μm in diameter, mimicking the approximate size of a mouse 

nephron (Figure 2.2C). Both spheroids and tubules demonstrated expected polarization of 

characteristic markers, including basolateral transporter, NaKATPase, and apical primary 

cilia marker, acetyl-α-tubulin (Figure 2.2D-E).  
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Figure 2. 2. Characterization of unique 3D structures 

 

 

 

 

 

TUBULEPRESTRUCTURE SPHEROID

Non-differentiated
- E-cadherin negative
- globular
- supportive to 
  differentiated structures

Differentiated
- E-cadherin positive
- clear, fluid filled lumen
- 1-2 cell thick wall

Differentiated
- E-cadherin positive
- slit-like lumen
- similar diameter to 
  mouse nephron

A
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ED
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DAPI 
α-tubulin
Na+/K+ATPase

DAPI 
α-tubulin
Na+/K+ATPase

C

DAPI 
Na+/K+ATPase

(A) Representative brightfield image, schematic, and description for each class (prestructure, spheroid, 
and tubule) of organoid structures. Magnification 20X. Scale bar 100 μm. (B) Corresponding 
immunofluorescent staining for E-Cadherin (purple) in non-differentiated (E-Cad negative; prestructures) 
and differentiated (E-Cad positive; spheroids and tubules). Magnification 40X. Scale bar 50 μm. (C) 
Brightfield, representative images of tubule development in the culture model. Tubules are often part of 
more complex 3D structures, including the globular, supportive prestructures. Magnification 60X. Scale 
bar 25 μm. (D) Differentiated tubule structures demonstrate basolateral localization of NaKATPase 
(green) with nuclear DAPI (blue). Magnification 40X. Scale bar 50 μm. (E) Spheroids and tubules 
additionally demonstrate primary cilia via acetyl-α-tubulin (red) puncta on the apical membrane with 
basolateral NaKATPase (green) and nuclear DAPI (blue) Magnification 60X. Scale bar 25 μm. 
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2.2.2 Driving collecting duct-like tubes and enhancing epithelial development with 

GDNF pulse 

We sought to increase the yield of tubules by taking advantage of the inherent 

plasticity of the system and presence of progenitor cells found in the developing postnatal 

kidney, as evidenced by the expression of Six2 (1.34 TPM mRNA; n=4 independent 

tubuloid populations (data not shown); adult mouse kidney does not expresses Six2 

(Maglott et al., 2005)). Six2 is a homeodomain transcriptional regulator that plays a role in 

the maintenance of nephron progenitor cells in a subset of metanephric mesenchyme during 

development (Kobayashi et al., 2008). We treated the cultures with a 24 hour pulse of 

exogenous glial derived neurotrophic factor (GDNF) with continuous exposure to 

hepatocyte (HGF), epidermal (EGF), and fibroblast (bFGF) growth factors. GDNF, acting 

through the Ret receptor and Wnt 11 signaling, is responsible for extension of the Wolffian 

Duct into the metanephric mesenchyme (Majumdar et al., 2003). This ultimately forms the 

GATA3 positive collecting duct system (Figure 2.3A). Quantitative real time PCR (RT-

qPCR) revealed downstream indicators of GDNF/RET action, including Wnt11 and 

GATA3, were significantly increased following a 24 hour pulse of GDNF when compared 

to controls (Figure 2.3A). Next, we extracted structures with and without exposure to 

GDNF (n=4 cultures of each), isolated RNA, and performed RNA-Seq analysis to 

characterize the changes in gene expression influenced by the GDNF pulse. Gene ontology 

(GO) term analysis demonstrated that genes critical in morphogenesis and epithelial 

differentiation were significantly altered after GDNF pulse as compared to controls (Figure 

2.3B). Activation of these gene networks by the GDNF pulse appears to significantly speed 

up the process of structural differentiation, resulting in differentiated tubuloid structures in  
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Figure 2. 3. Effect of GDNF on tubuloid differentiation 

 

 

 

 

 

 

(A) Schematic of GDNF/RET signaling axis that drives the collecting duct system. Relative mRNA fold 
change between control (n=4, blue circle) and GDNF pulse (n=4, red square) organoids for stem cell 
marker, Six2 (two-tailed Student’s t-test, p-value = 0.2854), and downstream GDNF effectors, Wnt11 and 
GATA3 (Wnt11 two-tailed Student’s t-test, p-value=0.0367 and GATA3 two-tailed Student’s t-test, p-
value=0.0184). (B) ReviGO representation of significantly changed (nominal p-value <0.05) GO terms 
in GDNF pulsed organoids (n=4, dot size = log size, color = log 10 p-value). (C) Schematic experimental 
paradigm for GDNF pulse and morphometry tracking. Brightfield images of tracked tubule bifurcation 
events from 48 hrs to 72 hrs post plating. Magnification 20X, Scale Bar 100 μm. (D) 3D SIM 
reconstruction of ZO-1 (red) to demonstrate junctional organization in tubuloid structures. Magnification 
20X, Scale Bar 25 μm. (E) Immunofluorescent images of a differentiated spheroid and tubule positive 
for collecting duct marker, DBA (red) with basolateral NaKATPase (green) and DAPI (blue). 
Magnification 40X, Scale Bar 50 μm. (F) Quantification of structure classification in 4X brightfield 
images reveals that the addition of GDNF yields more differentiated structures (n=574 structures, 3 
tubuloid preparations for control and n=526 structures, 3 tubuloid preparations for +GDNF; two-tailed 
Student’s t-test, p-value = 0.0102) that are tubules (n=574 structures, 3 tubuloid preparations for control 
and n=526 structures, 3 tubuloid preparations for +GDNF; two-tailed Student’s t-test, p-value = 0.0091) 
when compared to control. 
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three days. Consistent with the gene expression analysis, we also observed significant 

increases in the total number of differentiated structures (two-tailed p-value = 0.0102; 

n=574 control structures, 3 tubuloid preparations; n=526 structures, 3 tubuloid preparations 

for +GDNF) and proportion of differentiated tubule structures in culture (two-tailed p-

value = 0.0091; n=574 structures and 3 tubuloid preparations for control; n=526 structures 

and 3 tubuloid preparations for +GDNF) (Figure 2.3F). Finally, we also evaluated the 

optimal duration of GDNF exposure and found that durations longer than a 24 hour pulse, 

including continuous exposure, did not produce an increase in the yield of tubules 

(p=0.2037; data not shown). Employment of an automated stage setup for image 

acquisition allowed tracking of individual structures through development in a similar 

plane of focus (Figure 2.3C). Using this method, we tracked structures following the GDNF 

pulse and found they demonstrated tightly organized junctions (ZO-1) and stained 

positively for collecting duct marker, DBA (Figure 2.3D-E).  

 

2.2.3 Tracking and assessing polycystin-2 inactivation in doxycycline treated tubuloids 

To test the model as a potential assay for studying cystogenesis caused by Pkd2 

mutations, we obtained kidney cells from an inducible mouse model of Pkd2 inactivation 

(Pkd2fl/fl Pax8rtTA TetOCre +mTmG) (cells from a Pkd1fl/fl Pax8rtTA TetOCre +mTmG 

mouse models also develop tubule structures in culture; Figure 2.4A). In this system, a 

tetracycline transactivator is driven by a kidney-specific Pax8 promoter. When 

doxycycline, a tetracycline derivative, is added to the culture, a responsive Cre 

recombinase cleaves the floxed Pkd2 gene and results in a change from red to green 

fluorescence due to a double fluorescent membrane reporter (mTmG)(Figure 2.5A). The  



 40 

Figure 2. 4. Tubuloid culture with Pkd1fl/fl Pax8rtTA TetOCre 

 

 

 

 

action of the Cre recombinase was restricted to epithelial (E-cadherin positive) cells in 

culture due to the Pax8 promoter (Figure 2.5B) with prestructures (E-cadherin negative) 

not responding to the addition of doxycycline. When tubuloids were recovered from the 

Matrigel sandwich following doxycycline treatment, there was a significant decrease in 

PC2 protein abundance as assessed by Western blotting (Figure 2.5C; two-tailed p-value = 

0.0420; n=3 tubuloid preparations from individual animals; **total gels and loading 

controls Appendix A Figure 1A-C). However, PC2 was still detectable and red cells 

(presumably wild type) were observed in differentiated structures (Figured 2.5C-D). To 

confirm the correlation between Cre activation, mTmG conversion, Pkd2 inactivation, and 

loss of PC2, we used fluorescent activated cell sorting (FACS). We found the abundance 

of PC2 in green fluorescing cells was significantly less than the red fluorescing cells,  

Figure 2.4. Tubuloid culture with Pkd1fl/fl Pax8rtTA TetOCre +mTmG

A

(A) Culture protocol can implement primary cells from mouse models with other genotypes. 
Brightfield images of tubuloids from Pkd1fl/fl Pax8rtTA TetOCre +mTmG. Magnification 4X, 
Scale Bar 250 μm. (A) Culture protocol can implement primary cells from mouse models with other genotypes. Brightfield 

images of tubuloids from Pkd1fl/fl Pax8rtTA TetOCre +mTmG. Magnification 4X, Scale Bar 250 μm. 
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Figure 2. 5. Addition of doxycycline results in inactivation of Pkd2 in 3D culture 

 

  

 

 

 

 

 

 

 

 

 

 

(A) Schematic of genetics for inducible Cre model system for Pkd2 inactivation (green). (B) Brightfield 
and immunofluorescent images demonstrating epithelial cells (E-Cad positive; purple) respond to 
doxycycline (Pkd2+ red; Pkd2- green). Magnification 60X, 25 μm. (C) Western blot and quantification 
for PC2 abundance, normalized to total loaded protein (LC) (n=3; two-tailed Student’s t-test, p-value = 
0.0420) (D) Fluorescence image of heterogenous inactivation of Pkd2fl/fl via double membrane reporter, 
+mTmG. Magnification 20X. Scale bar 50 μm. Fluorescence activated single cell sorting (n=3) of Pkd2fl/fl 

Pax8rtTA TetOCre +mTmG primary cells following treatment with doxycycline and Western blot to 
confirm significant decrease in PC2 abundance in green fluorescing cells, normalized to total loaded 
protein (LC) (two-tailed Student’s t-test, p-value = 0.0336). 
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establishing our use of the mTmG reporter as a marker for Pkd2 expression (Figure 2.5D; 

two-tailed p-value = 0.0336; n=1.58x106 cells for GFP+ and 213000 cells for GFP-; **total 

gels and loading controls Appendix A Figure 1D-F). We tracked individual tubuloid 

structures after the inactivation of Pkd2 and compared them to DMSO treated or control 

structures following the same timeline (Figure 2.6A-B). We assessed morphological 

changes of individual structures before and after treatment with doxycycline or DMSO by 

applying a metric of spherical agreement, which determines if individual structures become 

more spheroid/cyst-like (Figure 2.6C). We found the individually tracked tubuloids 

exposed to the doxycycline treatment demonstrated an increase in spherical agreement, 

becoming more cystic in 72 hrs (n=20, p=0.0072 before and after paired T-test) (Figure 

2.6C). Structures treated with DMSO did not significantly change over the same 72 hr 

period (n=20, p=0.1746 before and after paired T-test). Interestingly, we did not see a 

doxycycline dependent change in tubuloid structure size (p=0.1255; data not shown), 

suggesting that the morphological changes observed with doxycycline treatment were 

independent and precede expected increases in proliferation rate with polycystin loss. 

These results demonstrated that the inactivation of Pkd2 drives a morphological change in 

this tubuloid model system.     
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Figure 2. 6. Loss of Pkd2 changes tubuloid morphology 

 

 

 

 

 

 

(A) Brightfield images of tracked control tubuloid before and after the addition of DMSO at 48, 96, and 
168 hr time points. Magnification 20X. Scale bar 50 μm. (B) Brightfield tracking with corresponding 
fluorescence of +mTmG reporter following morphometrical changes before addition of doxycycline at 
48, 96, and 168 hr time points post doxycycline treatment. Magnification 20X. Scale bar 50 μm. (C) 
Tubuloids treated with doxycycline demonstrate a significant (*) increase in spherical agreement, or 
spheroid likeness, when comparing morphometry before and after inactivation of Pkd2 (n=20, red dotted 
lines, two-tailed p=0.0072, before and after paired t-test). Control structures (DMSO) do not significantly 
change over the same 168 hour time course (n=20, black dotted lines, two-tailed p=0.1746 before and 
after paired t-test). Average of doxycycline treated (red) and DMSO treated (black) tubules change in 
spherical agreement represented by solid line. Scale of spherical agreement is shown with schematic 
renderings of tubule (0) to spheroid (1). 
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2.2.4 3D tubule system integrates relevant PKD matrix genes 

To better assess the utility of the system, we next characterized gene expression 

changes after Pkd2 knockout. We recovered tubuloid structures two days following 

treatments of either doxycycline or DMSO (n=4 cultures for each group), isolated RNA, 

and performed an RNA-Seq analysis. Surprisingly, we found only a small number of genes 

(35) were differentially altered by treatment with doxycycline and loss of Pkd2 (adjusted 

p-value 0.05; 1.5 fold change up or down) (Figure 2.7A-B). Among these 35 differentially 

expressed genes, there were many whose protein products localize and function in the 

junctions and extracellular matrix of epithelial cells (red boxes, Figure 2.7B). Many of the 

proteins associated with these differentially expressed genes have been implicated in cystic 

phenotypes, or as potential interactors with the polycystins (Figure 2.7C, Table 2.1-2). One 

such gene is TNS1, which codes for the integrin adapter protein tensin-1 (Table 2.1). 

Previously, it has been shown that tensin-1 interacts with nephrocystin-1 (NPHP1, mutated 

in nephronophthisis) (Benzing et al., 2001) and knock out of TNS1 in mice results in renal 

cysts (Lo et al., 1997). We explored alterations in tensin-1 protein abundance in human 

kidney cysts from ADPKD patients and found an almost complete depletion of the tensin-

1 protein in the cystic tissue as compared to normal human kidney tissue (Figure 2.7D; n=4 

control and n=5 ADPKD cysts, **total gels and loading controls Appendix A Figure 2A-

C). Taken together, these findings support the power of this 3D in vitro tubuloid model 

system to better understand both the normal role of the polycystins in tubulogenesis, but 

also their pathogenic role in cystogenesis. Further, this proof of principle strongly suggests 

this tubuloid system could similarly provide insights into other genetic diseases of the 

epithelium. 
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Figure 2. 7. Differentially expressed ADPKD related genes 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) Volcano plot representing differentially expressed genes (red) in doxycycline treated organoids 
(Pkd2-) with p-adjusted value of 0.05 and 1.5 fold change. (B) Heatmap showing directionality of 
expression for significantly altered genes in doxycycline treated tubuloids compared to controls. Genes 
involved in junctions and matrix highlighted with red box. (C) Schematic of genes that have been reported 
as ADPKD associated (black outline) or reported/predicted to interact with PKD1/2 (red outline). 
Differentially expressed genes are shown in relationship to the other complexes with white text in a red 
box. (D) Western blot exhibits significant decrease in tensin-1 (TNS1) in human male ADPKD cysts 
(n=5) compared to normal human male kidneys (n=4) and normalized to total loaded protein (LC) (two-
tailed Student’s two-tailed, p-value = 0.0340). 
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Table 2. 1. Downregulated genes in Pkd2 inactivated tubuloids 

 
 
 
 
 
 
 

DOWN Protein Function  [Human] Fold Change (log2)

Tph1
Tryptophan 
hydroxylase 1

encodes protein that catalyzes the rate-
limiting step of serotonin biosynthesis    -5.169797511

Cyp11a1

Cholesterol side-
chain cleavage 
enzyme, 
mitochondrial

encodes protein that localizes to the 
mitochondrial inner membrane and 
catalyzes the conversion of cholesterol to 
pregnenolone, the rate-limiting step in the 
synthesis of the steroid hormones

-3.954540015

Cox7a1
Cytochrome c 
oxidase subunit 7A1, 
mitochondrial

encodes component of heteromeric 
complex involved in electron transfer -3.519181743

Ankrd37
Ankyrin repeat 
domain 37 undefined -3.166262075

Fhod3
FH1/FH2 domain-
containing protein 3

encodes protein that is part of the 
diaphonous-related formins and has a 
predicted role in actin filament 
polymerization

-2.233106331

Adamts5

A disintegrin and 
metalloproteinase 
with thrombospondin 
motifs 5

encodes a protein in the ADAMTS family 
that is involved in proteoglycan cleavage -1.623840956

Nfkbiz
NF-kappa-B inhibitor 
zeta

encodes a member of the ankyrin-repeat 
family and is involved in inflammatory 
responses

-1.277020906

Alg6
Alpha-1,3-
glucosyltransferase

encodes a protein of the ALG6/8 
glucosyltransferase family that catalyzes 
the addition of glucose residue for N-linked 
glycosylation

-0.887357941

Tns1 Tensin-1

encodes a protein that localizes to the focal 
adhesions and crosslinks with the actin 
cytoskeleton; involved in signal 
transduction 

-0.886636975

Lurap1l
Leucine rich adaptor 
protein 1-like undefined -0.858436347

B630005
N14Rik 
(Bmt2)

base 
methyltransferase of 
25S rRNA 2 

undefined -0.804944189

Rp2h 

retinitis pigmentosa 
2 homolog or RP2 
activator of ARL3 
GTPase

predicted gene product may be involved in 
beta-tubulin folding -0.731956339

Plscr2
Phospholipid 
scramblase 2

encodes a membrane protein that 
mediates plasma membrane exposure to 
phospholipids and phosphatidylserines 

-0.551824007

List of significantly downregulated genes in Pkd2 inactivated tubuloids with protein name, function 
annotation, and corresponding fold change. 
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Table 2. 2. Upregulated genes in Pkd2 inactivated tubuloids 

UP Protein Function Fold Change (log2)

Krt5 Keratin 5
encodes a member of the keratin gene 
family coexpressed during differentiation of 
epitheilial tissues 

9.007956055

Grhl3
Grainyhead-like 
transcription factor 3

encodes for a protein that may act as a 
transcription factor during development to 
stimulate cell migration 

5.292103902

Cdsn Corneodesmosin
encodes a protein involved in corneocyte 
maturation and localizes to cornified 
epithelia and epidermis

4.455752354

Slc1a3
Solute carrier family 
1 member 3

encodes a high affinity glutamate 
transporter 2.131204979

Mfsd7c
FLVCR heme 
transporter 2

encodes a transmembrane calcium 
transporter that may be involved in 
development

1.892617773

Slc6a9
solute carrier family 
6 member 9

encodes a transporter involved in inhibition 
of glycine signaling 1.574573843

Psen2 Presenilin-2

encodes a component of multi-subunit 
gamma secretase complex that play roles 
in cellular processes and calcium 
homeostasis

1.455238831

Uap1l1

UDP-N-
acetylglucosamine 
pyrophosphorylase 1 
like 1

undefined 1.074276092

Cd38 CD38 molecule
encodes a transmembrane glycoprotein 
that synthesizes an intracellular calcium 
ion mobilizing messenger

1.035331859

Eprs
glutamyl-prolyl-tRNA 
synthetase

encodes a multifunctional aminoacyl-tRNA 
synthetase that catalyzes aminoacylation of 
glutamic acid and proline tRNA species

1.028682844

Renbp
Renin binding 
protein 

encodes a product that inhibits renin and is 
a GlcNAc 2-epimerase 0.9932179

Ttc7b
Tetratricopeptide 
repeat protein 7B undefined 0.969035592

Lars
Leucyl-tRNA 
synthetase

encodes a cytosolic leucine-tRNA 
synthetase that catalyzes the ATP-
dependent ligation of L-leucine to tRNA

0.943561283

Gaa
Glucosidase alpha, 
acid encodes lysosomal alpha-glucosidase 0.880691132

Etv1
ETS variant 
transcription factor 1

encodes a protein that plays a role in cell 
growth, angiogenesis, migration, 
proliferation, and differentiation

0.838198958

Slc3a2
Solute carrier family 
3 member 2

encodes a transporter that regulates 
intracellular calcium levels and transports L-
type amino acids

0.837966546

Cnpy3
Canopy FGF 
signaling regulator 3

encodes a protein that aids in toll-like 
receptor maturation and acts as a 
chaperone for protein export

0.746469048

Zhx2
Zinc fingers and 
homeoboxes 2

encodes for nuclear homodimeric 
transcriptional repressors that interact with 
the A subunit of nuclear factor-Y

0.706409146

Heatr2
Dynein axonemal 
assembly factor 5

encodes a protein needed for axonemal 
dynein arms in organisms with motile cilia 
and flagella

0.701162125

Ccnd2 Cyclin D2 encodes a protein in the cyclin family and 
functions as a regulator of CDK kinases 0.635697981

Mapkap1
Mitogen-activated 
protein kinase 
associated protein 1 

encodes a protein similar to stress 
activated protein kinases 0.531945125

Hdhd2

Haloacid 
dehalogenase-like 
hydrolase domain 
containing 2

undefined 0.342038028

List of significantly upregulated genes in Pkd2 inactivated tubuloids with protein name, function 
annotation, and corresponding fold change. 
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2.3 DISCUSSION 
 

The development of epithelial tubules is driven by cell polarity and tissue 

organization that relies on critical interactions between neighboring cells as well as the 

extracellular matrix (Bernascone et al., 2017; Iruela-Arispe and Beitel, 2013). These 

adhesive interactions drive the establishment of cell polarity and eventually organization 

of the lumen and tissue interface. Control of cell division integrates appropriate signals to 

maintain orientation of tubular structures during proliferation (Iruela-Arispe and Beitel, 

2013). The players that define these interactions include proteins and complexes that 

interact with the junctions and integrins of epithelial cells. The formation of cysts in renal 

tubules like in ADPKD, ARPKD, and nephronophthisis are pathological disruptions of 

tubulogenesis and it has been demonstrated previously that changes to planar cell polarity 

result in dilation of tubules (Bernascone et al., 2017). To understand precisely the essential 

proteins and genes for maintenance of tubules, as well as the disruption of tubulogenesis 

associated with cystogenic diseases, there is a need for a 3D culture system that mimics the 

interaction between tubules, extracellular matrix, and perturbations occurring after acute 

genetic alterations.  

Here, we have focused on the most common cystic kidney disease, ADPKD, to 

illustrate the application of our new tubuloid system. Previously, the polycystins have been 

implicated in epithelial differentiation and establishment of tubules (Boletta, 2003; Boletta 

et al., 2000; Grimm et al., 2006). Further, polycystins have a noted relationship with the 

microenvironment (Cruz et al., 2017; Drummond, 2011), but there is no current model 

system that can be used to determine the immediacy of these changes in response to gene 

function loss in relevant epithelial structures. While decades of work have led to exciting 
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advances in our understanding of disease pathology and the first FDA approved treatments, 

the initiating mechanisms underlying progressive cystogenesis remain undefined in renal 

epithelial cells (Brill and Ehrlich, 2020; Dixon and Woodward, 2018; Torres and Harris, 

2019). Dissecting the complicated pathogenesis of PKD into distinct phases in an isolated 

tubuloid structure may allow more accurate targeting of therapeutic development and was 

an obvious unmet need that drove our development of a new model system.  

Loss of function mutations in either PKD1 or PKD2 are associated with 

downstream changes, including increased proliferation, changes in apicobasolateral 

organization, alterations in cell-matrix interactions, and fluid secretion and accumulation 

(Cornec-Le Gall et al., 2019; Drummond, 2011; Terryn et al., 2011). Unfortunately, 

understanding how the many different pathways and morphological changes are related 

has remained an intractable problem (Antignac et al., 2015; Bergmann et al., 2018; Torres 

and Harris, 2014). Animal models that produce the most physiologically relevant tools for 

recapitulating ADPKD and other cystic diseases (Arthur, 2000; Dukes et al., 2011) reflect 

this complexity, making teasing out temporal sequence or distinct linearity in progression 

difficult. In vitro models also present challenges in defining initiating steps in cystogenesis, 

either due to clonal variation, inappropriate substrates, or heterogenous segmental origin. 

Specifically, recent advancements in induced pluripotent stem (iPSC) cell kidney 

organoids often fail to model pathology of human disease because of their early 

developmental kidney phenotypes (Forbes et al., 2018; Takasato et al., 2015). Additionally, 

previously published renal organoid systems require weeks to display renal cell phenotypes 

(Morizane et al., 2015; Takasato et al., 2016). The extended culture times necessary for 

these experiments require replacement of the synthetic basement membrane or matrix for 
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structures in 3D culture to establish a mature phenotype (Freedman et al., 2015), making 

tracking structures through time impossible. Ultimately, these limitations have resulted in 

a failure to fully understand the immediate downstream consequences of the loss of PKD 

gene expression.  

To overcome these limitations, we have designed a new in vitro model system that 

improves on previous 3D in vitro models to specifically address the mechanisms of 

cystogenesis (Cruz et al., 2017; Freedman et al., 2013; Hofherr and Kottgen, 2013; Thatava 

et al., 2011). Our model system makes four critical improvements: (1) the use of primary 

mouse tubule fragments from whole kidney, (2) application of a Matrigel sandwich plating 

method to enhance tubuloid formation and visualization, (3) addition of glial derived 

neurotrophic factor for rapid differentiation and collecting duct-like phenotypes, and (4) 

material from any extant mouse model, including those engineered with inducible 

technology. These innovations pragmatically increase experimental efficiencies for 

studying the key elements in cystogenesis: allowing tracking of morphology, protein 

abundance, and gene expression. First, we used primary tubule fragments as our starting 

material, which differentiate into mature tubuloids in approximately three days. This allows 

further genetic inactivation and tracking for up to 14 days in the original matrix. Second, 

the use of a sandwich plating method, providing tubuloids with increased access to 

nutrients and oxygen, rapidly sped tubuloid growth. This technique also positions the 

structures in a similar focal plane in the matrix, allowing for better visualization as well as 

tracking and imaging of the tubuloid structures. A third innovation was to drive the 

development of tubuloids into a discrete kidney segment. Many of the stem cell derived 

organoids mentioned previously contain various nephron segments and cell types 
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(Takasato et al., 2015). This complexity confounds the interpretation of experimental 

results. Thus, we used a GDNF pulse to speed tubuloid development and to drive the 

differentiation of collecting duct-like tubuloids. In development, GDNF is a key factor in 

the initiation of the Wolffian duct, which eventually becomes the collecting duct 

(Majumdar et al., 2003). As expected, key players (Wnt11, GATA3) in the GDNF 

signaling pathway were significantly increased in our culture system following the 

exogenous pulse of GDNF (Grote et al., 2006; Majumdar et al., 2003). Gene expression 

pathways involved in the development of the nephric duct, as well as in the differentiation 

of the resident stem cell population and negative regulation of epithelial cell apoptotic 

processes, were all significantly upregulated following a pulse of GDNF (Figure 2.3B). We 

found the resulting tubuloids expressed collecting duct and principle cell marker (DBA), 

and lacked proximal markers (LTL, ABCG2 (data not shown)) (Patel and Dressler, 2013). 

We were unable to more specifically define subpopulations of tubuloids by protein 

expression and localization due to the inability of some antibodies to penetrate the Matrigel 

sandwich for immunofluorescence; e.g. aquaporin 2 (AQP2), Na-K-Cl cotransporter 

(NKCC1), V-ATPase. Careful gene expression analysis, with further exploration of the 

growth factor cocktail components and exposure, as well as implementation of additional 

differentiation methods, may provide critical insight into producing a more fully 

characterized tubuloid segmental phenotype.  

Application of this new system to temporally control inactivation of Pkd2 and loss 

of PC2 protein provided a new platform for investigating acute changes in cell biology. We 

employed tubule fragments from mice with a floxed Pkd2 gene, inducible Cre, and mTmG 

reporter system. We took advantage of the ability to track structures, by characterizing 
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morphological, protein, and gene expression changes after the inactivation of Pkd2. The 

development of our spherical agreement analysis for morphometry presented a quantitative 

method to assess acute changes in tubuloid structure following Pkd2 inactivation. This 

metric provided critical proof of principle that the model could produce pathogenic cysts, 

not just nonpathogenic spheroids. This analysis also provided evidence that the loss of 

Pkd2 did not accelerate the rate of tubuloid growth, but only altered the morphology, 

demonstrating a distinct separation in morphological changes from the well characterized 

and apparent subsequent increases in proliferation (Grimm et al., 2006; Hanaoka and 

Guggino, 2000). We took advantage of the discrete morphological changes to learn more 

about the genes responsible for the initiation of cystogenesis. Interestingly, RNA-Seq 

analysis of differential message levels after Pkd2 inactivation revealed changes in epithelial 

pathways that alter matrix and junctional genes that have been previously associated or 

implicated with the polycystins or cystic disease (Figure 2.7C). Of note, there were a 

smaller number of genes with altered expression after the doxycycline treatment and Pkd2 

loss, especially in contrast to the hundreds of differentially expressed genes following our 

GDNF pulse. It is possible we captured a stage of alteration after Pkd2 loss that was 

restricted to the initiating stages of cystogenesis, where gene expression of only a small 

subset of key structural proteins are altered. We hypothesize that these morphological 

changes in turn will activate pathways that will increase cell proliferation and alter cell 

metabolism; cumulative changes captured in previous gene expression studies in vivo and 

other 2D cell models (de Almeida et al., 2016; Menezes et al., 2012; Podrini et al., 2018). 

The probable dissection of temporal stages in cystogenesis was the impetus for the 
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development of this new tubuloid system, and as demonstrated for ADPKD, the system 

may reveal key insights for other renal cystic diseases as well. 

 To further validate our approach and the findings from the RNA-Seq analysis of 

this new in vitro model, we investigated the changes in protein abundance of tensin-1, a 

gene significantly downregulated (TNS1, p adj = 0.0000213), in human tissue. Tensin-1 

was implicated in cystic kidney diseases from TNS1 knock out mouse models that 

developed small, but significant cortical and medullary cysts, ultimately leading to death 

from renal failure (Lo et al., 1997; Wu et al., 2019). More recently, TNS1-knockout MDCK 

cells form multiluminal spheroids in 3D culture displaying alteration in morphology 

consistent with early stages of cystogenesis (Wu et al., 2019). Our results demonstrate that 

tensin-1 is significantly decreased in human APDKD tissue when compared to normal 

human kidney. This is the first report of tensin-1 changes in human ADPKD and is critical 

evidence for the validation of our system in identifying potential targets for the initiation 

of cystogenesis. Interestingly, previously TNS1 has been shown to interact with NPHP1, a 

causal gene underlying a second cystic renal disease, nephronophthisis (Benzing et al., 

2001). Taken together, the data presented here suggests that the initiating events in 

cystogenesis are dominated by changes in how the cell interacts with other cells and the 

local environment, and that there may be some universality to these initiating steps across 

all genetic cystic diseases. These alterations would then progressively lead to secondary 

effects, like the clonal proliferation and fluid secretion, accompanied by disease specific 

pathogenesis leading to the observed constellation of emergent phenotypes in various 

genetic cystic diseases. 
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2.4 MATERIALS AND METHODS 
 

Mice 

 The inducible Cre mice (Pkd2fl/fl, Pax8rtTA, TetOCre, +mTmG) were received from the 

Baltimore PKD Research and Clinical Core Center. Animal studies were performed in 

adherence to the NIH Guide for the Care and Use of Laboratory Animals and approved by 

the University of Maryland School of Medicine Institutional Animal Care and Use 

Committee. Mice were housed in groups of two to five per cage on a 12:12 hr light/dark 

cycle; with lights on at 6 a.m. The Baltimore PKD Research and Clinical Core Center 

genotyped the mice using primers for Pkd2fl/fl (Forward 5’-CCT TTC CTC TGT GTT CTG 

GGG AG-3’; Reverse 5’-GTT TGA TGC TTA GCA GAT GAT GGC-3’), Pax8 (Forward 

5’-CCA TGT CTA GAC TGG ACA AGA-3’; Reverse 5’-CTC CAG GCC ACA TAT 

GAT TAG-3’), and Cre (Forward 5’-ATT GCT GTC ACT TGG TCG TGG C-3’; Reverse 

5’-GGA AAA TGC TTC TGT CCG TTT GC-3’) and standard thermocycling protocols.  

 

Immortalized cell spheroid culture  

Immortalized single cell preparations from Pkd2fl/fl Pax8 rtTA TetOCre Sv40% were 

generously provided by the Baltimore PKD Research and Clinical Core Center. These cells 

were cultured on collagen coated transwells with 0.4 μm pores (Corning 3491) at 33oC. 

The cells were propagated at this temperature until five days past confluency and fed with 

the Baltimore PKD renal epithelia cell media (REC): 1:1 mixture of RenaLife Complete 

Medium (Lifeline Cell Technology LL-0025) and Advanced MEM medium (Fisher 

Scientific #12492) with 5% FBS (ThermoFisher #26140-079), 2.2% Pen/Strep (Fisher 
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Scientific #30-002-Cl), 0.6% L-alanyl-Glutamine (Gemini Bio-products #400-106), and 

0.03% Gentamicin (Quality Biological #120-098-661). For propagation, 10 ng/mL 

interferon-gamma (CST 39127) is also added to the media when cultured at 33oC. Polarized 

plates were then moved to 37oC and replaced with REC media without interferon-gamma. 

For 3D culture of immortalized cells, six well culture plates (Corning 3516) were 

prewarmed at 37oC overnight before plating. On the day of seeding (typically two days 

after transition to 37oC), cells were detached from the transwell using a cell scraper then 

pelleted using centrifugation. The media from the pellet was aspirated and then the pellet 

was resuspended in growth factor reduced Matrigel (Corning 354230). This Matrigel-cell 

suspension was then plated across the prewarmed plate in 8-10 droplets per well. For 

droplet polymerization, the plate was left at room temperature to set for 10 minutes and 

then inverted to incubate for 20 minutes at 37oC. Following these incubations, the culture 

plate was righted, REC media was added, and plates were incubated at 37oC for the 

remainder of the experiment. Spheroids developed in approximately three days after 

plating.  

 

Primary tubule fragmentation 

Kidneys were removed from anesthetized (with isoflurane >4.5%) postnatal day 4-7 mice 

and kept on ice in DMEM/F12 (Life Technologies 10565-018) media for transfer into 

sterile culture conditions. Collagenase A solution was prepared by combining the 

following: 9.5 mL DMEM/F12, 5 μL Gentamicin (50 mg/mL, Life Technologies 15750-

060), 5 μL  Insulin (10 mg/mL, Sigma 19278), 0.5  mL FBS (Sigma F0296), 115 μL DNAse 

I (2 U/mL, Sigma D4263), and 200 μL collagenase A (0.1 g/mL, Sigma C2139). Kidneys 
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were dissected into 1 mm3 sections and washed with 2 mL of collagenase A solution. 

Primary tissue sections were transferred into a 15 mL falcon tube treated with 2.64% BSA 

(Sigma A9576) in 1X d-PBS (Gibco 10010-023) with a final volume of 2 mL. Dissected 

preparations were then incubated for 1 hour at 37oC in a water bath, shaking at 125 rpm. 

Periodically, tissue preparations were mechanically disrupted with a 2.64% BSA treated 1 

mL pipette tip. Following the incubation, 8 mL of cold DMEM/F12 were added to 

inactivate the enzymatic reaction. The inactivated suspension was filtered through a 

Pluristrainer (20 μm, Pluriselect 43-50020-03) to capture larger, tubule fragments and 

exclude single cells. The Pluristrainer was washed with 10 mL DMEM//F12 and 

transferred into a 2.64% BSA coated falcon tube. The preparations were centrifuged for 3 

minutes at 1200 rpm and the supernatant was aspirated to remove any residual collagenase 

A solution. The remaining pellet of epithelial tubule fragments was resuspended in 

Freezing Media (90% FBS, 10% DMSO) and stored at -80oC. 

 

Culture and differentiation  

Aliquots of basement membrane construct, growth factor reduced Matrigel (Corning 

354230), from -20oC were thawed overnight at 4oC to prepare for tubuloid culture plating. 

All culture plates were incubated overnight at 37oC prior to plating to aid in Matrigel 

attachment and polymerization. For imaging applications, a 24 well glass bottom plate 

(Grenier Bio-One #662892) was used to set up cultures by first plating 150 μL Matrigel to 

cover the surface of the plate. The bottom layer was allowed to polymerize for 1-2 hours 

at 37oC. During the polymerization step, PKD tubuloid media was prepared. PKD tubuloid 

media was made from 37 mL of Basic tubuloid media (490 mL DMEM/F12, 1% Pen/Strep 
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(Sigma P4333), 1% ITS (Gibco 51500-056)) filtered with a 20 μm Steriflip, 5 mL fetal 

bovine serum (Sigma F0926), and a growth factor cocktail of 40 ng/mL recombinant 

human hepatocyte growth factor (HGF) (Invitrogen PHG0324), 20 ng/mL recombinant 

human epidermal growth factor (EGF) (Sigma E9644), and 8.8 ng/mL recombinant human 

basic fibroblast growth factor (FGF) (Sigma FO291). Mouse glial derived neurotrophic 

factor (GDNF) (20 ng/mL) (Sigma SRP3200) was added to PKD tubuloid media for pulse 

media. Following polymerization, frozen aliquots of primary tubule preparations (-80oC) 

were thawed and resuspended in prewarmed Basic tubuloid media in a 15 mL conical tube 

coated with 2.64% BSA in 1X d-PBS. From this point forward, all plasticware, including 

tubes and pipette tips, was coated in 2.64% BSA solution. Cell suspensions were 

centrifuged for three minutes at 1200 rpm and supernatant aspirated to remove residual 

DMSO from Freezing media. The cell pellet was resuspended in 400 μL of PKD tubuloid 

media with GDNF and 100 μL of cell suspension was plated on top of first polymerized 

Matrigel layer (4 wells per aliquot). Tubule preparations were allowed to attach and settle 

on Matrigel by incubating at 37oC for 1-2 hours. Finally, another 150 μL of Matrigel 

basement membrane construct was added to cover the primary tubule preparations. This 

was the final layer of the sandwich plating technique. The top layer was allowed to 

polymerize and then cultures were covered with 1.5 mL PKD tubuloid media with GDNF 

for 24-36 hours. PKD tubuloid media (without GDNF) was exchanged every other day by 

replacing 1 mL of media each time throughout the culture period. Cultures were typically 

maintained for 10 days due to the longevity of Matrigel integrity.  
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Inactivation of Pkd2, structure classification, and morphological tracking following 

Pkd2 inactivation  

Following a three-day differentiation period after plating, tubuloids were treated with either 

10 μg/mL of doxycycline (Sigma D3072) to inactivate Pkd2 or DMSO for controls for 

three days. Following doxycycline treatment, individual structures and population tracking 

was continued every 24 hours for up to ten days. Individual structures were tracked with 

20X brightfield and fluorescence images to visualize changes in the mTmG reporter, while 

population tracking data was acquired with 4X brightfield and fluorescence images. 

Positions for both levels of structure tracking were saved using Metamorph 

MultiDimensional Acquisition (7.8.12.0 (August 27, 2015)) on an Olympus IX83 

epifluorescence scope with ASI motorized stage. Classification of tubuloid structures were 

assessed manually with defined description criteria for both differentiated and 

undifferentiated structural classifications (Figure 2.2A). These classifications were 

determined by staining patterns with epithelial markers, including E-cadherin (eBioscience 

13-3249) and zonula occludens-1 (ZO-1) (SCBT sc-33725). The differentiated class of 

structures includes spheroids and tubules, which both stained positively for E-cadherin and 

ZO-1 (Figure 2.2B and 2.3D). Spheroids were defined by a multicellular wall with a clear 

lumen, while tubules exhibited a slit-like lumen with a diameter of about 50 μm. The 

undifferentiated structures were negative for the epithelial markers E-cadherin and ZO-1, 

and suggest a role as supportive, globular structures, called prestructures. For tubuloid 

analysis, structures were categorized according to the parameters in Figure 2.2A from 

brightfield images with a 4X field of view. This determination of tubule versus spheroid 

population was manually characterized through blinded categorization, while structures 
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that were out of the plane of focus or not within the boundaries of the field of view were 

not included. 

 

Quantification of mTmG reporter fluorescence and protein abundance following Cre 

activation  

Changes in fluorescence were quantified following three days of 10 μg/mL doxycycline 

treatment. Quantification of relative +mTmG fluorescence following activation of Cre 

recombinase was analyzed on Image J using the Color Pixel Counter Plugin (ImageJ v. 1.0: 

Initial release (5/5/2010)). To validate protein changes in the double fluorescent reporter, 

fluorescence activated cell sorting was used to look at changes in PC2 in isolated red and 

green populations. Inducible cells were cultured on 10 cm dishes with REC media 

(described above) and treated with doxycycline following the protocol for organoids. Cells 

were detached from the plate and prepared for sorting by the University of Maryland 

Greenebaum Comprehensive Cancer Center Flow Cytometry Shared Services. Cells were 

sorted using a BD Aria II Cell Sorter into GFP (488 nm) and Tomato (552 nm) populations. 

For immunoblotting analysis in 3D culture, tubuloids were recovered from the Matrigel 

with Corning Cell Recovery Solution (VWR 354253) using the manufacturer’s protocol. 

Following removal of recovery solution, tubuloids were lysed with Deoxycholic Acid 

RIPA buffer (1% deoxycholic acid, 1% triton X-100, 0.1% SDS, 150mM NaCl, 1mM 

EDTA, 10mM Tris HCl pH 7.5) with 1:10 protease inhibitor (Sigma P-8340). Tubuloid 

lysate is rotated in the cold room at 4oC for 30 minutes and then centrifuged for 15 minutes 

at 14000 rpm. Supernatant was collected and protein abundance was quantified by 

bicinchoninic acid (BCA) assay (Thermo Scientific 23225); pellets were saved and stored 
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at -80oC. Samples were heated with 5X laemmli buffer with sodium dodecyl sodium (SDS) 

and 10% 2-beta-mercaptoethanol for 30 minutes at 37oC. Samples were then loaded on 

10% stain free gels (BioRad 4568033) with kaleidoscope marker (BioRad 161-0375) and 

run for 50 minutes at 200 V. Before transfer, gels were crosslinked using UV (BioRad 

ChemiDoc MP Imaging System) and imaged to quantify total loaded protein (LC) for 

normalization of protein abundance. Gels were then transferred onto 0.2% nitrocellulose 

membranes (BioRad 1704158) using semidry BioRad Trans-blot Turbo System. 

Membranes were blocked in 5% Milk in 1X TBS-T and primary antibodies (1:1000 rabbit 

PC2; Baltimore PKD Research and Clinical Core Center 3374) were incubated overnight 

in 2.5% milk in 1X TBS-T at 4oC. Blots were washed three times in 1X TBS-T, then 

incubated with secondary antibody (1:5000 goat anti-rabbit HRP; Jackson 

ImmunoResearch Laboratories 111035144) in 2.5% milk in 1X TBS-T for 1 hour, rocking, 

at room temperature. Blots were washed again three times with 1X TBS-T and developed 

in Pico (Thermo Scientific 34577). Blots were developed using Biorad Chemidoc Imaging 

machine and quantified using Image Lab (BioRad Version 6.0.1 build 34). Normalization 

was done by calculating the total protein loaded in each lane using the BioRad Stain-Free 

Gel System. Statistical comparisons of density measurements from Western blots were 

done with the Student’s t-test (Prism 7, GraphPad, USA). All reported means are ± standard 

error of the mean (SEM). 

 

Fixation  

Following approximately ten days of culture and tracking, tubuloids were fixed in Matrigel 

basement membrane. First, media was gently removed, and the culture was washed with 
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prewarmed 1X PBS, three times. Following removal of PBS wash, wells were treated with 

1:20 collagenase A (0.1 g/mL; Sigma C2139) and incubated at 37oC for 10 minutes to 

break down the Matrigel and improve penetration of fixative. Enzyme solution was 

removed and washed again with 1X PBS gently. Tubuloids were fixed in Matrigel with 3% 

paraformaldehyde (Electron Microscopy Sciences 15714-S) in 1X PBS by rocking plate at 

room temperature for 30 minutes. Fixative was removed and washed three times with 1X 

d-PBS. The plate was stored overnight at 4oC in 1X PBS following the fixation steps.  

 

Immunofluorescence  

Following overnight storage of the plate, it was brought to room temperature and 

permeabilized by adding 0.025% saponin (Sigma S4521) in 1X PBS, rocking for 30 

minutes at room temperature. The 1X PBS washes were repeated and blocked with 1% fish 

skin gelatin (Sigma G7765) in dH20 for two hours at room temperature. The primary 

antibodies (1:50 rat ZO-1 (SCBT sc-33725), 1:200 biotinylated E-cadherin (Affymetrix 

13-3249), 1:200 mouse NaKATPase (Millipore 05-369), 1:200 mouse acetyl-α-tubulin 

(CST 12152S)) were added overnight in the fish skin gelatin solution, rocking overnight at 

4oC. The following day, the plate was allowed to re-equilibrate to room temperature to 

reduce the loss of structures during washing. The cultures were washed three times with 

room temperature 1X PBS. The fluorescent secondary antibody (1:200 goat anti-mouse 

488 (Invitrogen A11001), 1:200 goat anti-rat 647 (Invitrogen A21247), 1:200 goat anti-

mouse 555 (Invitrogen A21422), 1:25 streptavidin conjugated Cy5 (Invitrogen 43-4316)) 

was added in 1% fish skin gelatin in dH2O and incubated while rocking at room 

temperature for two hours. For DBA staining, 1:200 of rhodamine conjugated DBA 
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(Vector Laboratories RL-1032) was added in 1% fish skin gelatin with other secondary 

antibodies. The culture was washed again for three times with 1X PBS, and the sample was 

covered with mounting media (Vector Labs H1200). Fixed culture plates were imaged on 

inverted Olympus IX83 imaging system.  

 

Morphometric analysis and spherical agreement of structures before and after Pkd2 

inactivation  

In a brightfield (20x magnification) image, a region of interest was drawn around each 

structure. The width, height, and area were recorded for each structure at timepoints before 

and 168 hours after a three day doxycycline or DMSO treatment structures were quantified 

using the MetaMorph application for Region Statistics. Then, the spherical-like area was 

calculated (Area=2πr2), using the shortest measurement of the width or height as the radius 

(r). The percentage difference between the area and calculated/spherical area was then 

compared before and after the addition of DMSO or Doxycycline. The absolute value of 

this difference was graphed on a scale from 1 (spheroid) to 0 (tubule) to determine spherical 

agreement, or likeness to a sphere. A paired t-test was employed to compare spherical 

agreement before and after treatment on the same structure in DMSO or doxycycline 

conditions.  

 

RNA preparation  

Two days following the inactivation of Pkd2 with doxycycline, organoids were isolated 

from the Matrigel using the Corning recovery solution and the manufacturer’s protocol. 



 63 

Once the pellet of organoids was isolated from the Matrigel, the manufacturer’s protocol 

from RNeasy Plus Mini Kit (Qiagen 74134) was used to isolate RNA. RNA was suspended 

in molecular biology grade water and then quantified with a CLARIOstar plate reader and 

stored at -80oC.  

 

Illumina Sequencing  

Libraries were prepared using manufacturer’s protocol for Clontech SMART-Seq v4 Ultra 

Low Input RNA kit (minimum concentration 2 ng/μL; with poly-A selection). Samples 

were sequenced on two flowcell lanes of an Illumina HiSeq4000 75bp paired end run. Four 

samples were sequenced in each flowcell lane. Sample quality assessment, RNA-Seq 

library preparation, and sequencing were performed by the Genomics Resource Center at 

the University of Maryland School of Medicine. RNA-Seq data was stored and analyzed 

on BasePair (https://app.basepairtech.com/) for Expression Count (STAR) and Differential 

Expression (DESeq2) analyses.  

 

Quantitative RT-PCR  

Following RNA isolation, cDNA was made with the SuperScript III First-Strand Synthesis 

System for RT-PCR (Invitrogen 18080-051) using the manufacturer’s protocol for first 

strand cDNA synthesis. Reactions (4 ng cDNA) were run in 96-well plates (Life 

Technologies 4483485) using manufacturer’s protocol for PowerUp SYBR Green (Life 

Technologies A25742).  

Six2 Forward Primer: 5’-GAG GCC AAG GAA AGG GAG AA-3’ 
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Six2 Reverse Primer: 5’-GAA CTG CCT AGC ACC GAC TT-3’ 

Wnt11 Forward Primer: 5’-TCA TGG GGG CCA AGT TTT CC-3’ 

Wnt11 Reverse Primer: 5’-TTC CAG GGA GGC ACG TAG AG-3’ 

GATA3 Forward Primer: 5’-GCC CCT CAT TAA GCC CAA-3’ 

GATA3 Reverse Primer: 5’-GGA GGG AGA GAG GAA TCC GA-3’ 

 

Visualizing GO terms using REViGO  

Gene ontology (GO) terms that had a nominal p-value of less than or equal to 0.05 were 

added to a list on the REViGO webpage (http://revigo.irb.hr/) (Supek et al., 2011). 

Visualization criteria allowed for medium similarity (0.7), associated by p-values, selected 

to a mus musculus GO database, using SimRel semantic similarity measurements.  

 

Visualizing differentially expressed genes with Heatmapper  

Differentially expressed genes (p-adj of 0.05 and fold change of 1.5) with their 

corresponding total number of reads per sample (raw read counts per gene divided by each 

sample’s library size) were exported to an excel spreadsheet and uploaded into Heatmapper 

(http://www2.heatmapper.ca/expression/) (Babicki et al., 2016). Genes were mapped using 

average linkage and Pearson distance measurements. 
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Human kidney protein sample preparation and immunoblotting  

Normal (n=4) and ADPKD (n=5) human male kidney tissue samples were dissected from 

nephrectomized human kidneys received from the Baltimore PKD Research and Clinical 

Core Center and stored after flash freezing at -80oC (reviewed by the UMB IRB and 

determined to not be human research, requiring no further IRB review). Kidney tissue was 

homogenized using the BeadBug™6 (Benchtop Scientific) using 3.0 mm beads 

(Benchmark Scientific, #D1032-30) with deoxycholic RIPA lysis buffer (described 

previously). Immunoblotting and development of human sample blots was performed as 

detailed above for tubuloid samples using the primary antibody for tensin-1 (1:100; 

Invitrogen PA557515).  

 

Statistics 

qRT-PCR: The fold changes (calculated using the delta delta Ct method) between 

experimental groups were compared using two-tailed Student’s t-test.  

Differentiation quantification: The percentage of differentiated structures or tubules of 

total structures was compared between experimental groups using two-tailed Student’s t-

test. 

Western blots: Specific protein abundance normalized to total loaded protein between 

experimental groups was compared using two-tailed Student’s t-test.  

Spherical agreement assay: The change in morphometry of structures before and after a 

treatment were compared using a two-tailed paired sample t-test.  
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RNA-Seq: RNA-Seq data was analyzed on BasePair (https://app.basepairtech.com/) for 

Expression Count (STAR) and Differential Expression (DESeq2) analyses (Love et al., 

2014). 
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CHAPTER 3: APICAL COMPARTMENTALIZATION DISRUPTED IN 
CYSTOGENESIS 
 
3.1 INTRODUCTION  
 

Following the RNA-Seq analysis from the tubuloid model presented in Chapter 2, 

continuing the investigation of epithelial complexes involved in junctional and matrix 

interactions in cystogenesis became essential. The implications of changes in cell-cell and  

cell-matrix interactions have been previously implicated in ADPKD cystogenesis. These 

interactions are facilitated at adhesion sites of epithelial cells, including the desmosomes, 

adherens junctions, gap junctions, and tight junctions, known to be responsible for 

mechanical strength and compartmentalization of signaling, as well as connection of lateral 

membranes to the actin cytoskeleton (Brückner and Janshoff, 2018). The protein players 

involved in each of the junctions have been defined, but the larger consequences of 

disruption of these components on epithelial cell function is not as well understood 

(Brückner and Janshoff, 2018). However, it has been demonstrated that desmosomes, tight 

junctions, and adherens junctions have all been disrupted in autosomal dominant polycystic 

kidney disease (ADPKD) cystogenesis (Roitbak et al., 2004; Russo et al., 2005; Yu et al., 

2008).  

In addition to the cilia, endoplasmic reticulum, and apical and basolateral 

membranes, the polycystins have been previously localized to the junctions of renal 

epithelia, including PC1 in the desmosomes, tight junctions, and adherens junctions and 

PC2 in the tight junctions (Ong and Harris, 2005) (Figure 3.1). PC1 has been shown to 

interact with E-cadherin in the adherens junctions and when it is disrupted, it has been 

demonstrated to sequester E-cadherin while beta-catenin remained undisturbed (Roitbak et 

al., 2004). Logically, if the adherens junctions are disrupted this would have effects on the  
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Figure 3. 1. Schematic of epithelial cell organization and polycystin localization 
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polycystins. 
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integrity of other epithelial junctions, including tight junctions (Yu et al., 2008). However, 

Yu et al found that zonula occludens (ZO-1) and occludins were appropriately expressed 

and reported that there was differential claudin expression in ADPKD cysts; including 

decreases in claudins 3, 4, and 10 (Yu et al., 2008). Yu et al was most intrigued by the 

changes in localization of claudin 7 in cysts compared to normal tubules and how this might 

play a role in chloride permeability and driving fluid secretion (Yu et al., 2008).  

With our focus specifically on the initiation phase of cystogenesis, we wanted to 

reevaluate the tight junctions in our inducible and human kidney systems. The tight 

junctions consist of membrane proteins from the ZO-1 and cingulin (CGN) family 

(Anderson and Van Itallie, 2009; Citi et al., 2009). The organization of these proteins with 

occludins and claudins create the separation of the apical and basolateral compartment 

(Anderson and Van Itallie, 2009). Loss of ZO-1 changes interactions with the actin 

cytoskeleton and results in disruption of epithelial tension and morphology as revealed by 

atomic force microscopy (AFM), a tool that has been used to study the effects of junction 

disruption (Brückner and Janshoff, 2018). Loss of ZO-1 in epithelial cells, as previously 

demonstrated in Madin-Darby canine kidney (MDCK) models, resulted in changes in 

morphology and cytoskeleton organization, but did not alter the transepithelial electrical 

resistance (TER) (Brückner and Janshoff, 2018). This phenotype was different from loss 

of adherens junctions, which partially alter morphology, but have dramatic effects on 

tension and compressibility (Brückner and Janshoff, 2018). Interestingly, despite the large 

morphological effects, AFM revealed only a slight alteration in cell stiffness (Brückner and 

Janshoff, 2018).  
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The formation of junctions and maintenance of compartmentalization in epithelial 

cells are critical in tubulogenesis. Therefore, understanding the establishment of these 

connections and the related protein players is critical for understanding how cell-cell and 

cell-matrix contacts are altered during cystogenesis. When two cells touch, the primary 

contact is mediated by E-cadherin, a calcium (Ca2+)-dependent cell-cell adhesion molecule. 

According to the classical adhesion to polarity model (van Roy and Berx, 2008; Wang and 

Margolis, 2007), cell-cell contacts and adhesions, which form preliminary junctions, 

initiate polarization (Wang and Margolis, 2007). Therefore, cell-cell contact would result 

in the development of a nascent, or spot-like, adherens junction, which would then 

commence the organization of the actin cytoskeleton (Wang and Margolis, 2007). As the 

cells continue to organize, these contact sites start to mature and proteins involved in the 

tight junctions begin to migrate up to demarcate the apical compartment (Wang and 

Margolis, 2007) (Figure 3.1). The organization of these junctions aid in the establishment 

of cell shape and molecular asymmetries, which more generally make up cellular polarity 

(Campanale et al., 2017). It is known that this organization of the epithelial cell is then 

maintained through negative feedback interactions between apical and basolateral 

compartments that are responsible for specificity of membrane domains and molecules 

involved in scaffolding and signaling (Campanale et al., 2017).  

Since our RNA-Seq highlighted differentially expressed genes that encode proteins 

involved in cell-cell and cell-matrix interactions, we continued to use the inducible Cre in 

vitro system as a tool to further interrogate changes in specific proteins involved in the 

organization of the epithelial cells following loss of PC2. Observations in these in vitro 

systems could then be translated to kidney tissue from ADPKD patients to validate changes 
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associated with cystogenesis. Ultimately, these investigations demonstrated that the 

organization of the epithelial cells was altered in cystogenesis, specifically in newly 

forming, or emerging, cysts. The results presented in this chapter allowed us to identify 

ezrin as a potential player in ADPKD. 
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3.2 RESULTS 
 
The experiments and results detailing changes in cell interactions and apical compartment 

organization of renal epithelial cells in ADPKD were part of a serendipitous collaboration 

with the laboratory of Dr. Michael Köttgen at University of Freiburg, investigating the 

specific role of cingulin in the cyst mechanism (Hofherr, Dixon, et al, in preparation). 

 
3.2.1 Inducible primary cells demonstrate changes in apical constriction and cell 

stiffness following Pkd2 inactivation 

 
A 2D culture model was employed for these experiments over a 3D system with 

the specific intent of being able to best visualize changes in individual cell junctions and 

morphology of the apical ring. We isolated renal cells by enzymatic digestion from Pkd2fl/fl 

Pax8rtTA TetOCre, mice and grew them to confluence in a six well plate. Following 

confluence, cells were treated with doxycycline as in the 3D model for three days to 

inactivate Pkd2. As shown in Figure 3.2A, the abundance of PC2 was decreased compared 

to control by 94.19%. We investigated changes in ZO-1 localization in these renal epithelial 

cells as a proxy for junctional integrity and as a marker of apical constriction (Figure 3.2B). 

Apical constriction is a mechanism of cell remodeling that allows epithelial tissue to bend 

and fold into tubes (Martin and Goldstein, 2014). Changes in apical constriction can result 

in disruption of cellular geometry that would have downstream effects on structure and 

physiology (Martin and Goldstein, 2014). Apical constriction is driven by contractile forces 

of actin and nonmuscle myosin, which are mediated through cell adhesions (Martin and 

Goldstein, 2014). We found that loss of PC2 corresponded to a dramatic and significant 
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increased apical area of the epithelial cells when compared to control, dimethyl sulfoxide 

(DMSO) treated cells (Figure 3.2C). This observation suggested that the polycystins may  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 2. 2D in vitro model reveals changes in apical constriction and cell stiffness 
following Pkd2 inactivation 
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Figure 3.2: 2D in vitro model revelas changes in apical constriction and cell stiffness 
following Pkd2 inactivation

(A) Primary renal mouse cells from Pkd2fl/fl Pax8rtTA TetOCre+ are collected from postnatal 
day 7 mice. Doxycyline treatment (10μg/ml) is employed to activate Cre recombinase and 
inactivate Pkd2. PC2 abundance was significantly decreased in DOX versus DMSO treated 
cells when normalized to total loaded protein (LC) (n=3; p=0.0001). (B) Inducible primary cells 
were plated in 12 well plastic culture dishes. +DOX cultures were treated with 10μg/ml doxycy-
cline for three days. +DOX cells demonstrate an increased apical area delineated by ZO-1 
(green) when compared to normal, untreated cells. (C) +DOX cells demonstrate a significantly 
increased apical area, determined by measuring the apical area delineated by  ZO-1 in 
ImageJ. n=100/101 for each treatment. Magnification 20X, scale bar 100 μm. p<0.0001 (D) 
AFM measurements of DOX versus DMSO treated inducible 2D cells demonstrates signficant 
decrease in cell stiffness (n=40 cells for DMSO and n=52 cells for DOX; p<0.0001).

(A) Primary renal mouse cells from Pkd2fl/fl Pax8rtTA TetOCre+ are collected from postnatal day 7 mice. 
Doxycycline treatment (10 μg/mL) is employed to activate Cre recombinase and inactivate Pkd2. PC2 
abundance was significantly decreased in DOX versus DMSO treated cells when normalized to total 
loaded protein (LC) (n=3; p=0.0001). (B) Inducible primary cells were plated in 12 well plastic culture 
dishes. +DOX cultures were treated with 10 μg/mL doxycycline and control cultures with DMSO for 
three days. The apical area is delineated by ZO-1 (green). (C) +DOX cells demonstrate a significantly 
increased apical area when compared to controls in ImageJ. n=100/101 for each treatment. Magnification 
20X, scale bar 100 μm. p<0.0001 (D) AFM measurements of DOX versus DMSO treated inducible 2D 
cells demonstrates significant decrease in cell stiffness (n=40 cells for DMSO and n=52 cells for DOX; 
p<0.0001). 
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have an effect on the protein players that are responsible for maintaining the apical 

compartment. Changes in apical constriction have downstream effects on tubule 

morphogenesis. Therefore, a proximate or immediate consequence of loss of PC2 may be 

alterations in epithelial organization. To investigate this hypothesis further, AFM was 

employed to measure changes in cellular stiffness following the loss of PC2. In this model 

system, inactivation of Pkd2 resulted in a significant decrease in cell stiffness as described 

by Young’s Modulus (kPa) when compared to control cells (Figure 3.2D; AFM performed 

and analyzed by Ikbal Choudhury at Johns Hopkins University). Changes in cell stiffness 

have been reported as a consequence or phenotype of diseased tissue, as it represents a 

change in cell differentiation and growth (Janmey and Miller, 2011). 

 

3.2.2 Cysts in human ADPKD tissue exhibit changes in apical morphology  
 

In order to extend these findings, we obtained human ADPKD tissue from the 

Baltimore PKD Research and Clinical Core Center. We studied the morphology of the 

apical compartment of epithelial cells lining cysts and noncystic tubules. To do this, ZO-1 

and its accessory protein cingulin (CGN) were used to define the limit of the apical 

compartment (demonstrated by schematic in Figure 3.3A). In noncystic tubules, ZO-1 and 

CGN exhibited an expected punctate staining pattern between cells (Figure 3.3A). 

However, in the highly disorganized cyst epithelial walls, this pattern was altered. ZO-1 

signal appeared to decrease while the CGN signal extended down the lateral membrane 

(Figure 3.3A). We used these markers to define the apical compartment by height and 

width, as well as cingulin zone length. In cysts compared to noncystic tubules, the 

morphometry of renal epithelia changed dramatically with cystic tubules demonstrating  
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Figure 3. 3. Apical compartment morphometry significantly altered in ADPKD 

 

 

 

 

 

 

 

(A) The apical compartment of renal epithelial cells is defined by the integrity of the tight junction and 
localization of associated proteins, zonula occludens 1 (ZO-1) and cingulin (CGN). In ADPKD renal 
epithelial tissue, there is an observable change in the compartment morphology between normal and 
emerging cystic tubules, demonstrated by a change in the overlap of cingulin (green) and ZO-1 (red). 
Magnification 40X, scale bar 25 μm. (B) Phenotypic changes of cystic tubules were characterized by the 
quantification of AJC length (defined by the cingulin zone length), apical compartment width (defined 
from junction to junction), and apical compartment height (defined from junction to apical surface), 
exhibited in schematic (A). The cingulin zone and apical compartment width were significantly increased 
in cystic tubules (n=2 patients, 8 cysts) when compared to normal tubules (n=2 patients, 6 tubules), 
p<0.001. Additionally, when compared to normal tubules, the apical compartment height of the cysts was 
decreased, p<0.001. (C) In late stage cysts, the localization of the cingulin and ZO-1 is maintained in the 
AJC. Magnification 40X, scale bar 25 μm. (D) This colocalization plot exhibits the difference of ZO-1 
and cingulin overlap in human ADPKD renal epithelia tissue between representative normal (black) and 
cystic (red) tubules. The slope represents “r” of the Pearson correlation coefficient. The weighted rank 
correlation coefficient “rw” is reported to demonstrate the decrease in colocalization of ZO-1 and cingulin 
in the quantified cystic (n=5) versus normal (n=5) tubules, p<0.001. 
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significant decreases in apical compartment height and increases in compartment width 

and cingulin zone length (Figure 3.3B). Interestingly, these morphological changes were 

specific to emerging cysts, which were qualitatively categorized by the appearance of the 

cyst wall. Emerging cysts display multicellular walls with multiple infoldings that we can 

assume are due to an increase in proliferation that is thought to be responsible for cyst 

expansion. However, late stage cysts (Figure 3.3C) represented a more static state of 

cystogenesis where the ZO-1 and CGN colocalized as puncta in the junctions as expected 

and cells were significantly flatter when compared to emerging cysts. Further interrogation 

of ZO-1 and CGN overlap in the junctions of emerging cysts revealed that there was a 

significant decrease of colocalization when compared to normal or noncystic tubules 

(Figure 3.3D).  

 
3.3 DISCUSSION 
 

Adhesions, junctions, and the extracellular matrix have previously been implicated 

in ADPKD cystogenesis (Drummond, 2011; Yu et al., 2008). The most direct evidence for 

the role of these components in cyst formation have come from knock out mouse models 

for proteins in associated complexes, such as laminins or tensin (Drummond, 2011). In our 

3D tubuloid model system, RNA-Seq revealed a profile of differentially expressed genes 

whose protein products were involved in cell-cell and cell-matrix interactions (Chapter 2). 

Since these genetic changes were proximate to Pkd2 inactivation, we wanted to further 

investigate how loss of PC2 may affect more generally the junctions and apical 

compartment. While the 3D model proposed in Chapter 2 provided a more relevant tubule 

structure and confirmed the importance of cell-cell and cell-matrix involved genes, there 

are experimental limitations, including variable antibody efficacy in Matrigel for 
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immunocytochemistry. Therefore, we decided to visualize these changes in the apical 

compartment in an inducible 2D (Pkd2fl/fl Pax8rtTA TetOCre) culture system, presenting 

the opportunity to measure apical constriction and stiffness, as well as human kidney tissue. 

Investigating the downstream effects of disrupted junctional integrity and adhesion 

is complicated to dissect. Previous efforts have used ablation of junctional (ZO-1) proteins, 

which assumingly damages the cells, as well as double knockout systems and small 

interfering RNAs (siRNA) (Brückner and Janshoff, 2018; Cartagena-Rivera et al., 2017). 

These systems show variable and contradictory changes in epithelial tension as well as 

morphology (Brückner and Janshoff, 2018; Cartagena-Rivera et al., 2017). Therefore, we 

relied on morphometrical analyses and AFM to describe specific apical compartment 

changes in both an inducible in vitro and pathological in vivo model. These techniques 

were advantageous as immunohistochemistry allowed morphometrical analysis of 

compartment landmarks in relevant human renal tubules and AFM is a noninvasive 

biophysical technique that can report mechanical property measurements, such as epithelial 

tension and stiffness, of cells without disrupting their microenvironment (Cartagena-Rivera 

et al., 2017). Through these efforts, we have reported changes in ZO-1 in cystogenesis in 

human ADPKD cysts. This difference from previous reports (Yu et al., 2008) could be 

attributed to the category of cyst examined as we found that emerging and late stage 

ADPKD cysts were different in terms of cellular morphology and localization of junctional 

proteins. Therefore, we hypothesize that alteration of the apical compartment and 

junctional changes are part of the cyst initiation process rather than cyst maintenance. This 

is consistent with the disruption of different signaling pathways during varying stages of 

cystogenesis.  
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 With inherent hurdles to investigating the role of junctional proteins in cyst 

initiation, reinterpretation of the flattening and compression of the apical compartment that 

was observed in emerging cysts in human ADPKD suggested that there may be another 

player in this mechanism upstream of the junctions. We hypothesize that this potential 

target protein may have a role in the organization of the compartment as well as 

stabilization of junctional complexes and the F-actin cytoskeleton. In search of this 

facilitator protein, we compiled and mapped protein players involved in the apical 

junctional complex (AJC), maintenance of epithelial junctions (tight and adherens), as well 

as cell-matrix junctions and our differentially expressed genes from Chapter 2. These 

proteins were further annotated as PKD1/2 interacting or ADPKD associated (Figure 3.4). 

It became obvious that many of these proteins involved in establishing and maintaining 

epithelial organization were previously associated with renal cyst phenotypes. However, 

among these functional clusters, there is an upstream protein that played a critical role in 

epithelial cells for stabilization of the cytoskeleton, trafficking of membrane proteins, 

signaling compartmentalization, and matrix interactions (Arpin et al., 2011; Fehon et al., 

2010; Hiscox and Jiang, 1999). This protein is ezrin, a member of the ERM or band 4.1 

family. Ezrin, a master scaffold for epithelial cells, has been previously demonstrated to be 

necessary for the proper distribution of ZO-1 in the tight junctions (Tilston-Lünel et al., 

2016). It facilitates this role through interaction with Crumbs3, a member of the AJC 

(Lemmers et al., 2004; Makarova et al., 2003). Additionally, studies in MDCK cells have 

revealed that loss of ezrin results in changes of membrane tension and flattening of the 

apical cap (Rouven Brückner et al., 2015). Consequently, ezrin, having been previously 

involved in other cystic diseases like ARPKD and Joubert syndrome, became the primary 
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protein of interest in the mechanism for cyst initiation in ADPKD (Orellana et al., 2003; 

Xu et al., 2017). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 4. Schematic of junctional associated proteins involved in ADPKD and renal 
cystogenesis 

 Adapted epithelial schematic from Chapter 2 exhibiting additional junctional associated proteins that 
have been involved in cystogenesis and/or ADPKD. The potential relationship between master scaffold, 
ezrin, and other complexes is demonstrated with a black dotted line. 
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3.4 MATERIALS AND METHODS 

Primary cell culture 

Kidneys were removed from anesthetized (with isoflurane >4.5%) postnatal day 4-7 mice 

(Pkd2fl/fl Pax8rtTA TetOCre) and kept on ice in DMEM/F12 (Life Technologies 10565-

018) media for transfer into sterile culture conditions. Collagenase A solution was prepared 

by combining the following: 9.5 mL DMEM/F12, 5 μL Gentamicin (50 mg/mL, Life 

Technologies 15750-060), 5 μL  Insulin (10 mg/mL, Sigma 19278), 0.5  mL FBS (Sigma 

F0296), 115 μL DNAse I (2 U/mL, Sigma D4263), and 200 μL collagenase A (0.1 g/mL, 

Sigma C2139). Kidneys were dissected into 1 mm3 sections and washed with 2 mL of 

collagenase A solution. Primary tissue sections were transferred into a 15 mL falcon tube 

treated with 2.64% BSA (Sigma A9576) in 1X d-PBS (Gibco 10010-023) with a final 

volume of 2 mL. Dissected preparations were then incubated for 1 hour at 37oC in a water 

bath, shaking at 125 rpm. Periodically, tissue preparations were mechanically disrupted 

with a 2.64% BSA treated 1 mL pipette tip. Following the incubation, 8 mL of cold 

DMEM/F12 were added to inactivate the enzymatic reaction. The inactivated suspension 

was filtered through a Pluristrainer (20 μm, Pluriselect 43-50020-03) to remove debris and 

isolate single cells, then transferred into a 2.64% BSA coated falcon tube. The preparations 

were centrifuged for 3 minutes at 1200 rpm and the supernatant was aspirated to remove 

any residual collagenase A solution. The remaining pellet of epithelial cells was 

resuspended in Freezing Media (90% FBS, 10% DMSO) and stored at -80oC. 

For 2D culture, Pkd2fl/fl Pax8rtTA TetOCre inducible Cre primary mouse cells from the 

Baltimore PKD Research and Clinical Core Center were thawed and then propagated on a 

six well plate (Costar 3516). The cells were cultured at 37oC with 5% CO2 until confluence 
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in the Baltimore PKD renal epithelia cell media (REC): 1:1 mixture of RenaLife Complete 

Medium (Lifeline Cell Technology LL-0025) and Advanced MEM medium (Fisher 

Scientific #12492) with 5% FBS (ThermoFisher #26140-079), 2.2% Pen/Strep (Fisher 

Scientific #30-002-Cl), 0.6% L-alanyl-Glutamine (Gemini Bio-products #400-106), and 

0.03% Gentamicin (Quality Biological #120-098-661). Then, confluent cell cultures were 

treated for three days with either DMSO (controls) or 10 μg/mL doxycycline (Sigma 

D3072) in a media change with each treatment.  

 

Immunocytochemistry of renal primary cells  

Three days following the end of doxycycline treatment, the media and treatments were 

removed from the cell culture. Cells were put on ice, washed with 1X PBS three times, and 

then fixed in 3% paraformaldehyde (Electron Microscopy Solutions 15712-S) for 15 

minutes. Cells, on ice, were again washed three times with 1X phosphate buffered saline 

(PBS) followed by 10 minutes of permeabilization with 0.1% Triton in 1X PBS (Sigma 

T9284). Permeabilization solution was washed off with 1X PBS and the cells were blocked 

in 1% bovine serum albumin (BSA; Sigma A6003) for thirty minutes. The primary 

antibody (1:50 ZO-1 (R40.76) Santa Cruz Biotechnology sc-33725) was added in 0.1% 

BSA overnight to incubate at 4oC. The following day the cells were washed then incubated 

with 0.1% BSA and secondary antibody (1:200 AlexaFluor647 goat anti rat IgG 

ThermoFisher Scientific A-21247) for one hour. Following the last wash step to remove 

the secondary antibody, cells were covered with Vectashield mounting media with DAPI 

(Vector Labs H1200). Plates were imaged on an Olympus IX83 inverted imaging system. 
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Apical constriction assay 

Morphometrical analysis to determine apical constriction of primary renal epithelial cells 

were performed in FIJI (Schindelin et al., 2012). Image properties were calibrated to 

appropriate dimensions for microscope acquisition. The Freehand tool with the Analyze – 

Measure Command was employed to measure the area (μm2) of ZO-1 positive staining to 

denote the bottom of the apical compartment per cell (n=100 for DMSO treated cells and 

101 for doxycycline treated cells). Statistical analysis was performed in Prism via two-

tailed Student’s t-test. 

 

Atomic force microscopy  

Cells were cultured and treated as described above on 60 mm plastic dishes (Corning 

353002). Atomic force microscopy experiments were performed and analyzed by 

Mohammad Ikbal Choudhury in the laboratory of Dr. Sean Sun (Johns Hopkins University) 

as part of a collaboration with Drs. Alexis Hofherr and Michael Köttgen (University of 

Freiburg). The average of four readings per cell is reported (n=40 cells for  Control and 52 

cells for +DOX treated). AFM experiments were done with a Silicon Nitride (SiN) 

cantilever and tips with a nominal spring constant of 0.01 N/m (Bruker, USA) on an 

MFP3D (Asylum Research, USA) instrument. Thermal fluctuation method was used to 

calibrate the stiffness of cantilever prior to every experiment (Butt and Jaschke, 1995). In 

order to measure the apical stiffness of the cells force-displacement curves were obtained 

using contact mode with a maximum peak force of 1 nN. All data processing was done 

using Igor pro software (Wavemetrics, USA). The Young’s modulus was obtained by 

fitting the Force-displacement curves with Hertz model, which related the applied force (F) 
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by the cantilever tip to the indentation (d) and the Young’s modulus (E) using the equation 

1, where α is the tip opening angle (35o) and v is the Poisson ratio (which is assumed to be 

0.5 for soft biological materials (Touhami et al., 2003)).  

 

 
 

Immunofluorescence of normal and ADPKD human kidney tissue 

Human ADPKD cystic renal tissue from nephrectomized patients was received from the 

Cell Culture and Engineering Core of the Baltimore Polycystic Kidney Disease Research 

and Clinical Core Center. Tissue samples represent male patients between ages of 45 to 65 

years old. Following dissection, human tissue samples were fixed in a 4% 

paraformaldehyde (Electron Microscopy Solutions 15712-S) solution in 1X PBS (Bio-Rad 

161-0780), washed in 1X PBS, three times for 10 minutes, and stored in 70% ethanol 

(Ethanol Pharmco 111000200). Tissue samples were then embedded in paraffin and 

sectioned. Human tissue sections were mounted onto glass coverslips with a gelatin coating 

solution (50 mL distilled water, 0.25 g Gelatin, 25 mg Chrome Alum). Tissue sections were 

then deparaffinated using standard protocols with xylene (Sigma-Aldrich 214736) and 

placed in a heat induced epitope retrieval (HIER) solution, pH 8.0 (1 mM Tris (American 

Bioanalytical AB02000-01000), 0.5 mM EDTA (Sigma E5134) with 0.02% SDS 

(American Bioanalytical AB01920-00500). Samples were warmed in HIER solution with 

SDS to 100oC, transferred to a 100oC water bath for 15 minutes, then washed with distilled 

water and 1X PBS. Samples were treated with 2-3 drops of Image-iT FX Signal Enhancer 

(Molecular Probes 136933), then blocked in Incubation Media (1% BSA (Sigma A7638), 

0.1% Tween 20 (Bio-Rad 170-6531), 0.02% sodium azide (Sigma S2002),1X PBS (Bio-
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Rad #161-0780)) with 1% donkey serum (Sigma D9663) for another 15 minutes. Primary 

antibody (1:100 Cingulin (H-180 Santa Cruz Biotechnology sc-66831 or 1:50 ZO-1 

(R40.76) Santa Cruz Biotechnology sc-33725) was added in incubation media and serum 

solution and incubated overnight. The next day samples were washed four times in 1X 

PBS. Secondary antibodies (1:200 AlexaFluor488 goat anti rabbit IgG ThermoFisher 

Scientific A-11008 or 1:200 AlexaFluor647 goat anti rat IgG ThermoFisher Scientific A-

21247) were then added in the dark for two hours and samples again were washed four 

times in 1X PBS. Following washes, sectioned samples were mounted with Vectashield 

Mounting Media (Vector Labs H1000), and sealed with nail polish. Samples were imaged 

on an Olympus IX83 inverted imaging system. 

 

Quantification for human kidney tubules and statistical analysis 

Morphometrical analysis of human and mouse apical compartments were performed in FIJI 

(Schindelin et al, 2012). Image properties were calibrated to appropriate dimensions for 

microscope acquisition. The Straight Line tool with the Analyze – Measure Command was 

employed to measure the distance (in microns) of apical compartment width, height, and 

cingulin zone in renal epithelia (detailed in the schematic in Figure 3.3A). Statistical 

analysis was performed in Prism via a two-tailed Student’s t-test. Colocalization of cingulin 

and ZO-1 in exposure and contrast matched images of human and mouse tissue was 

performed using the Analyze – Colocalization Threshold command in FIJI. This command 

generated the Pearson correlation coefficient for overlap of ZO-1 and cingulin, which was 

statistically compared using Fisher’s Z Transformation for Common Correlation 

Coefficients equation (𝑧! =
(#!$%)'!((#"$%)'"
(#!$%)((#"$%)

).  
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CHAPTER 4: MASTER SCAFFOLD EZRIN DISRUPTED IN THE INITIATION 
OF ADPKD CYSTOGENESIS 
 
4.1 INTRODUCTION 

The mechanism of cystogenesis in autosomal dominant polycystic kidney disease 

(ADPKD) remains elusive. While the field has identified loss of function mutations in 

PKD1 and PKD2 as causal genetic perturbations for progressive cyst formation, the 

downstream consequences in renal epithelial cells have not been defined. PKD1 and PKD2 

encode two transmembrane proteins, polycystin-1 (PC1) and polycystin-2 (PC2), that are 

hypothesized to act as a signaling complex (Delmas et al., 2004; Hanaoka et al., 2000; Su 

et al., 2018). However, the function of this complex is still unclear, with evidence for 

localization of these proteins at the endoplasmic reticulum, membrane, cilia, and junctions 

(Köttgen and Walz, 2005; Roitbak et al., 2004; Yoder et al., 2002). In response, we 

developed an in vitro model to investigate proximate changes and mechanisms in renal 

epithelial tubule-like structures, or tubuloids, following loss of the polycystins (Chapter 2). 

As proof of principle, we focused on the consequences of loss of PC2, a channel-like 

protein, in renal epithelial cells, which accounts for 15-20% of ADPKD in humans 

(Cornec-Le Gall et al., 2017) (Chapter 2). 

 In order to integrate our observation that inactivation of PC2 in our inducible cell 

model system affects both junctional and matrix associated proteins with similar 

morphometrical changes in human ADPKD tissue, we started looking into potential protein 

players that would be involved in maintaining these types of complexes. We hypothesized 

that such a protein might be involved in the initiation of cyst formation and that its 

disruption would result in alterations in signaling leading to compartmental changes in 

epithelia. We conducted a literature review to identify prominent players in junctional 
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complexes and cytoskeletal networks and focused on proteins that have either been 

reported to interact with PC1 or PC2, or that have been associated with cystic phenotypes 

in ADPKD models. This was overlaid with genes that were differentially expressed in Pkd2 

inactivated tubuloids (See Chapter 2, Figure 2.7). Our in silico analyses highlighted several 

protein complexes that might play a role in cyst formation in the context of ADPKD; 

ultimately identifying a candidate protein that has known interactions with many of the 

illustrated pathways and itself is a cystic gene, ezrin (EZR) (Chapter 3, Figure 3.4) (Epting 

et al., 2015; Hiscox and Jiang, 1999; Rouven Brückner et al., 2015; Tilston-Lünel et al., 

2016).  

Ezrin is the predominant ERM family protein that is expressed in every nephron 

segment, during all developmental periods (Chen et al., 2014; Xie et al., 2011). Ezrin plays 

a key role in tube formation, cell polarity, and apical compartmentalization, lending to its 

definition as a master scaffold protein (Lemmers et al., 2004; Makarova et al., 2003; 

Tilston-Lünel et al., 2016). Therefore, we speculated that it may be involved in the 

disrupted pathways that contribute to cystogenesis. Previously, ezrin has been implicated 

in renal cystogenesis in Joubert syndrome and autosomal recessive polycystic kidney 

disease (ARPKD) (Orellana et al., 2003; Xu et al., 2017). Xu et al reported that ezrin 

knockdown resulted in cystic kidneys, which phenocopied Joubert syndrome related 

mutations (Xu et al., 2017). While Orellana et al focused on ezrin’s role as an A-kinase 

anchoring protein and demonstrated that there was abnormal distribution of ezrin in an 

ARPKD model (Orellana et al., 2003). Interestingly, the function and activation 

mechanism of ezrin in the kidney is not well defined beyond a generalized role in branching 

tubulogenesis (Göbel et al., 2004). Ezrin is found in an autoinhibited confirmation in the 
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cytosol, where its N-terminal covers the active binding site on its C-terminal. Following 

electrostatic interactions with phosphosinositides at the apical membrane and a 

phosphorylation event, ezrin is converted to an active confirmation and is able to interact 

with actin. In this position, ezrin fulfills three major roles, including i) stabilization of the 

cytoskeleton, ii) transportation of membrane proteins, and iii) compartmentalization of 

kinase signaling (Ponuwei, 2016). While much is known about the structure and activation 

pathway of ezrin, there is a lack of understanding for the specific mechanisms of regulation 

in the kidney. Exploring the relationship between ezrin and PC2 would not only provide 

new insights into cystogenesis, but would also provide new information about the role of 

ezrin in renal epithelial cells. Loss of PC2 function may alter the activation pathway of 

ezrin leading to changes in its recruitment to the apical membrane, destabilization of the 

apical compartment, and/or increases in degradation, making ezrin an interesting and novel 

mechanistic target in ADPKD. 

 Here, we demonstrate that alterations in ezrin abundance and localization occur as 

a proximate consequence of PC2 loss in the inducible tubuloid system (discussed in 

Chapter 2). We confirmed these findings in vivo using an inducible Pkd2 mutant mouse 

model and human ADPKD tissue. We also tested for a genetic interaction between ezrin 

(Ezr) and Pkd2, finding that expression of ezrin can rescue cyst formation in zebrafish with 

morpholino knockdown of Pkd2.  In the next phase of this work, we plan to continue testing 

for a genetic interaction between ezrin and Pkd2 in mice. We developed a mouse model 

with transgenic overexpression of ezrin (EBT+) and are testing whether this can rescue cyst 

formation in Pkd2 mutant (Pkd2fl/fl TamCre+) mice. Exploration of this proposed 

relationship between PC2 and ezrin will continue to provide an interesting connection 
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between the polycystins and cytoskeletal regulators, expanding our understanding of these 

proteins in renal epithelia.  
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4.2 RESULTS 

4.2.1 In vitro tubuloid model reveals decrease in ezrin in Pkd2- cells 

Ezrin has a prominent role in organization of epithelial cells and in establishment 

and maintenance of tubule formation. Therefore, we wanted to investigate changes of ezrin 

in renal epithelial cells following the inactivation of Pkd2 in our novel 3D tubuloid in vitro 

model system (Chapter 2). This model used an inducible Cre cell line (Pkd2fl/fl Pax8rtTA 

TetOCre mTmG), which allowed for temporal control of inactivation of Pkd2 through 

addition of doxycycline (Chapter 2, Figure 2.5). These resulting green cells are Pkd2-, 

while cells that still fluoresce red are Pkd2+ (Figure 4.1A).  

Following inactivation of Pkd2 by doxycycline treatment, we stained tubuloids 

with ezrin antibody and observed that there was a significant decrease in the ezrin signal 

(purple) in Pkd2- cells (green) when compared with Pkd2+ cells (red) (Figure 4.1A-B, 

two-tailed Student’s t-test p-value <0.0001). Next, we recovered tubuloids from the 

Matrigel of doxycycline treated (Pkd2-) and DMSO treated (Pkd2+) cultures, and then 

prepared Western blots that were probed with PC2 and ezrin. Following doxycycline 

treatment, both PC2 and ezrin abundances were significantly decreased compared to 

DMSO treated control tubuloids (Figure 4.1C, two-tailed Student’s t-test p-value<0.0001 

for both PC2 and ezrin). Both quantitative RT-PCR and RNA-Seq did not exhibit 

significant changes in ezrin transcript expression following Pkd2 inactivation (data not 

shown), suggesting an effect on protein regulation. This dramatic reduction in the level of 

ezrin in Pkd2- cells was specific to 3D in vitro structures. When we probed for ezrin in 

Western blots prepared from the same inducible cell line grown under 2D conditions, there 

was no change in ezrin, despite a decrease in PC2 (Figure 4.2A-B). Additionally, in 2D or 
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Figure 4. 1. Ezrin decreases in Pkd2- cells in tubuloid structures 

 

 

 

 

 

 

 

Figure 4.1. Ezrin decreases in Pkd2- cells in tubuloid structures
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(A) Immunofluorescent images demonstrate the mTmG (Pkd2+ red, Pkd2- green) reporter 
following treatment with doxycycline alongside  ezrin (purple) and Pkd2- (green) overlap. 
Magnfiication 20X, Scale bar 50 μm.  (B) The colocalization quantificaiton of ezrin and Pkd2 
signal exhibits a statistically significant decrease in Pkd2- cells compared to Pkd2+ (n=32 
Pkd2+ cells, n=40 Pkd2- cells, two-tailed p-value <0.0001). (C) Following doxycycline treat-
ment, there is a significant decrease in both PC2 and ezrin protein abundance when compared 
to control and normalized to loading controls (n=4, two-tailed p-value <0.0001).
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(A) Immunofluorescent images demonstrate the mTmG (Pkd2+ red, Pkd2- green) reporter following 
treatment with doxycycline alongside ezrin (purple) and Pkd2- (green) overlap. Magnification 20X, Scale 
bar 50 μm. (B) The colocalization quantification of ezrin and Pkd2 signal exhibits a statistically 
significant decrease in Pkd2- cells compared to Pkd2+ (n=32 Pkd2+ cells, n=40 Pkd2- cells, two-tailed 
Student’s t-test p-value <0.0001). (C) Following doxycycline treatment, there is a significant decrease in 
both PC2 and ezrin protein abundance when compared to control and normalized to loading controls 
(representative blot for n=4 experiments) (two-tailed Student’s t-test p-value <0.0001). 
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Figure 4. 2. Ezrin abundance and localization is unaltered in 2D culture 

 

 

 

 

 

 

Figure 4.2. Ezrin abundance and localization is unaltered in 2D culture
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(A) Western blot of primary cells (Pkd2fl/fl Pax8 rtTA TetOCre) demonstrates a significant 
decrease in polycystin-2 following doxycycline treatment (n=3, two-tailed p-value=0.0001). (B) 
However, ezrin abundance does not change in this cell type following doxycycline treatment 
when compared to control (n=3, two-tailed p-value=0.5400). (C) Ezrin exhibits a diffuse local-
ization pattern and is not membrane specific in primary cell (Pkd2fl/fl Pax8 rtTA TetO Cre) 
culture. Magnification 4X, Scale bar 100 μm. 
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(A) Western blot of primary cells (Pkd2fl/fl Pax8 rtTA TetOCre) demonstrates a significant decrease in 
polycystin-2 following doxycycline treatment (n=3, two-tailed Student’s t-test p-value=0.0001). (B) 
However, ezrin abundance does not change in this cell type following doxycycline treatment when 
compared to control (n=3, two-tailed Student’s t-test p-value=0.5400). (C) Ezrin exhibits a diffuse 
localization pattern and is not membrane specific in primary cell (Pkd2fl/fl Pax8 rtTA TetOCre) culture. 
Magnification 4X, Scale bar 100 μm. 
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nonpolarized primary epithelial culture, cells exhibited a diffuse, non-membrane ezrin 

staining pattern (Figure 4.2C). Therefore, the use of a 3D in vitro model system was 

necessary for the identification of master scaffold ezrin as a potential target in the initiation 

of cystogenesis.  

 

4.2.2 Ezrin decreased at the apical membrane in ADPKD mouse model  

We wanted to test for alterations in ezrin expression in a more complex in vivo 

cystogenesis model. We used the same mouse model (Pkd2fl/fl Pax8rtTA TetOCre) used for 

the tubuloid system. Our ultimate goal would be to look at changes in ezrin during different 

phases of cystogenesis following Pkd2 inactivation, but before the presentation of large 

fluid filled cysts. In a similar inducible Pkd1 model, a developmental switch for 

cystogenesis has been defined at postnatal day 14 (P14) (Piontek et al., 2007). For this 

system, gene inactivation initiated by doxycycline treatment before P14 resulted in rapid 

cystogenesis within three weeks, while induction on and after P14 resulted in cysts after 

five months (Piontek et al., 2007). This developmental switch is assumed to be similar for 

Pkd2 models, presenting with large cysts at P25 when induced before P14 (Appendix B 

Figure 1A). Therefore, we decided to use a rapid cystogenesis paradigm with mice 

receiving doxycycline at P10. We collected tissue at P15, five days following treatment, to 

look at changes in ezrin following Pkd2 inactivation. At this time point, the tubule 

architecture remained relatively normal (Figure 4.3A) and we did not observe prominent 

cysts. We found that at P15 there was an obvious decrease in ezrin signal across the renal 

tubules (Figure 4.3A-B) even in the absence of cyst formation. This decrease in ezrin 

intensity was significant when compared to contrast and exposure matched controls 
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Figure 4. 3. Ezrin intensity decreases in short induction Pkd2 inactivation in vivo model 
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(A) Representative ezrin (green) in control and doxycycline treated mice after short induction 
paradigm at p15. Magnifcation 20X, scale bar 100 μm. (B) Higher magnification images of 
ezrin in control and doxycycline treated mice colabeled with apical AQP2 (red) and junctional 
ZO-1 (purple). Magnifcation 40X, scale bar 50 μm.(C) There is a significant decrease in ezrin 
intensity (PTP/TP) in doxycycline treated mice (n=3 male mice, 5 field of views each) when 
compared to controls (n=3 male mice, 5 field of views each) (two tailed p-value<0.0001).

Figure 4.3. Ezrin intensity decreases in short induction Pkd2 inactivation in vivo model

*

(A) Representative ezrin (green) in control and doxycycline treated mice after short induction paradigm 
at P15. Magnification 20X, scale bar 100 μm. (B) Higher magnification images of ezrin in control and 
doxycycline treated mice colabeled with apical AQP2 (red) and junctional ZO-1 (purple). Magnification 
40X, scale bar 50 μm.(C) There is a significant decrease in ezrin intensity (PTP/TP) in doxycycline treated 
mice (n=3 male mice, 5 field of views each) when compared to controls (n=3 male mice, 5 field of views 
each) (two tailed Student’s t-test p-value<0.0001). 
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(Figure 4.3C; n=3 male mice with five field of views per condition, two tailed Student’s t-

test p-value <0.0001). We do not currently have data on ezrin signal at the late cystic state 

(P25; Appendix B Figure 1A) due to limited animals from this time point and lack of 

appropriate genetic controls.  

 

4.2.3 Human ADPKD tissue reveals changes in localization and abundance of ezrin  

Next, we evaluated ezrin levels in renal tissue from human ADPKD patients and 

normal human kidney to explore the potential disease relevance of ezrin in cystogenesis. 

There are few studies of ezrin localization in normal renal epithelia. We first established 

ezrin localization in a polarized culture of primary human renal epithelial cells derived 

from a normal human kidney cortex on transwells. Ezrin (orange) was appropriately 

localized to the apical membrane as expected (Figure 4.4A) with some signal in the cytosol 

area of the apical compartment above basolateral sodium potassium adenosine 

triphosphatase (NaKATPase)(green). Next, we interrogated the localization pattern of 

ezrin in tissue sections prepared from nephrectomized normal human kidney samples. As 

expected, ezrin localized to the apical membrane of tubules, exhibiting a similar 

localization pattern to known apical marker, aquaporin-2 (AQP2), distinct from the 

basolateral NaKATPase (Figure 4.4B). In ADPKD tissues, however, we noticed a 

disruption in the ezrin staining pattern. Instead of tightly localizing to the apical membrane, 

ezrin was found to extend to the lateral and basal membranes in a more diffuse pattern 

(Figure 4.4C; 10X image by Dr. Richard Coleman). Interestingly, there seemed to be two 

distinct staining patterns of ezrin in the cystic tissue. In the emerging cysts, or cysts with 

highly proliferative walls with infoldings and microcysts, the cells exhibited this  
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Figure 4. 4. Ezrin localization in human normal and ADPKD renal tissue 

 

 

 

 

 

Figure 4.4. Ezrin localization in human normal and ADPKD renal tissue 

(A) Ezrin (orange) localizes to the apical membrane opposite basolateral NaKATPase (green) 
when primary normal human renal epithelial cells are polarized on transwells. Magnification 
60X, scale bar 5 μm. (B) Ezrin (green) appropriately localizes to the apical membrane in 
nephrectomized normal human kidney tissue (Left, Magnification 4X, 250 μm). Tubules exhibit 
basolateral NaKATPase (blue) and apical AQP2 (red) with apical ezrin (green) (Right, Magnifi-
cation 40X, 25 μm). (C) In ADPKD tissue, ezrin (green) localizes to apical and lateral mem-
branes along the cyst wall (Left, Magnification 10X, 100 μm scale bar). Microcyst infoldings 
exhibit ezrin (green) extension down the lateral membrane with basolateral NaKATPase (blue) 
(Right, Magnification 40X, 25 μm). 
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(A) Ezrin (orange) localizes to the apical membrane opposite basolateral NaKATPase (green) when 
primary normal human renal epithelial cells are polarized on transwells. Magnification 60X, scale bar 5 
μm. (B) Ezrin (green) appropriately localizes to the apical membrane in nephrectomized normal human 
kidney tissue (Left, Magnification 4X, 250 μm). Tubules exhibit basolateral NaKATPase (blue) and 
apical AQP2 (red) with apical ezrin (green) (Right, Magnification 40X, 25 μm). (C) In ADPKD tissue, 
ezrin (green) localizes to apical and lateral membranes along the disorganized cyst wall (Left, 
Magnification 10X, 100 μm scale bar). Microcyst infoldings exhibit ezrin (green) extension down the 
lateral membrane with basolateral NaKATPase (blue) (Right, Magnification 40X, 25 μm). 
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nonspecific membrane pattern. However, in what we assumed were later stage cysts with 

single cell walls, ezrin again was apical (Figure 4.4C).   

In order to quantify changes in ezrin, we prepared Western blots from both normal 

and ADPKD human kidneys. We found that there was a significant decrease in total ezrin, 

including full length and cleavage products, in male ADPKD cysts (n=5) when compared 

to male normal human kidney (n=4) (Figure 4.5A-B). We investigated the difference of 

ezrin abundance in both male and female ADPKD patient cyst samples because while the 

inheritance between males and females is similar, the prognosis is worse in men (Gabow 

et al., 1992; Rossetti and Harris, 2007). Therefore, we hypothesized that there might be a 

difference in ezrin between male and female patients. In a more limited group, ADPKD 

female kidneys (n=3) tended to have a lower abundance of ezrin compared to male normal 

human kidney (Appendix B Figure 2A-C; **total gels and loaded protein Appendix B 

Figure 3A-F). In the future, this should be further investigated with female normal human 

kidney samples as these resources become available.  

In order to test whether decreased ezrin is due to changes in gene expression, we 

compared ezrin transcript levels between normal and ADPKD human kidney samples by 

RT-qPCR. We found in the same cyst samples used for ezrin abundance experiments above 

that there was a fourfold increase in ezrin message in cysts (n=8) compared to controls 

(n=7) (Figure 4.5C). The discrepancy between the mRNA and protein expression changes 

between controls and cysts could be attributed to differences in translation rates, 

modulation of protein half-life, protein synthesis delay, or alterations to protein transport 

affected by loss of function of the polycystins (Liu et al., 2016). While the experimental 

samples for control and cysts were matched and collected at the same time for RT-qPCR 
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and immunoblotting, there is still concern that cyst variability and more broadly technical 

variability could attribute to this observed imbalance between increased ezrin transcript 

and decreased protein in ADPKD.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 5. Ezrin abundance is disrupted in human ADPKD cysts 

 

 

 

 

 

 

Figure 4.5. Ezrin abundance is disrupted in human ADPKD cysts

Control Cysts
0

2

4

6

8

10

Ez
rin

 m
R

N
A

 fo
ld

 c
ha

ng
e

*C

To
ta

l e
zr

in
 a

bu
nd

an
ce

B

Controls Cysts
0.0

5.0 107

1.0 108

1.5 108

2.0 108

2.5 108

*

LC

75kDa

Control CystsA

1.541.251.840.970.730.91.121.021

(A) Representative western blot of ezrin abundance in control, or normal human kidney, (n=4 
sections from two male patients) and cysts (n=5 sections from 5 male ADPKD patients). All 
quantification is normalized to total loaded protein (LC). (B) Quantification of ezrin abundance 
demonstrates signficant decrease in cysts (n=6 sections from 6 male ADPKD patients) com-
pared to controls (n=4 sections from two male patients), p=0.0023. (C) qRTPCR reveals a 
signficiant increase in ezrin mRNA when comparing cysts (n= 8 cysts from 8 patients from 5 
males and 3 females) and controls (n= 7 sections from 4 male patients), p=0.0250.

(A) Representative western blot of ezrin abundance in control, or normal human kidney, (n=4 sections 
from two male patients) and cysts (n=5 sections from 5 male ADPKD patients). All quantification is 
normalized to total loaded protein (LC). (B) Quantification of ezrin abundance demonstrates significant 
decrease in cysts (n=6 sections from 6 male ADPKD patients) compared to controls (n=4 sections from 
two male patients), two-tailed Student’s t-test p=0.0023. (C) RT-qPCR reveals a significant increase in 
ezrin mRNA when comparing cysts (n= 8 cysts from 8 patients from 5 males and 3 females) and controls 
(n= 7 sections from 4 male patients), two-tailed Student’s t-test p=0.0250. 
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4.2.4 Ezrin rescues pronephric cysts in pkd2 MO  

Following the observations of disrupted ezrin localization and decreases in ezrin 

abundance in multiple in vitro and in vivo model systems, we wanted to test whether PC2 

and ezrin functioned in a common signaling pathway. We hypothesized that if changes in 

ezrin were downstream of PC2, then overexpression of ezrin might decrease cyst 

formation. To test this, we first employed a pkd2 morpholino (MO) zebrafish model. The 

zebrafish pronephros is a simple model of the kidney involving two nephrons that share 

many similar characteristics of differentiated cell types with the mammalian metanephros 

(Figure 4.6A) (Wingert and Davidson, 2008). The pkd2 morpholino (morphant) zebrafish 

have three main phenotypes, including edema, tail curvature, and pronephric cysts (Figure 

4.6B) (Mangos et al., 2010). There is much debate about the use of morpholino antisense 

oligomers versus mutants for zebrafish models (Stainier et al., 2017). The use of a pkd2 

MO model is justified for these experiments as human PKD2 and zebrafish pkd2 have 67% 

sequence conservation (Metzner et al., 2020). Furthermore, while pkd2 morphants and 

mutants share a phenotype of tail curvature, mutants do not exhibit pronephric cysts 

(Metzner et al., 2020), making them unsuitable for a cyst rescue assay. Additionally, this 

experiment was appropriately controlled with a standard control MO (Lodh et al., 2015) 

and used less than 5 ng/nL of experimental pkd2 MO, following standard guidelines for 

morpholino use (Stainier et al., 2017). The ezrin gene (NCBI Gene ID: 22350, 

Homologene: 55740) is conserved across mice, zebrafish, and humans, so we used our 

available mouse ezrin construct expressed in a pCS2+ vector to transcribe RNA The 

injection of mouse ezrin RNA was able to dramatically reduce the percentage of pronephric 

cysts in pkd2 MO at all attempted doses (Figure 4.6C-E; injections and analysis performed  
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Figure 4. 6. Overexpression of ezrin in pkd2 morpholino reduces pronephric cysts 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Overexpression of ezrin in pkd2 morpholino reduces pronephric cysts

pkd2 MO

pkd2 MO
+ezrin

A B

pkd2 MO
+ezrin

C

(A) Schematic representation of pronephros in zebrafish, danio rerio. (B) Pkd2 MO (4 ng/nl) 
demonstrates three characteristic phenotypes at 48 hpf, including tail curvature, edema, and 
pronephric cysts (inset white arrow). (C) Addition of ezrin to the pkd2 MO reduces the percent-
age of pronephric cysts at three different concentrations (50 pg/nl, 75 pg/nl, and 150 pg/nl). 
The addition of ezrin RNA alone did not cause pronephric cysts in controls. (D) Pkd2 MO with 
ezrin exhibits a decreased percentage of pronephric cysts. (E) Additiona of ezrin does not have 
an effect on tail curvature and edema. 
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(A) Schematic representation of pronephros in zebrafish, danio rerio. (B) pkd2 MO (4 ng/nL) 
demonstrates three characteristic phenotypes at 48 hpf, including tail curvature, edema, and pronephric 
cysts (inset white arrow). (C) Addition of ezrin to the pkd2 MO reduces the percentage of pronephric 
cysts at three different concentrations (50 pg/nL, 75 pg/nL, and 150 pg/nL). The addition of ezrin RNA 
alone did not cause pronephric cysts in controls. (D) pkd2 MO with ezrin exhibits a decreased percentage 
of pronephric cysts. (E) Overexpression of ezrin does not have an effect on tail curvature and edema. 
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by Carmen Leitch and Dr. Norann Zaghloul) and injection of ezrin RNA alone did not 

result in any quantifiable pronephric cysts. There were no notable effects of extra ezrin on 

either tail curvature or edema (data not shown). Of note, pkd2 mRNA is ubiquitously 

expressed in zebrafish (Obara et al., 2006) so the rescue of a renal-specific phenotype 

following the whole-organism addition of ezrin supports a renal specific genetic interaction 

of ezrin and PC2, which was sufficiently compelling to drive reproduction of a similar 

experiment in a mouse model of PKD. 

 

4.2.5 Cyst rescue of inducible pkd2 inactivation in vivo with ezrin overexpression 

We next embarked on the design of a cyst rescue assay in an inducible Pkd2 mouse 

model (Pkd2fl/fl TamCre+). We decided to use this model system, generously provided by 

the Baltimore PKD Research and Clinical Core Center, with a ubiquitous Cre recombinase 

instead of the kidney specific Cre (Pkd2fl/fl Pax8rtTA TetOCre) for a simpler and faster 

breeding strategy. To do this, we overexpressed full length mouse ezrin including native 

promoter elements in mice. This BAC clone (RP23-364H9, Strain C57BL/6J) was the 

smallest BAC (~170 kb) that covered the whole Ezr gene (44.6 kb) (Appendix B Figure 

4A; founders made by Drs. Xin Tian and Stephen Somlo). In this clone, the 5’ end of the 

Ezr gene is ~91 kb and the 3’end is ~34 kb from the end of the BAC and there are no partial 

genes (Appendix B Figure 4A). We have two founder lines of ezrin bac transgenic (EBT) 

mice that we refer to as low or high copy. The high EBT founders (n=4) expressed a 4.5 

fold increase in ezrin transcript, resulting in a copy number of approximately 9 compared 

to controls (n=1 with a copy number of 2) as well as significant increases in abundance of 
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Figure 4. 7. Transcript and protein expression in EBT mice 

 

 

 

 

 

 

 

ezrin (Figure 4.7A-E; **total gels and loading controls Appendix B Figure 5A-B). Low 

EBT founders had an increase of 2.9 fold in ezrin message, resulting in a copy number of 

approximately 5.8 (Figure 4.7D). We used the high EBT founders for breeding in the 

following experiments to first investigate the maximum effect of additional ezrin. 

Importantly, EBT mice exhibit normal tissue pathology of epithelial organs, including the 

kidney, small intestine, and liver (Figure 4.8A-C). The EBT mice were then crossed with 

the Pkd2fl/fl TamCre+(Appendix B Figure 4B). Mice (Pkd2fl/fl TamCre+ EBT+; Pkd2fl/fl  

(A) Male control (n=3) and EBT (n=5) western blot for ezrin (80 kDa) and total loaded protein blot. (B) 
Female control (n=3) and EBT (n=6) western blot for ezrin (80 kDa) and total loaded protein blot. (C) 
Male EBT samples demonstrate significantly increased ezrin abundance compared to controls (two tailed 
Student’s t-test p-value=0.0007). (D) Both low EBT (n=4) and high EBT (n=4) male mice show a trend 
towards increasing fold change of ezrin mRNA transcript when compared to control (n=1). (E) Female 
EBT demonstrate no significant change in ezrin abundance compared to controls (two tailed Student’s t-
test p-value=0.04541). 
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Figure 4. 8. Normal histology of liver, small intestine, and kidney in male high EBT 
founder 

 
 

 

 

 

 

Figure 4.8. Normal histology of liver, small intestine, and kidney in male EBT founder

A

B

C

H&E staining of kidney (A), small intestine (B), and liver (C) from a 2 year old male EBT found-
er mouse. Magnification 4X.

H&E staining of kidney (A), small intestine (B), and liver (C) from a 2 year old male EBT founder mouse. 
Magnification 4X. 
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TamCre+; Pkd2fl/fl EBT+; and Pkd2fl/fl) were injected intraperitoneally (IP) with 0.1 mg/g 

tamoxifen in sunflower oil at postnatal day 9 and 10 (Figure 4.9A). This early injection 

protocol is expected to result in cyst formation by three weeks of age (P21). We used a pup 

injection protocol to preserve the breeding mother. Tissue was collected at P20, ten days 

following Pkd2 inactivation and H&E stained kidneys were analyzed for cystic index 

(Figure 4.9B). So, far we have an N=1 (male) for each experimental group (Pkd2fl/fl 

TamCre+ EBT+ and Pkd2fl/fl TamCre+) and N=1 (male) for each control group (Pkd2fl/fl 

EBT+ and Pkd2fl/fl) (Figure 4.9C). Interestingly, it appears that in the Pkd2fl/fl TamCre+ 

EBT+ there is a trend towards decreasing cystic index in both the cortex and medulla when 

compared to Pkd2fl/fl TamCre (n=1, Figure 4.9C).  

The low experimental size has been a consequence of poor health of pups attributed 

to tamoxifen IP injection intolerance and animal stress with housing disruptions. Due to 

the difficulty we had with IP injections in young animals, we decided to transition to a late 

switch/delayed cystogenesis model where mice were injected at postnatal day P21 to P25 

and tissue was collected at postnatal day P75. These studies are in progress, and waiting 

for analysis following COVID-19 quarantine release. We are hopeful that these 

experiments will be able to more clearly demonstrate the potential protective effects of 

increased ezrin on reducing cyst load in the kidney following loss of PC2.  

 

4.2.6 Ezrin and PC2 as interactors 

As the relationship between changes in polycystin-2 and ezrin became apparent 

across multiple in vitro and in vivo model systems, we started to hypothesize about 

mechanisms of potential interaction. Ezrin is known to interact with the plasma membrane  
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Figure 4. 9. Pkd2 inactivated mice with EBT suggest decrease in cystic area 
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Figure 4.9. Pkd2 inactivated mice with EBT trend towards decrease in cystic area 
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(A) Schematic of tamoxifen injection protocol for rapid cystogenesis in Pkd2fl/fl Tam Cre mice. 
(B) H&E staining of representative kidney slices from Pkd2fl/fl, Pkd2fl/fl;EBT, Pkd2fl/fl;Cre, and 
Pkd2fl/fl;Cre;EBT male mice at 4X and 20X magnification. (C) The cystic index of Pkd2fl/-
fl;Cre;EBT in both the medulla (9 regions of interest) and cortex (8 regions of interest) are 
trending towards a decrease when compared to Pkd2fl/fl;Cre (n=1 male mouse for each exper-
imental group).
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(A) Schematic of tamoxifen injection protocol for rapid cystogenesis in Pkd2fl/fl TamCre mice. (B) H&E 
staining of representative kidney slices from Pkd2fl/fl, Pkd2fl/fl;EBT, Pkd2fl/fl;Cre, and Pkd2fl/fl;Cre;EBT 
male mice at 4X and 20X magnification. (C) The cystic index of Pkd2fl/fl;Cre;EBT in both the medulla (9 
regions of interest) and cortex (8 regions of interest) are trending towards a decrease when compared to 
Pkd2fl/fl;Cre (n=1 male mouse for each experimental group). 
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through an electrostatic interaction with PI(4,5)P2 (Jayasundar et al., 2012). So, the 

interaction of PC2 and the phosphoinositides became of interest. Many transient receptor 

potential, or TRP, channels, such as PC2, have been previously described to have functions 

modified by PIPs (Ma et al., 2005; Rohacs, 2014). In silico analysis shows that PC2 

possesses positively charged residues near the inner leaflet, consistent with PIP 

interactions. Therefore, we hypothesized that membrane bound ezrin could be brought into 

the vicinity to complex with PC2 via a PI(4,5)P2 dependent mechanism (Figure 4.10A). 

We conducted co-immunoprecipitation (co-IP) in HEK293T cells between ezrin and both 

a full length or carboxy(C-) terminal construct of PC2 overexpressed in HEK293T cells. 

We pulled down the Myc tag of the full length or C-terminal PC2 constructs from 

HEK293T lysates that overexpressed ezrin and either full length or C-terminal PC2. We 

found that we could only probe for ezrin after pulling down the full length PC2 (Figure 

4.10B). The co-IP produced a very weak band relative to the input, which could result from 

the improper localization of PC2 and ezrin in unpolarized cells (HEK293T) or it may 

suggest that we are missing a critical part of this predicted ezrin-PC2 complex. Improper 

localization of the C-terminal construct could also explain lack of ezrin in the pulldown. 

So, we continued our investigation into the PIP-dependent interaction by looking at the 

potential interaction between ezrin, PC2, and an array of phosphoinositides using a lipid 

overlay assay. The goal was to determine if ezrin and PC2 interacted with an overlapping 

profile of PIPs. We found that ezrin and PC2 share similar PIP binding partners (Figure 

4.10C). While these are preliminary findings, they support further investigation into the 

potential interaction between PC2 and ezrin, and the role of PC2 in connection with the 

cytoskeleton.   
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Figure 4. 10. Potential interaction between ezrin and PC2 

 

 

 

 

 

Figure 4.10. Potential interaction between ezrin and PC2

Ca2+ F-actinT5
67

N
C

C

N

ZO
-1 Tight Junction

PIP2

Inactive
ezrin

Active
ezrin

Polycystin-2

?

A B

C

Input

Ezrin
PC2CT

PC2CT PC2FLEzrin
PC2CT

Ezrin
PC2FL

IgG beads
+Ab

B
la

nk

P
td

In
s(

3,
4,

5)
P

3

P
ho

sp
ha

tid
ic

 a
ci

d

P
ho

sp
ha

tid
yl

se
rin

e

P
td

In
s(

4,
5)

P
2

P
td

In
s(

3,
5)

P
2

P
td

In
s(

3,
4)

P
2

S
ph

in
go

si
ne

 1
-p

ho
sp

ha
te

Ly
so

ph
os

ph
at

id
ic

 a
ci

d

Ly
so

ph
op

ha
tid

yl
ch

ol
in

e

P
ho

sp
ha

tid
yl

in
os

ito
l (

P
td

sI
ns

)

P
td

sI
ns

(3
)P

P
td

sI
ns

(4
)P

P
td

sI
ns

(5
)P

P
ho

sp
ha

tid
yl

et
ha

no
la

m
in

e

P
ho

sp
ha

tid
yl

ch
ol

in
e

B
la

nk

P
td

In
s(

3,
4,

5)
P

3

P
ho

sp
ha

tid
ic

 a
ci

d

P
ho

sp
ha

tid
yl

se
rin

e

P
td

In
s(

4,
5)

P
2

P
td

In
s(

3,
5)

P
2

P
td

In
s(

3,
4)

P
2

S
ph

in
go

si
ne

 1
-p

ho
sp

ha
te

Ly
so

ph
os

ph
at

id
ic

 a
ci

d

Ly
so

ph
op

ha
tid

yl
ch

ol
in

e

P
ho

sp
ha

tid
yl

in
os

ito
l (

P
td

sI
ns

)

P
td

sI
ns

(3
)P

P
td

sI
ns

(4
)P

P
td

sI
ns

(5
)P

P
ho

sp
ha

tid
yl

et
ha

no
la

m
in

e

P
ho

sp
ha

tid
yl

ch
ol

in
e

P
C

2F
L

E
zr

in

(A) Schematic of hypothesized potential interaction between PC2 and ezrin at the membrane. 
(B) Immunoprecipitation of HEK293T cells with overexpressed ezrin/PC2Fl or ezrin/PC2CT 
with inputs demonstrates that ezrin may interact with full length PC2 (black arrow), but not the 
carboxy terminus alone. (C) Lipid overlay reveals a similar profile of interacting phosphoinositi-
des (dotted black circles) between overexpressed ezrin and PC2FL in HEK293T cell lysate. (A) Schematic of hypothesized potential interaction between PC2 and ezrin at the membrane. (B) Co-IP 

of HEK293T cells with overexpressed ezrin/PC2FL or ezrin/PC2CT with inputs demonstrates that ezrin 
may interact with full length PC2 (black arrow)(representative of n=1 experiments). (C) Lipid overlay 
reveals a similar profile of interacting phosphoinositides (dotted black circles) between overexpressed 
ezrin and PC2FL in HEK293T cell lysate (representative of n=1 experiments). 
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4.3 DISCUSSION  

Cyst formation in ADPKD results from the loss of function of PC1 and PC2 in renal 

epithelial cells. The resulting formation of these focal, fluid filled cysts is attributed to 

phenotypic changes, including disruptions of cell-cell and cell-matrix interactions, 

proliferation, and fluid secretion. However, it has not been determined if these cystogenic 

components and alterations in corresponding cellular pathways are a direct result of 

polycystin function loss or of secondary changes. Previously, we introduced an in vitro 

tubuloid model system to investigate the proximate alterations in 3D organized renal 

epithelial cells following inactivation of Pkd2. This physiologically relevant in vitro model 

presented an opportunity to investigate changes in protein players that are involved in 

tubule formation. Therefore, we probed our system for a protein that plays a role in tubule 

formation in the kidney, as well as facilitates both cell-cell and cell-matrix interactions 

(Hiscox and Jiang, 1999). Ezrin, an ERM family protein, is responsible for organizing the 

apical compartment of epithelial cells by trafficking and stabilizing proteins in the apical 

compartment, as well as tethering the membrane to the cytoskeleton (Rouven Brückner et 

al., 2015). Previously, ezrin has been implicated in other renal cystic diseases, such as 

Joubert syndrome and ARPKD (Orellana et al., 2003; Xu et al., 2017).  

However, relatively very little is known about ezrin in the kidney. While it does 

have a prominent role in tubule formation, its regulation in renal epithelia is not defined. 

Abnormal localization and activation of ezrin can therefore cause changes in scaffolding 

as well as aberrant signal transduction (Ponuwei, 2016). We wanted to explore the 

consequences of cystogenesis on ezrin, and found that loss of the polycystins affected its 

regulation in the apical compartment of epithelial cells and that this dysregulation may 
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facilitate some of the downstream consequences of cystogenesis. This is not the first 

investigation of channel regulation of ezrin as it has been previously shown to be regulated 

by another TRP family ion channel protein, TRPV6 (Miura et al., 2015). Miura et al found 

that in a trophoblastic epithelia model for the placental barrier that ezrin localization to the 

apical membrane was regulated by calcium influx and intracellular signaling mediated by 

TRPV6 (Miura et al., 2015). While we observed localization changes of ezrin following 

PC2 (TRPP2) loss, we additionally observed changes in protein abundance, which differed 

from Miura et al as they reported no significant changes in mRNA expression or protein 

levels (Miura et al., 2015).  

Capturing ezrin changes in Pkd2- cells in our 3D tubuloid system was very telling 

to both its proximity to PC2 loss, but also its dynamic role in tubule formation and integrity. 

These changes in ezrin could not be replicated in our 2D inducible primary cell model 

systems, where ezrin remained diffuse in the cytosol. A similar diffuse localization pattern 

for ezrin in vitro has been observed in murine principal cell culture (Orellana et al., 2003). 

The stark differences in protein changes between our 2D and 3D systems demonstrate the 

value of using models with relevant tubule organization to study cystogenesis; without the 

3D tubuloids we would have missed the involvement of ezrin in the cyst pathway. This 

indicated that there may be a critical cue for its recruitment in the 3D microenvironment 

that PC2 disrupts. We continued our investigation by looking at ezrin localization in an in 

vivo rapid cystogenesis model for Pkd2 inactivation. We found, similar to the proximate 

relationship seen in the tubuloid model, that Pkd2 inactivation resulted in significant 

reduction of ezrin signal across the tubular segments. Interestingly, at a later collection 

stage when cysts had already formed in vivo, ezrin demonstrated a very different pattern 
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(Appendix B Figure 1A). These results suggest a time sensitive, or phasic, role for ezrin in 

the cystogenic pathway and reinforced the proximity of ezrin loss following the 

inactivation of Pkd2 in renal tubules. Injury models of different epithelia have reported 

initial losses of junctional proteins that lead to dysregulation of many downstream 

pathways, but eventually, in states of repair and through undefined mechanisms, these 

junctional proteins are restored (Denker and Sabath, 2011; Slifer and Blikslager, 2020). 

Therefore, it is possible that the return of ezrin to the apical membrane in later stage cysts 

is a result of downstream changes in the epithelia during subsequent phases of the cyst 

mechanism.  

Our next efforts expanded into a pathophysiologically relevant model, 

nephrectomized human normal and ADPKD kidney tissue. Again, paralleling our in vivo 

mouse observations, ezrin in emerging or newer proliferative cysts exhibited a unique 

staining pattern and reduced overall abundance. In the infolded and disorganized walls of 

emerging cysts, ezrin no longer was strictly apical, but extended to the lateral and basal 

membranes. This was a dramatic shift in localization compared to the specific apical 

pattern found in noncystic tubules and late stage cysts. The changes in ezrin abundance and 

mislocalization could suggest a transient alteration in membrane composition and cellular 

signaling following PC2 loss that recruits and activates a smaller population of ezrin. While 

there is a reserve of autoinhibited ezrin in the cytosol, it is unclear what signals dictate 

commencement of specific kinase pathways that elicit its function. Understanding the 

regulation of the cytosolic ezrin pool as well as turnover at the membrane may provide 

insight into its return to expected localization in the later stages of cystogenesis. Ultimately, 

the culmination of ezrin perturbations in multiple ADPKD model systems led to the idea 
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that having extra ezrin may have an effect on cystogenesis if in fact these changes are 

downstream of PC2 loss. 

With a zebrafish pkd2 morpholino model, which exhibits pronephric cysts, we were 

able to establish that the ezrin overexpression had an effect on cyst formation. The concept 

of additional ezrin aiding in the reduction of cyst formation could have multiple 

implications for how PC2 regulates ezrin. It begs the question of if and how additional 

ezrin triggers a redundant kinase activation pathway allowing ezrin to fulfill its scaffolding 

and compartmentalization functions. It is a possibility that the activation and regulation of 

ezrin are calcium dependent, similar to TRPV6 regulation (Miura et al., 2015). However, 

in other epithelial tissues, ezrin is phosphorylated and activated by a broad array of kinases 

suggesting that the mechanisms could also be independent of direct calcium signaling 

(Schmieder et al., 2004; Shiue et al., 2005; Srivastava et al., 2005; Wald et al., 2008). 

Future experiments should also investigate the effects of this interaction by exploring the 

effect of PC2 loss on ezrin protein stability to explain decreased abundance in ADPKD 

models. Interestingly, preliminary data in our mouse model for cyst rescue trends towards 

the same cyst reduction, but with significantly less efficacy suggesting the interaction 

between ezrin and PC2 is more complex in the mammalian system. It may also point to 

complexity of timing, when the additional ezrin impacts the rate or initiation of 

cystogenesis. We extrapolate this from preliminary observations in segmental expression 

differences of ezrin between the cortex and medulla in the Pkd2fl/fl Pax8 rtTA TetOCre in 

vivo system. The cortex appears to have higher expression of ezrin at the apical membrane, 

attributed to the infoldings of the brush border, and develops cysts more slowly in these in 

vivo models than the medulla, which has qualitatively less ezrin at the apical membrane 
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(Figure 4.3 and Appendix B Figure 1A). While our results in the rapid cystogenesis 

paradigm are preliminary, it demonstrated potential for understanding how a scaffold 

protein may play a dynamic role in epithelial cell maintenance in ADPKD.  

Our work to tease apart the interaction potential of ezrin and PC2 may suggest 

another regulation mechanism of ezrin by PC2 through the phosphoinositides. While there 

is much more needed to define this complex, the shared interacting phosphoinositide 

profile of PC2 and ezrin may suggest that a disruption of phosphoinositides could explain 

some of the altered localization we observe in the emerging cysts. Xu et al demonstrated 

that disruptions in cell polarity, F-actin organization, and segregation of phosphoinositides 

in a model of Joubert syndrome (inpp5e-) resulted in ciliogenesis and cystogenesis. 

However, stabilization of PI(4,5)P2 by addition of ezrin was able to rescue the cyst 

phenotype in this system (Xu et al., 2017). These results in conjunction with our 

phosphoinositide profiles and interaction studies support the idea that PC2 and ezrin may 

be interacting through a phosphoinositide-dependent or related mechanism.  

Finally, we found that the alterations in ezrin appear to be specific to changes in 

ezrin protein, strongly supporting our conclusions that PC2 is initially altering the 

regulation of ezrin and other junctional proteins rather than triggering a widespread, or 

ezrin specific, alteration in transcriptional programming. In combination with our tubuloid 

model’s low number of differentially altered genes (Chapter 2), these findings paint a 

different picture of the initiation of cystogenesis, where initial functional changes in 

specific proteins may lead to downstream transcriptional changes later in the cyst 

mechanism. Focusing on these protein changes in discrete phases of cystogenesis in 

ADPKD will provide new insights on the relationships between associated cystic 
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phenotypes and aid in identification of causal protein players. In the future, defining the 

relationship between PC2 and ezrin may be able to help elucidate the renal-specific 

activating kinase for ezrin recruitment as well as define its disrupted downstream cellular 

pathways. The continuation of this work will be pivotal in understanding the cellular 

changes that drive cyst formation and critical in identifying specific mechanisms for ERM 

proteins in renal epithelia.   
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4.4 MATERIALS AND METHODS 

Tubuloid Model System  

The culture, gene inactivation via doxycycline, tubuloid recovery, western blot, and 

immunofluorescence protocols for Pkd2fl/fl Pax8 rtTA TetOCre tubuloids are described in 

detail in Chapter 2. Antibodies for western blotting and immunofluorescence were rabbit 

PC2 from the Baltimore PKD Research and Clinical Core Center 3374 (WB 1:2000) and 

rabbit Ezrin from CST 3145 (WB 1:1000, ICC 1:200). 

 

Ezrin signal quantification in organoids  

To quantify signal at the membrane in mTmG tubuloids, a background subtracted image 

was created to remove haze of fluorescence from 3D structures. This was performed in 

MetaMorph by subtracting (Process) a median filter (Basic Filters) image of the original 

acquisition for each fluorophore. The resulting images were thresholded and overlayed to 

create a color combined image of ezrin and either Pkd2+ or Pkd2- cells. Then, to quantify 

the percentage of ezrin signal in each cell of the structures, the composite images were 

opened in FIJI. A line was drawn around the perimeter of each cell and then the Color Pixel 

Counter plugin was applied to measure the percentage of overlap color between ezrin and 

Pkd2+ (n=32 cells) or Pkd2- (n= 40 cells) signal. The statistical comparison between the 

ezrin signal in Pkd2+ and Pkd2- cells was done by two-tailed Student’s t-test.  

 

Tissue  

For in vivo animal studies, mouse cystic renal tissue was provided by the Baltimore PKD 

Research and Clinical Core Center. Pkd2fl/fl Pax8rtTA TetOCre mice on a C57BL/6 
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background, which received doxycycline through intraperitoneal injection of doxycycline 

suspended in sterile water (50 μg of doxycycline/kg of body weight/day) for two days on 

P10 and P11. On P15 or P25, mice were euthanized according to IACUC protocols and 

kidneys were dissected and fixed for processing.  

For human studies, human normal and ADPKD cystic renal tissue from nephrectomized 

patients was received from the Cell Culture and Engineering Core of the Baltimore 

Polycystic Kidney Disease Research and Clinical Core Center. Tissue samples represent 

male and female patients between ages of 45 to 65 years old.  

 

Immunoblotting  

Samples were lysed with Deoxycholic Acid RIPA buffer (1% deoxycholic acid, 1% triton 

X-100, 0.1% SDS, 150mM NaCl, 1mM EDTA, 10mM Tris HCl pH 7.5) with 1:10 protease 

inhibitor (Sigma P-8340). Tubuloid lysate is rotated in the cold room at 4oC for 30 minutes 

and then centrifuged for 15 minutes at 14000 rpm. Supernatant was collected and protein 

abundance was quantified by bicinchoninic acid (BCA) assay (Thermo Scientific 23225); 

pellets were saved and stored at -80oC. Samples were heated with 5X laemmli buffer with 

sodium dodecyl sodium (SDS) and 10% 2-beta-mercaptoethanol for 30 minutes at 37oC. 

Samples were then loaded on 10% stain free gels (BioRad 4568033) with kaleidoscope 

marker (BioRad 161-0375) and run for 50 minutes at 200 V. Before transfer, gels were 

crosslinked using UV (BioRad ChemiDoc MP Imaging System) and imaged to quantify 

total loaded protein (LC) for normalization of protein abundance. Gels were then 

transferred onto 0.2% nitrocellulose membranes (BioRad 1704158) using semidry BioRad 

Trans-blot Turbo System. Membranes were blocked in 5% Milk in 1X TBS-T and primary 
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antibodies (1:1000 rabbit PC2; Baltimore PKD Research and Clinical Core Center 3374; 

1:1000 rabbit Ezrin, CST 3145) were incubated overnight in 2.5% milk in 1X TBS-T at 

4oC. Blots were washed three times in 1X TBS-T, then incubated with secondary antibody 

(1:5000 goat anti-rabbit HRP; Jackson ImmunoResearch Laboratories 111035144) in 2.5% 

milk in 1X TBS-T for 1 hour, rocking, at room temperature. Blots were washed again three 

times with 1X TBS-T and developed in Pico (Thermo Scientific 34577). Blots were 

developed using Biorad Chemidoc Imaging machine and quantified using Image Lab 

(BioRad Version 6.0.1 build 34). Normalization was done by calculating the total protein 

loaded in each lane using the BioRad Stain-Free Gel System. Statistical comparisons of 

density measurements from western blots were done with the two-tailed Student’s t-test 

(Prism 8, GraphPad, USA). All reported means are ± standard error of the mean (SEM). 

 

Immunohistochemistry (human and mouse tissue) 

Following dissection, human tissue and mouse kidney samples were fixed in a 4% 

paraformaldehyde solution, washed in 1X PBS, three times for 10 minutes, and stored in 

70% ethanol. Tissue samples were then embedded in paraffin and sectioned. Human tissue 

sections were mounted onto glass coverslips with a gelatin coating solution (50 mL distilled 

water, 0.25g Gelatin, 25mg Chrome Alum). Mouse kidney sections were mounted directly 

onto glass slides. Both tissue sections were then Deparaffinated and placed in a heat 

induced epitope retrieval (HIER) solution, pH 8.0 (1mM Tris (American Bioanalytical 

AB02000-01000), 0.5mM EDTA (Sigma E5134) with 0.02% SDS (American 

Bioanalytical AB01920-00500). Samples were warmed in HIER solution with SDS to 

100oC, then transferred to a 100oC water bath for 15 minutes, then washed with distilled 
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water and 1XPBS. Samples were treated with  2-3 drops of Image-iT FX Signal Enhancer 

(Molecular Probes 136933), then blocked in Incubation Media [1% BSA (Sigma A7638), 

0.1% Tween 20 (Bio-Rad 170-6531), 0.02% sodium azide (Sigma S2002),1X PBS (Bio-

Rad #161-0780)] with 1% donkey serum (Sigma D9663) for another 15 minutes. Primary 

antibody (1:200 mouse NaKATPase, Millipore 05-369; 1:600 chicken AQP2, generous gift 

from Dr. Wade; 1:200 rabbit Ezrin, CST 3145) was added in incubation media and serum 

solution and incubated overnight, washed four times in 1X PBS. Secondary antibodies 

(1:200 goat anti-mouse 405 (Invitrogen A31553), 1:200 goat anti-chicken 647 (Invitrogen 

A21449), 1:200 goat anti-rabbit 488 (Invitrogen A11008)) were then added in the dark for 

two hours and again washed four times in 1X PBS. Following washes, sectioned samples 

were mounted with Vectashield Mounting Media (Vector Labs H1000), and sealed with 

nail polish. Samples were imaged on an Olympus IX83 inverted imaging system. 

 

Quantification of immunofluorescence  

For the ezrin intensity in short induction renal tissue, images were acquired on Olympus 

IX83 with matched exposure times between treated and control experimental groups per 

experiment in MetaMorph. Additionally, each image was scale acquisition (contrast 

corrected) controlled between treated and control groups per experiment in MetaMorph. 

Images were then thresholded by subtracting background from the treated group and 

converted to an RGB image. Then, the Color Pixel Counter Plugin (author Ben Pichette v. 

1.0: Initial release (5/5/2010) in FIJI was used to count the number of positive pixels above 

the threshold. Changes in the ratio of positive thresholded pixels to total pixels (PTP/TP) 

is reported.  
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RNA preparation  

Tissue samples stored in RNAlater were combined in BeadBug tubes (with 3mm zirconium 

beads, Sigma Aldrich catalog # Z763802) with 10 µL Trizol  (ThermoFisher Catalog 

#15596026) per mg tissue. Samples were homogenized using BeadBug 6 Microtube 

Homogenizer at 4350 rpm for four cycles of 30 seconds each. BeadBug tubes were spun at 

4°C at 12000 rpm for 10 minutes and supernatant was transferred to clean eppendorf tube. 

Chloroform was added to supernatant at a ratio of 1 µL/5 µL Trizol, tubes were agitated to 

mix then allowed to sit for >3 minutes. Tubes were centrifuged briefly (<30 seconds) to 

facilitate phase separation, then the aqueous phase was pipetted off the top into a clean 

eppendorf tube. RNA was extracted from the aqueous phase using Qiagen RNeasy Plus 

Mini kit (Qiagen catalog #74134). Extracted RNA was diluted 1/10 with nuclease free 

water for spectrophotometric determination of concentration. 

 

Quantitative RT-PCR 

cDNA was prepared from RNA with the SuperScript III First-Strand Synthesis System for 

RT-PCR (Invitrogen 18080-051) using the manufacturer’s protocol. Reactions (4 ng 

cDNA) were run in 96-well plates (Life Technologies 4483485) using manufacturer’s 

protocol for PowerUp SYBR Green (Life Technologies A25742).   

HuEzrin Forward Primer: 5’-CTCGGCGGACGCAAG-3’ 

HuEzrin Reverse Primer: 5’-CATTGATTGGTTTCGGCATTTTC-3’ 

HuGAPDH Forward Primer: 5’-GTCTCCTCTGACTTCAACAGCG-3’ 

HuGAPDH Reverse Primer: 5’-ACCACCCTGTTGCTGTAGCCAA-3’ 

Mouse Ezrin Forward Primer: 5’-TCCAGTTTAAATTCCGGGCC-3’ 
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Mouse Ezrin Reverse Primer: 5’-TGACTTGCAGGAAGAAGAGC-3’ 

Mouse GAPDH Forward Primer: 5’-CTTTGGCATTGTGGAAGGGC-3’ 

Mouse GAPDH Reverse Primer: 5’-TGCAGGGATGATGTTCTGGG-3’ 

 

Cloning of ezrin  

Mouse CDS Ezrin GBlock (Appendix B Figure 6) was inserted into a TOPO vector using 

the Zero Blunt TOPO PCR Cloning Kit (ThermoFisher K280020) and following the 

manufacturer’s protocol. Ezrin insertion was confirmed with sequencing using SP6 primers 

(provided by Core Center). Plasmid DNA was isolated from kanamycin resistant colonies 

using QIAprep Spin Miniprep Kit (QGN-27104). Mouse ezrin insert was cut from the 

TOPO vector using an EcoR1 restriction digest, followed by gel purification and extraction 

using Qiagen Kit (QGN-28704). Ezrin insert was treated with shrimp alkaline phosphatase 

(NEB M0371S) and ligated into pCS2+ (kindly provided by Dr. Norann Zaghloul) using 

T4 DNA ligase (NEB M0202). pCS2+ with ligated ezrin was transformed into maximal 

efficiency DH5alpha competent cells (Invitrogen 18258012) and sequenced for ezrin insert 

with SP6 primers.  

 

DNA precipitation, linearization, and RNA Transcription 

 To improve DNA quality and abundance following cloning of mouse ezrin into pCS2+, 

plasmid DNA was expanded via MIDI Prep (QGN-12943). Plasmid DNA was linearized 

with Not1 (NEB R0189S). The DNA was purified by a 0.5M EDTA/3M sodium acetate 

(AM9740) and ethanol precipitation and spun for 15 minutes at 13000 rpm, following an 

incubation at -20oC. The DNA pellet was washed with ethanol and resuspended in nuclease 
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free water. DNA was transcripted into capped RNA using mMessage mMachine Kit 

(Ambion AM1340 for SP6) following manufacturer’s protocol and RNA was recovered 

using the MegaClear Kit (Invitrogen AM1908). 

 

Pronephric cyst rescue of zebrafish pkd2 morpholino  

Zebrafish (Danio rerio) embryos were maintained as described in Edie et al (Edie et al., 

2018). Zebrafish were injected with a pkd2 morpholino (MO) (5’ 

AGGACGAACGCGACTGGAGCTCATC 3’), ezrin RNA, or co-injected with pkd2 

morpholino with ezrin RNA. The translation blocking pkd2 morpholino is injected at 4 

ng/nl while ezrin RNA was injected at three concentrations (50 pg/nL, 75 pg/nL, or 150 

pg/nL). Injections were done in groups of embryos from the same clutch. The pkd2 MO is 

designed against the zebrafish pkd2 start site. A standard control MO was used as described 

in Lodh et al (Lodh et al., 2015). Embryos were treated with PTU after 24 hpf (hours post 

fertilization) and were imaged and analyzed for pronephric cysts at 48 hpf. 

 

Ezrin Bac Transgenic mouse model and cyst rescue assay  

Founders of the Ezrin Bac Transgenic (EBT) mice were made by the Yale School of 

Medicine George M. O’Brien Center’s Disease Models and Mechanisms Core (Drs. 

Stephen Somlo and Xin Tian). BAC clone RP23-364H9 (NCBI Clone ID:716415) was 

used to create a C57BL/6x129SV mouse with overexpression of ezrin (gene Ezr). RP23-

364H9 was chosen since it is the smallest available BAC (170.3 kb) that spans the entire 

ezrin gene (44.6 kb). No partial genes are included in the BAC. EBT mice were genotyped 
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using BAC36F2 (AAACGTACGGCGTCTCTCAT) and BAC36R2 

(TCCAGCTGTCGATTGAGTTG). 

C57BL/6x129SV EBT mice were crossed to C57BL/6 Pkd2 conditional/conditional 

Tamoxifen Cre (Pkd2fl/fl TamCre+) mice from the Baltimore PKD Research and Clinical 

Core Center. Mice were genotyped for the Pkd2 conditional allele with MG/5’flox11-

13(A)-F (CCTTTCCTCTGTGTTCTGGGGAG) and MG/5’flox11-13(B)-R 

(GTTTGATGCTTAGCAGATGATGGC) and Cre Recombinase with Cre200F 

(ATTGCTGTCACTTGGTCGTGGC) and Cre200R 

(GGAAAATGCTTCTGTCCGTTTGC). The resulting Pkd2fl/+ TamCre+ EBT+ mice 

were bred to reach homozygosity for the Pkd2 conditional allele by crossing again with a 

Pkd2fl/fl TamCre+ mouse. The F3 offspring (Pkd2fl/fl TamCre+ EBT+ ) were then crossed 

to a Pkd2fl/fl TamCre+ mouse (Appendix B Figure 4B). 

 

Early switch short term induction model  

F4 Pups (Pkd2fl/fl TamCre+ EBT+ x Pkd2fl/fl TamCre+) received intraperitoneal injections 

of 0.1 mg/g tamoxifen (PEP-BG-1052910) in sunflower oil (Sigma S5007) on P9 and P10. 

Ten days following the last injection day, tissue was collected for protein, RNA, and 

immunofluorescence. Protein samples were flash frozen in liquid nitrogen and stored at -

80oC. RNA was cut into small pieces and submerged in 500 μL of RNAlater (Qiagen 

1017980) where it is stored at 4oC overnight. The following day RNA is moved to -20oC 

for short term storage and -80oC for long term storage. Fixation for immunofluorescence 

applications was done by agitating tissue in 3% paraformaldehyde in 1X PBS for four 

hours, then letting it set overnight at 4oC. The next day, tissue was washed three times in 
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cold 1X PBS and then stored in 70% ethanol until paraffination. All embedding and H&E 

staining was performed by the University of Maryland School of Medicine Electron 

Microscopy and Histology Laboratory.    

 

Late switch long term induction model 

Experimental mice (Pkd2fl/fl TamCre+ EBT+ x Pkd2fl/fl TamCre+) were weaned at P21. 

One to three days following weaning, all mice in a cage are injected for three consecutive 

days with 0.05mg/g tamoxifen (Sigma T5648) in sunflower oil at 10 mg/mL. The time of 

day for injections is maintained during all days. Tissue for protein, RNA, and 

immunofluorescence will be collected at P75. Tissue collection and preparation were done 

following the same protocol as described in the Early Switch above.  

 

Cystic index quantification 

H&E staining of tissue was performed by the University of Maryland Electron Microscopy 

and Histology Laboratory. H&E images (20X magnification) were converted to 16-bit 

images using FIJI. Images were then thresholded and made into binary images. FIJI 

measurement analysis was used to calculate the % Area of cortex (8 regions of interest) 

and medulla (9 regions of interest) reported as cystic area (100-%Area). 

 

Co-immunoprecipitation  

Transfection of constructs into HEK293T cells: The carboxy terminal construct (HBF 292 

with an N-terminal Myc tag) and full length construct (OF2-3 with an N-terminal Myc tag) 

of Pkd2 were gifts from Dr. Feng Qian (UMB). The ezrin construct was made following 
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the cloning protocol abovementioned. HEK293T (passage 11) cells were thawed and 

expanded in 1X DMEM (Gibco 11965-092) with 10% FBS (Sigma F0926), 1% PS (Gibco 

15140-122), 1% Glutamax (Gibco 35050-061)) in a T75 flask at 37oC. Once confluent, 

cells were split into a 6 well plate (1:3 dilution, subconfluent) using standard passaging 

protocols with 0.25% Trypsin. Cells were incubated at 37oC for attachment and then 

transfected with ezrin, full length PC2 (PC2FL), carboxy terminal PC2 (PC2CT), 

ezrin/PC2FL, ezrin/PC2CT, or no plasmid control. Transfections of HEK293T cells were 

done by combining DNA with Opti-MEM (Thermo Fisher  31985070) and Xtreme Gene 

HP (Roche 06 366 236 001) according to manufacturer’s protocol. Following 36 hours, 

transfected cells are lysed using deoxycholic RIPA lysis buffer (described above) with 

1:100 protease inhibitor (Sigma P8340) and then quantified using BCA assay via 

manufacturer’s protocol. Magnetic A/G beads (50 μL; MP LSKMAGAG02) were washed 

with 1X TBS-Tween and blocked with 1% bovine serum albumin (BSA; Sigma A6003) at 

room temperature. After washing beads again, 1X TBS-Tween was removed. Then, 

deoxycholic RIPA buffer (up to 1 mL), 1:100 protease inhibitor, 50 μg protein or IgG 

(Rabbit Calbiochem N10↑; Mouse Santa Cruz sc-2025), and antibody (1:1000 Myc mouse, 

1:100 Ezrin rabbit CST 3145) were added to the prewashed and blocked beads overnight 

and rotated at 4oC. The next day, a magnet was used to collect beads and wash with 

HEENG buffer pH 7.4 (20mM HEPES pH 7.6, 125mM NaCl, 1mM EDTA, 1mM EGTA, 

100 mL glycerol) four times for 5-10 minutes each. Following the last HEENG buffer 

wash, beads were again collected using the magnet and elution buffer (1:1 2X laemmli 

buffer with 10% betamercaptoethanol to deoxycholic RIPA buffer) was added and samples 

were eluted at 42oC for 45 minutes, disrupting the sample every 15 minutes. Using the 
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Western blot protocol described above, eluted samples were run with 1% input on 4-20% 

gels (BioRad 456-1094). Blots were probed with Myc mouse (1:1000) or Ezrin rabbit 

(1:1000) antibodies and developed using goat anti rabbit or mouse HRP (1:5000).  

 

Lipid overlay assays  

PIP strips (Invitrogen P23751) were blocked in blocking solution (1X TBS-T with 3% fatty 

acid free BSA (Sigma A7030)) for one hour at room temperature. Following blocking, 50 

μg/mL of protein lysate (overexpressed ezrin, PC2FL, PC2CT, or untransfected control in 

HEK293T cells) in blocking solution was added to the strip membrane overnight to rock 

at 4oC. The next day, PIP strips were rocked for an additional hour at room temperature 

and then washed three times with 1X TBS-T, followed by blocking in 5% milk for one 

hour. Primary antibodies (1:1000 ezrin or 1:1000 Myc) were added to the PIP strips and 

incubated for two hours at room temperature in 2.5% milk in 1X TBS-T. Then the PIP 

strips were incubated with secondary antibodies (goat anti rabbit or mouse HRP 1:5000) 

and developed with chemiluminescence as described in immunoblotting protocol above.  

 

4.5 ACKNOWLEDGEMENTS 

Thank you to Allison Lane-Harris for her help with injection protocols and material 

preparations during COVID-19 to aid in the maintenance of long term experiments during 

a complicated time of uncertainty. The lab appreciates the work of Dr. Stephen Somlo and 

Dr. Xin Tian in developing the founders for the EBT transgenic line at the Yale School of 

Medicine George M. O’Brien Kidney Center. We would also like to highlight the 

collaboration with Dr. Richard Coleman and Dr. Paul Welling for their help with 



 125 

immunofluorescence of human tissue as well as Carmen Leitch and Dr. Norann Zaghloul 

for their expertise in zebrafish and help with the pkd2 MO cyst rescue assay. And, finally, 

the authors would like to thank the Baltimore PKD Research and Clinical Core Center for 

their resources and support for the upcoming manuscript. 

 

4.6 FUNDING 

These experiments were funded by the Baltimore PKD Center Pilot Grant, 

Baltimore PKD Research and Clinical Core Center NIDDK 5P30DK090868, the PKD 

Foundation 229G18a, NKF Mini Grant Award, National Institute of General Medical 

Sciences (NIGMS)-sponsored Training Program in Integrative Membrane Biology 

5T32GM008181, and NIH/NIDDK NRSA F31 DK117579-01. 

 

 

 

 

 

 



 126 

CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS 

Autosomal dominant polycystic kidney disease (ADPKD) is one of the most 

common monogenetic diseases worldwide. Despite its prevalence, the mechanism of 

cystogenesis in the kidney is unknown. This is attributed to lack of understanding of the 

role of the polycystins (PC1 and PC2), whose loss of function causes ADPKD. My 

dissertation work focused on developing a model system to help investigate the function 

of PC2. The goal was to study the initiation of cystogenesis following loss of PC2 in a 

physiologically relevant in vitro tubule-like structure. Defining and optimizing this model 

system help to reemphasize the role of the cell-cell and cell-matrix proteins in the cyst 

mechanism. This led to investigation of proteins responsible for maintaining cellular 

architecture and compartmentalization in renal epithelial cells and nephrectomized human 

kidney tissue. These in vitro and in vivo systems for ADPKD exhibited significant changes 

in apical compartment morphometry and related proteins. Ultimately, these experimental 

observations led to the identification of ezrin, an ERM protein, as a player in the cystogenic 

mechanism.  

Ezrin had been identified in other cystogenic diseases, including ARPKD and 

Joubert syndrome (Orellana et al., 2003; Xu et al., 2017). Interestingly, while ezrin is the 

prominent ERM protein in the kidney (human kidney RPKM 92.894+/-18.183), its 

mechanisms of activation and regulation in the kidney are mysterious. Furthermore, the 

relationships between ezrin and its redundant family members, radixin (human kidney 

RPKM 22.783+/-2.384) and moesin (human kidney RPKM  71.544+/-8.827), still remain 

ambiguous, as well as the role these other players may have in cystogenesis. Previously, 

great amounts of work had been dedicated to defining ezrin function in tubulogenesis and 
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maintenance of cellular morphometry. Its involvement in ADPKD defines a new 

relationship between PC2 and a scaffold protein and provides new insight into the initiation 

mechanism of cystogenesis.  

 

5.1 GDNF drives rapid tubule morphogenesis in novel 3D in vitro model  

In the second chapter, a new 3D in vitro tubuloid model was presented as a tool to 

specifically study the initiation of cystogenesis in ADPKD. The model system exhibited a 

novel combination of inducible primary cells, plating methods, and growth factors that 

drove the formation of tubule-like structures. The genetics of these primary cells (Pkd2fl/fl 

Pax8rtTA TetOCre +mTmG) allowed for temporal control of inactivation of Pkd2, the gene 

encoding PC2. The efficacy of the cell line was verified using FACS to confirm that the 

fluorescent reporter corresponded to decreased protein abundance following doxycycline 

treatment. Through morphometrical analysis, a significant change in tubuloid morphology 

was evident compared to DMSO treated controls. This was paired with an analysis of 35 

differentially expressed genes that ultimately reinforced the contribution of junctional and 

matrix associated genes in the cyst mechanism following Pkd2 inactivation.  

 

5.2 Apical compartmentalization disrupted in cystogenesis 

In vitro 2D culture (Pkd2fl/fl Pax8 rtTA TetOCre) exhibited a striking phenotype 

following inactivation of Pkd2 with an increase in apical area and decrease in cell stiffness, 

indicating a dramatic change in organization. These observations sparked an assessment of 

epithelial cell morphology in human ADPKD cyst tissue, which mirrored this interesting 

2D phenotype by means of changing apical compartment organization in cyst walls. Using 
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immunofluorescent markers of the tight junctions, which demarcate the apical 

compartment, it was established that epithelia along the wall of cysts exhibit a disrupted 

apical cap. This flattening of the apical compartment was specific to cystic epithelia. 

Furthermore, there was a change in localization of ZO-1 and cingulin evident in cysts that 

were classified as emerging, with highly infolded and disrupted epithelial walls. However, 

in noncystic or late stage cysts, the patterns of these markers were punctate in the junctions 

as expected. In addition to the altered morphology, this observation suggested that the 

changes in compartmentalization could be regulated by an upstream player, introducing 

the potential for a master scaffold protein, such as ezrin.  

 

5.3 Master scaffold ezrin disrupted in the initiation of ADPKD cystogenesis 

Using an in vitro, in vivo, and pathological human model system, it was 

demonstrated that the localization and abundance of ezrin was altered following polycystin 

loss. This observation exhibited the potential for a novel relationship between a channel 

protein, PC2, and a cytoskeleton scaffold protein, ezrin. Again, the most significant 

changes in ezrin appeared during early or emerging cystogenesis stages; exhibited in the 

tubuloid model, short induction mouse model, and emerging cysts in ADPKD. Through a 

cyst rescue assay, it has been supported that ezrin changes were downstream of PC2, 

confirmed by demonstrating addition of ezrin reduced cyst formation in the pkd2 MO 

zebrafish. A new mouse model of the cyst rescue assay (Pkd2fl/fl TamCre EBT+) suggested 

a similar reduction in cystic area with a limited population. Finally, while the interaction 

potential of PC2 and ezrin remains undetermined, there was evidence that suggested a 
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phosphoinositide dependent mechanism. Continuing investigation into the role of ezrin in 

cystogenesis will be critical moving forward to defining this pathogenic mechanism.  

 

5.4 Ongoing work to determine the rescue potential of ezrin in ADPKD cystogenesis 

The largest remaining question from my dissertation work surrounds the potential 

for ezrin to rescue cyst formation in an inducible mouse model. While the Pkd2 MO 

zebrafish showed very promising results, there have been many complications in the 

determination of ezrin’s effect in a cystic mouse model. Breeding inefficiencies and 

tamoxifen injection complications have created many roadblocks, but the integration of the 

late switch/delayed induction model should aid in the definition of the effect of extra ezrin 

in the kidney. Much of the tissue for these experiments has been collected, but restrictions 

from COVID-19 have prevented the examination and analysis. This will be first priority 

upon reopening of the laboratory. These experiments will focus on quantifying the ezrin 

abundance and determining its localization in kidneys following the Pkd2 inactivation, as 

well as effects on cystic area or load. From EBT founders, we have observed that the ezrin 

overexpression mice do not appear to exhibit any tumor-like phenotypes of epithelial 

tissue, which was a hesitation about the model design with ezrin’s previous implication in 

cancer (McClatchey, 2003). However, due to the presence of prominent renal cysts in our 

Pkd2fl/fl TamCre EBT+ mouse (n=1), we have to question whether additional ezrin could 

worsen cystic prognosis.  

 In this scenario, we would start to parse the timeline of ezrin changes in the cyst 

mechanism. Throughout my dissertation work, there was a seemingly specific change in 

ezrin in early stages of cystogenesis compared to more static or late stages. This could be 
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a clue that changes in ezrin may not be causal in the cyst mechanism, but instead part of a 

compensatory mechanism of the epithelial cell. In this hypothetical response, ezrin would 

be downregulated and mislocalized as demonstrated previously in response to the lack of 

functional PC2. However, after the cell detects a change, another pathway could upregulate 

the population of ezrin at the membrane causing a return to more expected expression. 

With this return of ezrin, there could be an upregulation of ezrin signaling consequences, 

such as changes in signal compartmentalization and destabilization of the cytoskeleton that 

could lead to phenotypic changes associated with promotion of cyst formation. If the late 

switch/delayed induction mouse model does demonstrate cyst worsening, a new 

experimental protocol will need to include time dependent tissue collection following Pkd2 

inactivation to track ezrin changes over the course of induction.  

 

5.5 Future directions to define the role of ezrin in ADPKD  

The most imperative question about PC2 and ezrin in ADPKD for future 

investigation lies in the definition of ezrin’s phosphorylation mechanism in renal epithelial 

cells. The identification of this pathway will finally elucidate the specific kinase 

responsible for the active conformation of ezrin that allows it to interact with the membrane 

in the kidney, fulfilling its roles in tubulogenesis and cellular maintenance. As discussed 

with the ezrin-PC2 interaction studies, there are kinases that have been described in 

previous publications for other epithelia, including Akt2, Src, and Rho kinases (Schmieder 

et al., 2004; Shiue et al., 2005; Srivastava et al., 2005; Wald et al., 2008). An ezrin 

phosphorylation inhibitor does exist, known as NSC668394, but fulfills its role through 

inhibition of atypical protein kinase C iota, which would have nonspecific off target 
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consequences for signaling in epithelial cells (Bulut et al., 2012). The effect of PC2 loss on 

the abundance and activity of these candidate kinases, followed by investigation of 

resulting ezrin localization should be a priority. In parallel to trying to identify the 

activating mechanism, the stability of ezrin following loss of PC2 should be explored as a 

potential alternative mechanism for PC2’s effect on ezrin in cyst initiation. This should be 

done using standard protein stability assays to assess the rate of degradation of ezrin in 

renal epithelial cells before and after inactivation of Pkd2.  

Effort should additionally be devoted to the development of a kidney specific 

inducible ezrin mouse model system. While it is known that ezrin knockdown mice do not 

survive past weaning, it would be insightful to determine the effects of loss of ezrin around 

the aforementioned developmental switch for cystogenesis at P14 (Hatano et al., 2015; 

Hatano et al., 2013). There have been previous reports of noncystic renal phenotypes in 

hypomorphic ezrin mouse models, but the dosage of ezrin, redundancy of other ERM 

proteins, and potential for late stage development of renal cysts demand more intensive 

investigation (Hatano et al., 2015; Hatano et al., 2013; Tamura et al., 2005). A proposed 

double knockout model of PC2 and ezrin to determine cyst worsening would be standard 

of the field and insightful for these interaction studies.  

Finally, following the determination of the PC2-ezrin relationship, these questions 

should be expanded to PC1 and ezrin. In the previous chapters, we have presented data in 

human ADPKD tissue that we assume to have PKD1 mutations due to prevalence and 

phenotype. However, with the expansion of the in vitro tubuloid model to inactivation of 

Pkd1, as well as access to Pkd1 inducible mice through the Baltimore PKD Research and 
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Clinical Core Center, it would be valuable to establish whether the ezrin interaction is 

specific to PC2, part of a PC1-PC2 complex, or general to both polycystins.  

5.6 Broad impact on science and disease 

In general, this dissertation work provided a new platform for studying tubule 

specific mechanisms in a relevant culture system. The ability to combine tubule 

architecture with genetically inducible cells will allow for investigation of many biological 

questions interrogating mechanisms of tubulogenesis, development, and pathology. In 

ADPKD, this model system supported the influence of changes in interactions with the 

junctions and matrix in cystogenesis. The applications of this new tubuloid system will 

help to revisit and expand on the role of the polycystins in tubule architecture. This effect 

was demonstrated by the discovery of ezrin involvement, a protein previously not linked 

to the polycystins or ADPKD. It is undeniable that ezrin plays a critical regulator role in 

renal epithelial cells. Prior to this project, ezrin had been most commonly studied 

mechanistically in yeast and, generally, research applications had been pigeonholed into 

cancer and tumorigenesis. While ezrin has been extensively characterized in these disease 

models, there is relatively little known about its regulation and function in the kidney. As 

it is expressed in all segments and throughout kidney development, it is necessary to further 

define the role of ezrin in tubule formation, epithelial compartment organization, and 

cytoskeleton support. While ezrin is the primary ERM expressed in the kidney, 

understanding its singular role will expand to further understanding the roles of moesin and 

radixin in the same cells and reveal redundancies as well as differences in function.  

 

 
 



 133 

5.7 Final thoughts on project 

The mechanism of cystogenesis in ADPKD is still not understood. This disease is 

very common across the world’s population with a heavy physical and financial burden for 

patients. There is one FDA approved therapy with limited efficacy. Dedicated work to 

understanding the downstream signaling pathways of the polycystins is critical to 

identifying pathways that may modulate the development and expansion of cysts as well 

as potential therapeutic targets. The work presented in this dissertation has yielded a new 

in vitro model system to study the proximate changes in renal epithelial cells following 

loss of the polycystins. Additionally, it has reevaluated the effects of polycystin loss on 

morphology of renal epithelial cells and how this may potentially play a role in 

cystogenesis. In the future, to elucidate pathways effective for therapeutic interventions, 

the field must expand and innovate its approaches to studying ADPKD and mechanisms of 

cystogenesis. The investigations presented here identified a potential new target in the 

initiation of cystogenesis, ezrin, with a novel model system. Ezrin is a necessary protein to 

understand in the renal epithelium and this dissertation work reemphasizes the importance 

of mapping out its functional pathways. From this point, cellular mechanisms directly 

necessary for tubulogenesis and maintenance of epithelial tubules should be primary areas 

of focus moving forward in ADPKD and other cystic diseases.  
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APPENDIX A: Supplementary figures for Chapter 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix A Figure 1. Western blots and total loading controls for PC2 
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(A) Western blot for PC2 abundance, normalized to total loaded protein (LC) (n=3; two-tailed Student’s t-test, 
p-value = 0.0420). (B) Uncropped representative western blot for PC2 in organoids as seen in Figure 4C. (C) 
Total loaded protein used for normalization of blot in (A).(D) Western blot to confirm significant decrease in PC2 
abundance in green fluorescing cells (GFP+) when compared to controls (Tomato+), normalized to total loaded 
protein (LC) (two-tailed Student’s t-test, p-value = 0.0336). (E) Uncropped representative western blot for PC2 
in FACS cells as seen in Figure 4D, with gating control (GC). (F) Total loaded protein used for normalization of 
blot in (D).
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(A) Western blot for PC2 abundance, normalized to total loaded protein (LC) (n=3; two-tailed Student’s 
t-test, p-value = 0.0420). (B) Uncropped representative western blot for PC2 in organoids as seen in 
Figure 4C. (C) Total loaded protein used for normalization of blot in (A).(D) Western blot to confirm 
significant decrease in PC2 abundance in green fluorescing cells (GFP+) when compared to controls 
(Tomato+), normalized to total loaded protein (LC) (two-tailed Student’s t-test, p-value = 0.0336). (E) 
Uncropped representative western blot for PC2 in FACS cells as seen in Figure 4D, with gating control 
(GC). (F) Total loaded protein used for normalization of blot in (D). 
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Appendix A Figure 2. Western blots and total loading controls for tensin-1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix A: Figure 2 - Western blots and total loading controls for TNS1
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(A) Western blot exhibits significant decrease in tensin-1 (TNS1) in human male ADPKD cysts (n=5) compared to 
normal human male kidneys (n=4) and normalized to total loaded protein (LC) (two-tailed Student’s t-test, p-value 
= 0.0340). (B) Uncropped western blot for TNS1 in human tissue as seen in Figure 6D. (C) Total loaded protein 
used for normalization of blot in (A).

(A) Western blot exhibits significant decrease in tensin-1 (TNS1) in human male ADPKD cysts (n=5) 
compared to normal human male kidneys (n=4) and normalized to total loaded protein (LC) (two-tailed 
Student’s t-test, p-value= 0.0340). (B) Uncropped western blot for TNS1 in human tissue as seen in Figure 
6D. (C) Total loaded protein used for normalization of blot in (A). 
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APPENDIX B: Supplementary figures for Chapter 4 
 
 

 
Appendix B Figure 1. Ezrin in long induction Pkd2 inactivation in vivo model (P25) mice  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B: Figure 1 - Ezrin in long induction Pkd2 inactivation in vivo model (P25) mice

A
Ezrin Ezrin

(A) Ezrin (green) immunofluorescence in Pkd2fl/fl Pax8 rtTA TetOCre male mice collected fifteen days (P25) 
following doxycycline. While ezrin does not seem to localize to the apical membrane of medullary cysts, there is 
appropriate signal in noncystic tubules in the cortex. Magnfication 4X, Scale bar 250 μm.

(A) Ezrin (green) immunofluorescence in Pkd2fl/fl Pax8 rtTA TetOCre male mice collected fifteen days 
(P25) following doxycycline. While ezrin does not seem to localize to the apical membrane of medullary 
cysts, there is appropriate signal in noncystic tubules in the cortex. Magnification 4X, Scale bar 250 μm. 
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Appendix B Figure 2. Female cysts show trend towards decreased ezrin 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) Representative western blot of normal human kidney and male ADPKD tissue from Figure 4.5. (B) 
Western blot of ezrin in three female ADPKD kidney samples, run on the same blot as A. (C) 
Quantification of ezrin abundance in female cysts (n=3), alongside male cysts from Figure 4.5, compared 
to male normal human kidneys (one-tailed Student’s t-test p-value=0.0471). 
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(A) Representative western blot of normal human kidney and male ADPKD tissue from Figure 
4. (B) Western blot of ezrin in three female ADPKD kidney samples, run on the same blot as A. 
(C) Quantification of ezrin abundance in female cysts (n=3), alongside male cysts from Figure 
4, compared to male normal human kidneys (two-tailed p-value=0.0943).
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Appendix B Figure 3. Uncropped western blots for human ezrin in kidney  

 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B: Figure 3 - Uncropped western blots for human ezrin in kidney 
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(A) Representative blot of ezrin in human male ADPKD cysts and normal human kidney tissue. (B) 
Uncropped blot of ezrin in human male ADPKD cysts and mornal human kidney tissue. (C) Total 
loaded protein used for quantifiation of (A). (D) Representative blot of ezrin in human female ADPKD 
cysts. (B) Uncropped blot of ezrin in human female ADPKD cysts. (C) Total loaded protein used for 
quantifiation of (D).

(A) Representative blot of ezrin in human male ADPKD cysts and normal human kidney tissue. (B) 
Uncropped blot of ezrin in human male ADPKD cysts and normal human kidney tissue. (C) Total loaded 
protein used for quantification of (A). (D) Representative blot of ezrin in human female ADPKD cysts. 
(E) Uncropped blot of ezrin in human female ADPKD cysts. (F) Total loaded protein used for 
quantification of (D). 
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Appendix B Figure 4. Breeding scheme for EBT mouse line 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) BAC clone RP23-364H9 (NCBI Clone ID: 716415) was used to create a C57BL/6 mouse with 
overexpression of ezrin (gene Ezr). RP23-364H9 was chosen as it is the smallest available BAC (170.3 
kb) that will cover the entire ezrin gene (44.6 kb). Schematic represents all full length genes that are 
within the RP23-364H9 BAC. BAC vector screening PCR gel using primers BAC36F2 
(AAACGTACGGCGTCTCTCAT) and BAC36R2 (TCCAGCTGTCGATTGAGTTG) demonstrates 
three founders (#6, 48, 56) out of 56 pups. (B) Schematic of breeding scheme for experimental animals 
for cyst rescue assay. 
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Appendix B Figure 5. Uncropped blots and total protein for male and female EBT mice 

 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B: Figure 5 - Uncropped blots and total protein for male and female EBT mice
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(A) Male control (n=3) and EBT (n=5) western blot for ezrin (80 kDa) and total loaded protein 
blot. (B) Female control (n=3) and EBT (n=6) western blot for ezrin (80 kDa) and total loaded 
protein blot. (A) Male control (n=3) and EBT (n=5) western blot for ezrin (80 kDa) and total loaded protein blot. (B) 

Female control (n=3) and EBT (n=6) western blot for ezrin (80 kDa) and total loaded protein blot. 
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Appendix B Figure 6. Mouse CDS ezrin GBlock sequence 

 
 
 
 
 
 
 
 
 
 
 
 
 

Appendix B: Figure 6 - Mouse CDS ezrin GBlock sequence  
 
ATGCCCAAGCCAATCAACGTCCGGGTGACCACCATGGATGCCGAGCTGGAGTTTGC
CATCCAGCCAAACACCACCGGGAAGCAGCTCTTTGATCAGGTGGTAAAGACGATTG
GCCTCCGGGAAGTGTGGTACTTCGGCCTCCAGTATGTAGACAATAAAGGATTTCCTA
CCTGGCTGAAACTTGATAAAAAGGTCTCCGCACAGGAGGTCCGAAAGGAGAACCCT
GTCCAGTTTAAATTCCGGGCCAAGTTCTACCCCGAAGACGTGGCCGAGGAACTCATC
CAGGACATCACACAGAAGCTCTTCTTCCTGCAAGTCAAGGACGGGATCCTCAGCGA
CGAGATCTACTGCCCCCCAGAGACAGCCGTGCTCCTGGGCTCCTATGCCGTTCAGGC
CAAGTTCGGAGATTATAACAAGGAAATGCACAAGTCTGGGTACCTCAGCTCGGAGC
GGCTGATCCCCCAGAGAGTCATGGACCAACACAAGCTCAGCAGGGACCAGTGGGAG
GACCGGATCCAGGTGTGGCACGCGGAACACCGAGGGATGCTCAAGGACAGTGCTAT
GCTAGAATACCTGAAGATTGCCCAGGACCTGGAAATGTATGGGATCAACTATTTCGA
GATCAAAAACAAGAAAGGAACAGACCTTTGGCTTGGAGTCGATGCCCTTGGACTTA
ACATTTATGAGAAAGATGACAAGTTGACCCCAAAGATCGGCTTCCCTTGGAGTGAG
ATCAGGAACATCTCTTTCAACGACAAGAAGTTTGTCATTAAGCCCATCGACAAGAAG
GCACCTGACTTTGTGTTCTACGCCCCGCGCCTGAGAATTAACAAGCGGATCCTGCAG
CTCTGCATGGGGAACCATGAGCTGTACATGCGCCGCAGGAAGCCCGACACCATCGA
GGTGCAGCAGATGAAGGCCCAGGCTCGGGAGGAGAAGCACCAGAAGCAGCTAGAG
CGACAGCAGTTGGAAACCGAGAAGAAGAGGCGAGAGACGGTGGAGAGAGAAAAGG
AGCAGATGCTCCGGGAGAAGGAGGAGCTGATGCTTCGGCTGCAGGACTACGAGCAG
AAGACCAAGAGGGCGGAGAAAGAGCTCTCCGAGCAGATTGAGAAGGCCCTCCAAC
TGGAGGAAGAGAGGAGGCGAGCCCAGGAGGAGGCTGAACGTCTGGAGGCCGACCG
CATGGCCGCCCTGCGGGCCAAGGAAGAACTCGAGAGACAGGCGCAGGATCAGATA
AAGAGCCAGGAGCAGCTGGCTGCAGAGCTGGCAGAGTACACGGCCAAGATCGCACT
GCTGGAGGAGGCGCGGAGGCGCAAGGAGGACGAGGTAGAAGAGTGGCAGCACCGG
GCTAAAGAAGCCCAGGACGACCTGGTGAAGACCAAAGAGGAGCTGCACCTGGTGAT
GACGGCCCCACCGCCCCCACCGCCCCCAGTGTATGAGCCTGTGAATTACCACGTGCA
GGAGGGACTGCAGGACGAGGGAGCAGAGCCTATGGGCTACAGTGCCGAGCTCTCCA
GTGAGGGCATCCTGGATGACCGCAACGAGGAGAAGCGGATCACAGAGGCAGAGAA
GAATGAGCGCGTGCAGCGGCAGCTGCTGACCCTGAGCAATGAGTTGTCCCAGGCCC
GGGATGAGAACAAGAGGACCCACAATGACATCATCCACAACGAGAACATGCGGCA
AGGCAGGGACAAGTATAAGACGCTGCGGCAAATCAGGCAGGGCAACACCAAGCAA
CGCATTGACGAG TTCGAGGCCATGTAG 
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