
 

 
  

 

 

 

 

 

 

©2019 

 Haoxun Wang 

 ALL RIGHTS RESERVED 

 

 

 

 

 

  

 

 

 



 
 

 

REGULATION OF RENAL ORGANIC ANION TRANSPORTERS 

by 

HAOXUN WANG 

A dissertation submitted to the 

School of Graduate Studies 

Rutgers, The State University of New Jersey 

In partial fulfillment of the requirements 

For the degree of 

Doctor of Philosophy 

Graduate Program in Pharmaceutical Sciences 

Written under the direction of 

Guofeng You 

And approved by 

_____________________________________ 

_____________________________________ 

_____________________________________ 

_____________________________________ 

New Brunswick, New Jersey 

May, 2019 



 

ii 
 

ABSTRACT OF THE DISSERTATION 

Regulation of Renal Organic Anion Transporters 

by HAOXUN WANG 

Dissertation Director: 

Guofeng You 

 

 

Organic anion transporters (OATs) are a group of membrane proteins that are mainly 

involved in the body disposition of organic anionic molecules or zwitterions, including a diverse 

array of clinical therapeutics, environmental toxins, and endogenous molecules. OATs are present 

in multiple tissues. OATs in the kidney is responsible for removing various organic anion 

molecules from blood to proximal tubule lumen for subsequent elimination through urine.  

The regulation of OATs can be classified into multiple levels such as transcriptional 

regulation, translational regulation, and post-translational regulation. My thesis work focuses on 

the investigation of post-translational modification/regulation of OATs by ubiquitination and 

SUMOylation as well as their upstream signaling pathways.   

This thesis consists of 8 chapters. Chapter 1 gives an overview on the general properties 

of OATs. Chapters 2-6 describe our investigation on the molecular mechanisms underlying the 

regulation of OATs by post-translational modification ubiquitination and SUMOylation as well as 

their upstream signaling pathways including proteins kinases (sgks and PKA) and hormones 

(dexamethasone and insulin).  

 



 
 

iii 
 

ACKNOWLEDGEMENTS 

First and foremost, I would like to express my sincere gratitude to my advisor, Professor 

Guofeng You, who gave me such a great opportunity to conduct my PhD research in her 

laboratory and supported me through my PhD study with her comprehensive knowledge, logic 

thinking, patient guidance, and valuable suggestions in both science and social life. Without her 

kindly encouragement and numerous supports, this dissertation wouldn’t have been possible. 

I would also like to thank other committee members Professor Bozena B. Michniak-Kohn, 

Professor Arash Hatefi, and Professor Luca Cartegni for their helpful suggestions and critical 

review on my dissertation. 

I am also grateful to all the current and previous colleagues in Dr. You’s group for their 

generous help on my PhD study, particularly Dr. Qiang Zhang, Dr. Shanshan Li, Dr. Peng Duan 

and Dr. Da Xu for teaching me the technical skills and philosophical insights at the beginning of 

my PhD study. I also want to present my deep appreciation to my fellow students and colleagues 

Jinghui Zhang, Dr. Yunzhou Fan, Chenchang Liu, Zhou Yu, Dr. May Fern Toh and other 

members in the Pharmaceutical Science program.  

It is a pleasure for me to thank the entire department of pharmaceutics, particularly Ms. 

Marianne Shen, Hui Pung, Fei Han, Sharana Taylor. I acknowledge the financial support from 

Department of Pharmaceutics during my first three years PhD study. 

Last, I would like to express my deep love and gratitude to my beloved family. I am so 

grateful to my parents for their selfless and unconditional love that only parents can give. 

Specially, to my dear wife, Shuang, who gave me endless love and encouraged me since the first 

day we met. To my loving son, Antong Wang, who is the greatest gift I ever received in my life.  

 



 
 

iv 
 

TABLE OF CONTENTS 

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

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

Table of Contents ............................................................................................................................ iv 

List of Figures ................................................................................................................................. ix 

Abbreviation .................................................................................................................................. xii 

 

Chapter 1: Transporter overview ..................................................................................................... 1 

1. Drug Transporters  .............................................................................................................. 2 

2. Organic anion transporters .................................................................................................. 2 

2.1 Transport Mechanism of OATs  ................................................................................... 4 

2.2  Clinical Relevance of OATs ........................................................................................ 5 

3. Regulations of OATs .......................................................................................................... 6 

4. Project goal and Rationale .................................................................................................. 8 

 

Chapter 2: Serum- and glucocorticoid-inducible kinase SGK2 regulates human organic anion 

transporters 4 via ubiquitin ligase Nedd4-2 ..................................................................................... 9 

1. Introduction ....................................................................................................................... 10 

2. Results ............................................................................................................................... 12 

2.1 Effect of sgk2 on hOAT4 transport activity ............................................................... 12 

2.2 Effect of sgk2 on hOAT4 Expression ........................................................................ 14 

2.3 Effect of sgk2 on hOAT4 stability  ............................................................................ 16 



 
 

v 
 

2.4 Effect of Nedd4-2 on hOAT4 ubiquitination and transport activity  ......................... 18 

2.5 Effect of sgk2 on Nedd4-2 interaction with hOAT4 .................................................. 20 

2.6 Effect of sgk2 on Nedd4-2-mediated cell surface expression of hOAT4 ................... 21 

2.7 Effect of sgk2 on Nedd4-2-mediated transport activity of hOAT4 ............................ 23 

3. Discussion ......................................................................................................................... 27 

 

Chapter 3: SGK1/Nedd4-2 signaling pathway regulates the activity of Human Organic Anion 

Transporters 3 ................................................................................................................................ 30 

1. Introduction ....................................................................................................................... 31 

2. Results ............................................................................................................................... 32 

2.1 Sgk1 stimulates hOAT3 transport activity ................................................................. 32 

2.2 Sgk1 enhances hOAT3 Expression  ........................................................................... 35 

2.3 Sgk1 stabilizes hOAT3 ............................................................................................... 37 

2.4 Sgk1 phosphorylates Nedd4-2 in COS-7 cells  .......................................................... 40 

2.5 Sgk1 interferes with the interaction between Nedd4-2 and hOAT3 .......................... 41 

2.6 Sgk1 inhibits hOAT3 ubiquitination  ......................................................................... 43 

2.7 Nedd4-2 ligase-dead mutant attenuates sgk1-induced stimulation of hOAT3 transport 

activity  ....................................................................................................................... 44 

3. Discussion ......................................................................................................................... 46 

 

Chapter 4: The activity of organic anion transporter-3: Role of dexamethasone. ......................... 48 

1. Introduction ....................................................................................................................... 49 

2. Results ............................................................................................................................... 50 



 
 

vi 
 

2.1 Cis-inhibition of hOAT3-mediated estrone sulfate (ES) uptake by dexamethasone  . 50 

2.2 Dose-dependent effects of dexamethaosne on hOAT3-mediated transport  .............. 51 

2.3 Dixon plot analysis  .................................................................................................... 52 

2.4 Long-term treatment of hOAT3-expressing cells with dexamethasone stimulates 

hOAT3 transport activity ........................................................................................... 53 

2.5 Effect of dexamethasone on hOAT3 expression  ....................................................... 56 

2.6 Sgk inhibitor GSK650394 abrogates the stimulatory effect of dexamethasone on 

hOAT3 transport activity ........................................................................................... 57 

2.7 Dexamethsaone enhanced sgk1 phosphorylation  ...................................................... 59 

3. Discussion ......................................................................................................................... 61 

 

Chapter 5: The Mechanistic Links between Insulin and Human Organic Anion Transporter 4. ... 64 

1. Introduction ....................................................................................................................... 65 

2. Results ............................................................................................................................... 66 

2.1 Effect of insulin on hOAT4 transport activity  ........................................................... 66 

2.2 Effect of insulin on hOAT4 Expression  .................................................................... 68 

2.3 Relationship between insulin and sgk2 on hOAT4 transport activity  ....................... 70 

2.4 Effect of Nedd4-2 on insulin-stimulated hOAT4 expression  .................................... 72 

2.5 Effect of Nedd4-2 on insulin-stimulated hOAT4 transport activity  .......................... 74 

2.6 Effect of insulin on the interaction of Nedd4-2 with hOAT4 .................................... 75 

2.7 Effect of insulin on Nedd4-2 phosphorylation  .......................................................... 77 

2.8 Effects of PI3K inhibitors on insulin-stimulated hOAT4-mediated estrone sulfate 

uptakes  ....................................................................................................................... 78 

3. Discussion ......................................................................................................................... 80 



 
 

vii 
 

 

Chapter 6: Activation of Protein Kinase A stimulates SUMOylation, expression, and transport 

activity of Organic Anion Transporter 3. ....................................................................................... 83 

1. Introduction ....................................................................................................................... 84 

2. Results ............................................................................................................................... 86 

2.1 Effect of PKA on hOAT3 transport activity  .............................................................. 86 

2.2 Effect of PKA on hOAT3 Expression  ....................................................................... 88 

2.3 Effect of PKA hOAT3 Trafficking  ........................................................................... 90 

2.4 Effect of Long-Term PKA Activation on hOAT3 Stability  ...................................... 92 

2.5 Effect of PKA on hOAT3 SUMOylation  .................................................................. 94 

2.6 Effect of PKA on hOAT3 ubiquitination  .................................................................. 95 

2.7 Effect of Insulin like growth factor (IGF-1) on hOAT3 transport activity and 

SUMOylation  ............................................................................................................ 97 

3. Discussion ......................................................................................................................... 99 

 

Chapter 7: Future direction. ......................................................................................................... 103 

 

Chapter 8: Materials and Methods. .............................................................................................. 106 

1. Materials ......................................................................................................................... 107 

2. Experimental procedures ................................................................................................ 108 

2.1 Culturing of the cells and cDNA transfection  ......................................................... 108 

2.2 Transport Measurements  ......................................................................................... 108 

2.3 Cell Surface Biotinylation  ....................................................................................... 108 



 
 

viii 
 

2.4 Recycling Assay  ...................................................................................................... 109 

2.5 Internalization Assay  ............................................................................................... 109 

2.6 Degradation Assay  .................................................................................................. 109 

2.7 Immunoprecipitation  ............................................................................................... 109 

2.8 Electrophoresis and Immunoblotting  ...................................................................... 110 

2.9 Concentration-dependent inhibition studies  ............................................................ 110 

2.10 Dixon plot  ......................................................................................................... 110 

2.11 Data Analysis  .................................................................................................... 111 

Reference ..................................................................................................................................... 112 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

ix 
 

LIST OF FIGURES 

Chapter 1 

Figure 1-1 Membrane transporters expressed on human renal proximal tubule cells..  .................. 3 

Figure 1-2 Model for OAT pathway.  .............................................................................................. 5 

Figure 1-3 The Mechanistic Links between Nedd4-2, PKC, and OAT..  ........................................ 8 

Chapter 2 

Figure 2-1 Effect of sgk2 on hOAT4 transport activity  ................................................................ 13 

Figure 2-2 Effect of sgk2 on the kinetics of hOAT4-mediated estrone sulfate transport  ............. 14 

Figure 2-3 Effect of sgk2 on hOAT4 expression  .......................................................................... 16 

Figure 2-4 Effect of sgk2 on the degradation of cell surface hOAT4  ........................................... 18 

Figure 2-5 Effect of Nedd4-2 on hOAT4 ubiquitination and transport activity  ........................... 20 

Figure 2-6 Effect of sgk2 on the interaction between Nedd4-2 and hOAT4  ................................ 21 

Figure 2-7 Effect of Nedd4-2 ligase activity on sgk2 regulation of hOAT4 cell surface expression 

 ....................................................................................................................................................... 23 

Figure 2-8 Effects of Nedd4-2 ligase activity on sgk2 regulation of hOAT4 transport function  . 25 

Figure 2-9 Effect of Nedd4-2-specifc siRNA-knock down of endogenous Nedd4-2 on sgk2 

regulation of hOAT4 transport activity  ......................................................................................... 26 

Chapter 3 

Figure 3-1 Sgk1 stimulates hOAT3 transport activity  .................................................................. 33 

Figure 3-2 Sgk-specific inhibitor decreases hOAT3 transport activity  ........................................ 34 

Figure 3-3 Effect of sgk1 on the kinetics of hOAT3-mediated estrone sulfate transport  ............. 35 

Figure 3-4 Sgk1 enhances hOAT3 expression  .............................................................................. 37 



 
 

x 
 

Figure 3-5 Sgk1 stabilizes hOAT3 ................................................................................................ 39 

Figure 3-6 Sgk1 phosphorylates Nedd4-2 ..................................................................................... 41 

Figure 3-7 Sgk1 weakens the interaction between Nedd4-2 and hOAT3 ...................................... 42 

Figure 3-8 The effect of Sgk1 on OAT3 ubiquitination  ............................................................... 44 

Figure 3-9 Nedd4-2 ligase-dead mutant attenuates the stimulatory effect of CA-sgk1 on hOAT3 

transport activity  ........................................................................................................................... 45 

Chapter 4 

Figure 4-1 Cis-inhibition of hOAT3-mediated [3H]‐ES uptake by dexamethasone  .................... 51 

Figure 4-2 Concentration dependence of dexamethasone inhibition on hOAT3-mediated uptake 

 ....................................................................................................................................................... 52 

Figure 4-3. Dixon plot analysis of the inhibitory effects of dexamethasone on hOAT3-mediated 

transport  ........................................................................................................................................ 53 

Figure 4-4 Long-term treatment of hOAT3-expressing cells with dexamethasone stimulates 

hOAT3 transport activity  .............................................................................................................. 55 

Figure 4-5 Kinetic analysis of hOAT3-mediated ES transport  ..................................................... 56 

Figure 4-6 Effect of dexamethasone on hOAT3 expression  ......................................................... 57 

Figure 4-7 Sgk inhibitor GSK650394 abrogates the stimulatory effect of dexamethasone on 

hOAT3 transport activity. .............................................................................................................. 58 

Figure 4-8 Dexamethasone phosphorylates sgk1 ........................................................................... 60 

Chapter 5 

Figure 5-1 Effect of insulin on hOAT4 transport activity ............................................................. 67 

Figure 5-2 Effect of insulin on the kinetics of hOAT4-mediated estrone sulfate transport  .......... 68 



 
 

xi 
 

Figure 5-3 Effect of insulin on hOAT4 expression  ....................................................................... 69 

Figure 5-4 Relationship between insulin and sgk2 on hOAT4 transport activity  ......................... 72 

Figure 5-5 Role of Nedd4-2 in insulin-stimulated hOAT4 expression  ......................................... 73 

Figure 5-6 Role of Nedd4-2 in insulin-stimulated hOAT4 transport activity  ............................... 75 

Figure 5-7 Role of insulin in the interaction between Nedd4-2 and hOAT4 ................................. 77 

Figure 5-8 Effect of insulin on hOAT4 phosphorylation  .............................................................. 78 

Figure 5-9 The effects of wortmannin and buparlisib on insulin stimulation of hOAT4-mediated 

transport  ........................................................................................................................................ 79 

Figure 5-10 The Mechanistic Links between Insulin, sgk, and hOAT4  ....................................... 82 

Chapter 6 

Figure 6-1 Effect of PKA activator Bt2-cAMP on hOAT3 transport activity  .............................. 87 

Figure 6-2 Effect of PKA activator Bt2-cAMP on the kinetics of hOAT3-mediated transport of 

estrone sulfate  ............................................................................................................................... 88 

Figure 6-3 Effect of PKA activator Bt2-cAMP on hOAT3 expression  ........................................ 90 

Figure 6-4 Biotinylation analysis of Bt2-cAMP-modulated hOAT3 recycling  ............................ 91 

Figure 6-5. Biotinylation analysis of hOAT3 internalization  ....................................................... 92 

Figure 6-6 Effect of Bt2-cAMP on the degradation of cell surface hOAT3 .................................. 93 

Figure 6-7 The effect of PKA on hOAT3 SUMOylation.  ............................................................ 95 

Figure 6-8 The effect of PKA activator Bt2-cAMP on OAT3 ubiquitination  .............................. 97 

Figure 6-9 The effect of IGF-1 on OAT3 transport activity and SUMOylation  ........................... 98 

Figure 6-10 The role of PKA in OAT3 transport activity, trafficking and SUMOylation  ......... 102 



 
 

xii 
 

ABBREVIATION 

Bt2-cAMP –Dibutyryl cyclic AMP 

BUO –Bilateral ureteral obstruction 

CA-sgk –Constitutive active serum and glucocorticoid regulated kinase 

DHEAS –Dehydroepiandrosterone sulfate 

DMEM –Dulbecco's modified Eagle's medium 

ES –Estrone sulfate 

EMA –European Medicines Agency 

FDA –Food and drug administration 

hERG –Human ether-a-go-go related gene 

IB –Immunoblotting 

IGF-1 – insulin-like growth factor 1 

IN-sgk –Inactive serum and glucocorticoid regulated kinase 

IP –Immunoprecipitated 

Nedd4-2 –Neural precursor cell expressed, developmentally down-regulated 4-2 

NEM –N-ethylmaleimide 

NHE –Na+/H+exchanger 

NS –Statistically not significant 

OAT –Organic anion transporter 

NS –Statistically not significant 



 
 

xiii 
 

PAH–Para-aminohippurate 

PBS –Phosphate-buffered saline 

PKA –Protein kinase A 

PKC –Protein kinase C 

PMA –Phorbol 12-myristate 13-acetate 

SDCT2–Na+/dicarboxylate cotransporter  

Sgk –Serum and glucocorticoid regulated kinase 

siRNA –small interfering Ribonucleic acid 

SLC transporter –Solute carrier transporter 

Ub –Ubiquitin  

WT-sgk –Wild type serum and glucocorticoid regulated kinase 

α-KG –α-ketoglutarate 

 

 

 

 

 



1 
 

 
 

Chapter 1 

Overview 

 

Portions of the information presented in this chapter are currently in preparation for the following 

article: 

 

Haoxun Wang, Jinghui Zhang, Yunzhou Fan and Guofeng You.  

Post-translational Regulation of Organic Anion Transporters - An Update 
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1. Drug Transporters  

Drug transporters are membrane proteins that are localized on the physiological barriers of 

different tissues (e.g., intestine, liver, brain and kidney). They are the key players for the 

translocation of a variety of chemicals into and out of cells, and play critical roles in drug 

absorption, distribution, tissue-specific targeting, and drug elimination, thus affecting the 

pharmacokinetics and pharmacodynamics of the drug profile (1). One of the characteristics of 

these drug transporters is their broad substrate spectrums. As a result, co-administered drugs that 

are either substrates or potent inhibitors of drug transporters could cause serious side effects 

through drug-drug interaction (DDI) (1). In 2012, the US Food and Drug Administration (FDA) 

issued the industry draft guidance on drug interaction, which listed several major human drug 

transporters with clinical significance and outlined the recommendation on transporter-based DDI 

studies (2-4). As the field of drug transporter develops, in 2017, the FDA updated the draft 

guidance on DDI studies involving transporter-based inhibition and substrate studies (e.g., 

including Multi-antimicrobial extrusion proteins (MATE1 and MATE2-K) for inhibition and 

substrate studies) (5).  

2. Organic Anion Transporters 

Among the tissues involved in the ADME (absorption, distribution, metabolism and elimination) 

of clinical relevant therapeutics, kidney is one of the vital organs responsible for drug elimination 

after oral or intravenous administration, which basically includes three processes: glomerulus 

filtration, secretion and reabsorption (6). Renal drug transporters participate in the latter two 

processes and are responsible for the transfer of the drugs between blood and proximal tubule 

lumen (Figure 1-1) (2, 6-9). Among those renal transporters, organic anion transporters (OATs) 

are solute carrier (SLC) transporters that mainly interact with organic anionic molecules or 

zwitterions. The substrates of OATs consist not only a diverse array of important clinical 

therapeutics, including antivirals, anti-cancer drugs, antibiotics, anti-hypertensives, and anti-
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inflammatories (10-15), but also endogenous physiological substances, like blood pressure 

regulator Thymidine(16), neurotransmitter metabolite 3,4-dihidroxymandelic acid (DHMA)(17), 

and dicarboxylic acid ketoglutarate (18).  In addition, multiple nephrotoxins are also OAT 

substrates, such as the uremic toxins of indoxyl sulfate and Ochratoxin A (19, 20). OAT1-3 are 

expressed at the basolateral membrane of proximal tubule cell and are responsible for the uptake 

of anionic drug from blood into the proximal tubule cells. OAT4 is expressed at the apical 

membrane and functions as a bidirectional transporter (2, 12).  

Figure 1-1. Membrane transporters expressed on human renal proximal tubule cells. 
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2.1 Transport Mechanism of OATs 

Figure 1-2 illustrates the mechanism underlying OAT-mediated organic anion transport in the 

renal proximal tubule cells (6, 21). A tertiary transport mechanism is applied by OAT1-3 to bring 

the organic anions into the proximal tubule cells through the basolateral membrane: Na
+
,K

+
-

ATPase on the basolateral membrane first creates the inwardly directed (blood-to-cell) 

Na+ gradient, which promotes a sodium dicarboxylate cotransporter to move both sodium and 

dicarboxylates (e.g. α-ketoglutarate for OAT1/3, succinate for OAT2) into the cell. Eventually, an 

outwardly directed (cell-to-blood) dicarboxylate gradient facilitates the OAT1–3 mediated uptake 

of organic anions into the cell through organic anion (OA)/dicarboxylate exchange (11, 22-24). 

The apical OAT4 is a bi-directional transporter, which can mediate the influx of organic anions 

into the cell via OA/OH
−
 exchange mode and pump the organic anions out of cell through 

PAH/Cl
−
 exchange mechanism (6).  

Figure 1-2. Model for OAT pathway. SDCT2: Na+-coupled dicarboxylate cotransporter2; 

OAT: organic anion transporter; OA
‒
:organic anion; α-KG: α-ketoglutarate 
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2.2 Clinical Relevance of OATs 

In addition to the importance of OATs in drug disposition, their physiological role has also been 

revealed in certain physiology and disease conditions (21). One of the major focuses is the 

expression level and transport activity of OATs in renal failure and diseases, since kidney 

dysfunction will directly influence the elimination of clinical therapeutics which are OAT 

substrates (25, 26). It has been reported that rOat1 and rOat3 expression levels and transport 

activities were reduced in rats with chronic renal failure and acute renal failure (27-30). In the 

case of bilateral ureteral obstruction (BUO), which is a disease that blocks the urine to pass from 
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kidney to bladder, the transport activity and surface expression of renal rOat1/3 are also reduced 

(31). The relationship between Oats and diabetes in animal models has been extensively studied 

during the past decade. The observation made by Phatchawan et al. showed that the transport 

activity and expression level of rOat3 but not rOat1 were diminished in renal cortical slice of 

diabetic rats, which could be restored by Insulin treatment (32).  Analysis of kidney transporters 

in Ins2Akita mouse model revealed decreased mRNA and protein expression of mOat1, mOat2, 

and mOat3 (33). Also, both ob/ob mice and db/db mice reduced mOat2 mRNA expression (34, 

35). Interestingly, in rats fed a high-fat diet and injected a low dose of streptozotocin, elevated 

protein expression of rOat2 was revealed (36). The reason(s) for these observed discrepancies is 

still unclear. The difference in experimental conditions, such as different animal models might 

contribute to the disparate results. Besides diabetes, cholestasis, a liver disease in which the flow 

of bile from the liver is reduced or blocked, was also reported to affect renal Oats. Administration 

of alpha-naphthylisothiocyanate (ANIT) to induce biliary obstruction in rats resulted in reduced 

protein expression of rOat1 and rOat3 (37). 

Given the crucial roles OATs play in determining the therapeutically effects of many clinical 

drugs, elucidating the molecular and cellular mechanisms underlying OAT regulation has a great 

physiological significance.  

3. Regulations of OATs 

OATs, like other proteins, are delicately regulated to maintain their normal activities. OATs 

can be controlled at both gene levels and protein levels by signaling pathway activators such 

exogenous chemicals and endogenous hormones (21).  

During the past decade, our lab focused on the studies to uncover the mechanisms of several 

post-translational modifications of OATs, such as Glycosylation, Phosphorylation, and 

Ubiquitination (38-41). Our laboratory previously illustrated that OATs are dynamic membrane 
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proteins, which can constitutively internalize from and recycle back to the cell surface. Changes 

of the trafficking kinetics (internalization rate and recycling rate) may contribute to an alteration 

of amount of surface OATs, which usually accompanies a change in OAT transport activity. For 

example, short term activation of protein kinase C (PKC) increases the OAT internalization rate 

without altering the OAT recycling rate. As a result, OAT surface expression is decreased and 

OAT transport activity is also reduced (42, 43). 

Further studies from our laboratory illustrated that the conjugation of ubiquitin, a polypeptide 

of 76 amino acids, to the surface OAT is a pre-requisite for PKC-stimulated OAT internalization 

(41, 44). Internalization machinery can recognize the ubiquitin-conjugation of transporter and 

therefore triggers the internalization process. Ubiquitination of OAT has been identified to be 

catalyzed by an E3 ubiquitin ligase, namely Nedd4-2. From our study, Nedd4-2 showed 

inhibitory effect on OAT transport activity through stimulating OAT ubiquitination, and 

internalization, and eventually decreasing OAT surface expression. Prolonged OAT 

ubiquitination leads to the degradation of the transporters in proteolytic systems. Therefore, 

Nedd4-2 is an important mediator in the regulation of OAT (45-47) (Figure 1-3). 

Figure 1-3. The Mechanistic Links between Nedd4-2, PKC, and OAT. U: ubiquitin.  
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4. Project goal and Rationale 

Although our lab has previously studied the detailed mechanism of Ubiquitination in the 

regulation of OATs, the upstream regulators of Ubiquitination, such as endogenous hormones and 

exogenous chemicals were largely unknown. Besides, other Post-translational modifications, like 

SUMOylation, which may have a cross talk with ubiquitination would be particularly interesting 

to be investigated (48). Therefore, during my PhD study, I investigated the upstream regulators of 

Ubiqutination and another Post-translational modification, SUMOylation. 
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Chapter 2 

Serum- and glucocorticoid-inducible kinase SGK2 regulates human organic anion 

transporters 4 via ubiquitin ligase Nedd4-2 

 

Majority of the work presented in this chapter has been published in the following articles: 

 

Haoxun Wang, Da Xu, May Fern Toh, Alan C. Pao, and Guofeng You.  

Serum- and Glucocorticoid-Inducible Kinase SGK2 Regulates Human Organic Anion 

Transporters 4 via Ubiquitin Ligase Nedd4-2.  

Biochemical Pharmacology, 2016, 102, pp 120-129. doi: 10.1016/j.bcp.2015.11.024. 

 

Haoxun Wang, Jinghui Zhang, and Guofeng You.  

The mechanistic links between insulin and human organic anion transporter 4.  

Int J Pharm. 2019 Jan 30;555:165-174. doi: 10.1016/j.ijpharm.2018.11.040 

 

 

 

As collaboration, part of the data was generated by Da Xu and Haoxun Wang together. 
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1. Introduction 

As mentioned in the section of overview, human organic anion transporter 4 (hOAT4) 

belongs to a class of organic anion transporters, that exert critical function in the body secretion, 

absorption, and distribution of numerous drugs, such as antiviral drugs, anti-cancer therapeutics, 

antibiotics, antihypertensive medicine, and anti-inflammatory drugs. The activity of these 

membrane proteins can be regulated at many levels such as transcriptional, translational, and 

posttranslational modulation (21). OAT4-mediated transport was suggested to be bidirectional 

(49) and sodium-independent (20). hOAT4 is richly existent in the kidney and placenta (20). In 

the kidney, hOAT4 is expressed at the apical membrane of the proximal tubule cells and 

participates in renal excretion and reabsorption of endogenous substances in addition to numerous 

drugs and xenobiotics. In the placenta, hOAT4 is expressed at the basolateral membrane of 

syncytiotrophoblasts (50). Placenta utilizes dehydroepiandrosterone sulfate (DHEAS), a precursor 

generated by the fetal adrenals, to synthesize estrogen. Buildup of extra DHEAS is linked with 

intrauterine growth retardation (51). DHEAS is a hOAT4 substrate (52). Therefore, hOAT4 may 

exert a significant role in placental uptake of DHEAS for making estrogens and for protecting 

fetus from the DHEAS cytotoxicity. OAT4 has also been found to be expressed in choroid plexus 

epithelial cells and brain microvessel endothelial cells through RT-PCR assay (53, 54). However, 

whether OAT4 protein is expressed in these cells are not known. 

Due to such a critical role, delineating how hOAT4 is regulated has deep clinical 

significance. We formerly established that members of OAT family constitutively internalizes 

from and recycles back to plasma membrane and the transport activity of OAT can be modulated 

by changing the trafficking kinetics of these transporters (42, 43). An important event preceding 

OAT internalization is the ubiquitin conjugation to the transporter, catalyzed by an ubiquitin 

ligase Nedd4-2. Enhancement of Nedd4-2-dependent OAT ubiquitination leads to an acceleration 
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of OAT internalization/removal from plasma membrane and subsequent degradation (47).  As a 

result, OAT expression at the plasma membrane, and therefore OAT transport activity is reduced. 

The serum- and glucocorticoid-inducible kinases (sgk) participate in governing many 

cellular processes including sodium Na+ balance, renal transport, and cell proliferation (55-60). 

The family of the sgk protein kinases has three members: sgk1, sgk2 and sgk3. Sgk1 and sgk3 are 

richly present in every tissue, whereas sgk2 is expressed mainly in the liver, brain, kidney, and 

pancreas (61). Immunochemical characterization localized sgk1 protein to distal convoluted 

tubule, cortical and medullary collecting duct, whereas sgk2 protein was highly expressed in 

kidney proximal tubule cells, where it modulates the function of membrane proteins such as 

Na+/H+ exchanger (61). Based on the distinct characteristics of sgk2, we investigated whether 

hOAT4, also highly expressed in proximal tubule cells, is regulated by sgk2. We demonstrated a 

new regulatory mechanism that sgk2 modulates hOAT4 expression and function through an 

ubiquitin ligase Nedd4-2. 
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2. Results 

2.1 Effect of sgk2 on hOAT4 transport activity 

To explore the role of sgk2 in hOAT4 function, we transfected COS-7 cells with wild type sgk2 

(WT-sgk2) or with its constitutive active form CA-sgk2. hOAT4-mediated uptake of [3H] estrone 

sulfate was then measured. As shown in Fig. 2-1, wild type sgk2 stimulated ~ 40% increase in the 

uptake as compared to that in control cells, and CA-sgk2 significantly augmented the effect of 

sgk2, resulting in an additional 30% increase in the uptake. To examine the mechanism of sgk2-

induced stimulation on hOAT4 transport activity, we measured hOAT4-mediated [3H] estrone 

sulfate uptake at various substrate concentrations. An Eadie-Hofstee analysis of the derived data 

(Fig. 2-2) showed that transfection of CA-sgk2 resulted in an increased maximal transport 

velocity Vmax of hOAT4 (48.66 ± 1.53 pmol·mg−1·3min−1 with control cells and 80.59 ± 4.74 

pmol·mg−1·3min−1 with cells transfected with CA-sgk2) with no significant change in the 

substrate-binding affinity Km of the transporter (5.32 ± 0.32 μM with control cells and 5.43 ± 0.46 

μM with cells transfected with CA-sgk2). 

Figure 2-1. Effect of sgk2 on hOAT4 transport activity (a) COS-7 cells were co-transfected 

with hOAT4 and control vector, or with hOAT4 and wild type sgk2 (WT-sgk2), or hOAT4 and 

the constitutive active form of sgk2 (CA-sgk2). 3-min uptake of [
3
H]-estrone sulfate (0.1 μM) 

was then measured. Uptake activity was expressed as a percentage of the uptake measured in 

control cells. The data represent uptake into hOAT4-transfected cells minus uptake into mock 

cells (parental COS-7 cells). Values are mean ± S.E. (n = 3). *P<0.05 
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Figure 2-2. Effect of sgk2 on the kinetics of hOAT4-mediated estrone sulfate transport. 

COS-7 cells were co-transfected with hOAT4 and the constitutive active form of sgk2 (CA-sgk2), 

or with hOAT4 and control vector. Initial uptake (3 min) of [
3
H] estrone sulfate was measured at 

the concentration of 0.1–10 μM. The data represent uptake into hOAT4-transfected cells minus 

uptake into mock cells (parental COS-7 cells). Values are means ± S.E. (n = 3). V, velocity; S, 

substrate concentration. (Figure 2-2 were generated by Da Xu and Haoxun Wang together) 
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2.2 Effect of sgk2 on hOAT4 Expression 

Either an increased number of the transporter at the plasma membrane or an increased transporter 

turnover rate could contribute to an increased Vmax. Therefore, we conducted biotinylation assay 

to differentiate between these two possibilities by measuring transporter expression both at the 

plasma membrane and in the total cell lysates. We showed that overexpression of sgk2 resulted in 

an increase of hOAT4 expression both at the cell surface (Fig. 2-3a) and in the total cell lysate 

(Fig. 2-3c). Such a change in hOAT4 total expression was not due to the general perturbation of 

cellular proteins because the expression of the house-keeping protein β-actin was similar under 

these conditions (Fig. 2-3e). 
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Figure 2-3. Effect of sgk2 on hOAT4 expression (a). Cell surface expression of hOAT4. COS-7 

cells were co-transfected with hOAT4 and control vector or with hOAT4 and the constitutive 

active form of sgk2 (CA-sgk2). Transfected cells were labeled with biotin. Biotinylated/cell 

surface proteins were separated with streptavidin beads, followed by immunoblotting (IB) with an 

anti-myc antibody. (b). Densitometry plot of results from Fig. 2-3a, as well as from other 

experiments. The values are mean ± S.E. (n = 3). *P<0.05. (c). Total cell expression of hOAT4. 

COS-7 cells were co-transfected with hOAT4 and control vector or with hOAT4 and the 

constitutive active form of sgk2 (CA-sgk2). Transfected cells were lysed, followed by 

immunoblotting (IB) with an anti-myc antibody. (d). Densitometry plot of results from Fig. 2-3c, 

as well as from other experiments. The values are mean ± S.E. (n = 3). *P<0.05. (e). Total cell 

expression of β-actin. COS-7 cells were co-transfected with hOAT4 and control vector or with 

hOAT4 and the constitutive active form of sgk2 (CA-sgk2). Transfected cells were lysed, 

followed by immunoblotting (IB) with an anti-actin antibody. 
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2.3 Effect of sgk2 on hOAT4 stability 

Sgk2-induced increase in hOAT4 expression may reflect an increased stability of the transporter. 

In this experiment, we examined such possibility by measuring the degradation rate of cell 

surface hOAT4 in the presence or absence of sgk2. COS-7 cells were co-transfected with hOAT4 

and control vector or with hOAT4 and CA-sgk2 for 48 hours and then biotinylated with 

membrane impermeable biotinylation reagent sulfo-NHSSS-biotin. Biotin-labeled cells were 

lysed at 2, 4, and 6 hour time point after the biotinylation, and cell surface proteins were isolated 

using streptavidin-agarose beads, followed by immunoblotting with anti-myc antibody (hOAT4 

was tagged with myc at its carboxyl terminus). Our results (Figs. 2-4a, 4b) showed that the 

degradation rate of cell surface hOAT4 decreased significantly in the presence of sgk2 as 
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compared to that in control cells. The degradation rate change was not due to the general 

perturbation of the cellular proteins as evident when we measured the expression level of the 

house-keeping protein β–actin. β–actin was equally expressed in all samples tested (Fig. 2-4c). 

Figure 2-4. Effect of sgk2 on the degradation of cell surface hOAT4 (a) COS-7 cells were 

cotransfected with hOAT4 and control vector (top panel) or with hOAT4 and the constitutive 

active form of sgk2 (CA-sgk2) (bottom panel). Cell surface hOAT4 degradation was then 

analyzed as described in “Materials and Methods” section followed by immunoblotting (IB) using 

anti-myc antibody. (b) Densitometry plot of results from Fig. 2-4a as well as from other 

experiments. The amount of undegraded cell surface hOAT4 was expressed as % of total initial 

cell surface hOAT4 pool. Values are mean ± S.E. (n = 3). (c). Total expression of sgk2 and 

house-keeping protein β-actin. COS-7 cells were co-transfected with hOAT4 and control vector 

or with hOAT4 and the constitutive active form of sgk2 (CA-sgk2). Transfected cells were lysed, 

followed by immunoblotting (IB) with anti-sgk2 antibody or anti-actin antibody. 



18 
 

 
 

 

 

2.4 Effect of Nedd4-2 on hOAT4 ubiquitination and transport activity 

It has been reported that one of the mediators for sgk regulation of membrane proteins is the 

ubiquitin ligase Nedd4-2 (62, 63). Nedd4-2 promotes the ubiquitination of many channels and 

transporters, and leads these membrane proteins to internalize from the cell surface and 

subsequently to be degraded (64-66).  As a result, the expression of these membrane proteins at 

the cell surface is reduced, and their function is decreased. To examine whether Nedd4-2 is an 

ubiquitin ligase for hOAT4, we transfected Nedd4-2 into hOAT4-expressing COS-7 cells. 

Transfected cells were then lysed and hOAT4 was immunoprecipitated with anti-myc antibody 

(myc was tagged to hOAT4), followed by immunoblotting with anti-ubiquitin antibody to detect 

hOAT4 ubiquitination. As shown in Fig. 2-5a, hOAT4 ubiquitination was significantly enhanced 
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in cells transfected with Nedd4-2 as compared to that in control cells. Moreover, the differences 

in ubiquitination were not due to the differences in the amount of hOAT4 immunoprecipitated as 

similar amount of hOAT4 was immunoprecipitated between Nedd4-2 transfected sample and 

control (Fig. 2-5b). We then examined the effect of Nedd4-2 on hOAT4 transport activity. As 

shown in Fig. 2-5d, hOAT4 transport activity was decreased ~40% in cells transfected with 

Nedd4-2 as compared to that in control cells. 

Figure 2-5. Effect of Nedd4-2 on hOAT4 ubiquitination and transport activity (a) hOAT4-

expressing cells were transfected with or without wild type Nedd4-2. Transfected cells were then 

lysed, and hOAT4 was immunoprecipitated (IP) with anti-myc antibody (myc was tagged to 

hOAT4), followed by immunoblotting (IB) with anti-ubiquitin antibody (anti-Ub). (b) The same 

immunoblot from Fig. 2-5a was reprobed by anti-myc antibody. (c) Densitometry plot of results 

from Fig. 2-5a, as well as from other experiments. The values are mean ± S.E. (n = 3). *P<0.05. 

(d) COS-7 cells were co-transfected with hOAT4 and control vector or with hOAT4 and wild 

type Nedd4-2. 3-min uptake of [
3
H]-estrone sulfate (0.1 μM) was then measured in these cells. 

The data represent uptake into hOAT4-transfected cells minus uptake into mock cells (parental 

COS-7 cells). Values are mean ± S.E. (n = 3). *P<0.05. (Figure 2-5 were generated by Da Xu and 

Haoxun Wang together) 
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2.5 Effect of sgk2 on Nedd4-2 interaction with hOAT4 

It has been reported that Nedd4-2 could interact either directly or indirectly with its target 

proteins (64, 65, 67, 68), and thus, we investigated whether there is an association between 

Nedd4-2 and hOAT4 through co-immunoprecipitation assay. As shown in Fig. 2-6a, when COS-7 

cells were transfected with hOAT4, Nedd4-2 and control vector, significant amount of Nedd4-2 

was observed in hOAT4 immunoprecipitates (lane 1), suggesting a direct association between 

these two proteins. However, in cells triple-transfected with hOAT4, Nedd4-2 and sgk2 (lane 2), 

the amount of Nedd4-2 detected in hOAT4 immunoprecipitates was much less than that in cells 

without sgk2. Furthermore, the differences in the amount of hOAT4 detected were not due to the 

differences in the amount of hOAT4 immunoprecipitated since similar amount of hOAT4 was 
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immunoprecipitated between CA-sgk2 transfected sample and control (Fig. 2-6b). These data 

suggest that sgk2 decreased the interaction between hOAT4 and Nedd4-2. 

Figure 2-6. Effect of sgk2 on the interaction between Nedd4-2 and hOAT4 (a) COS-7 cells 

were transfected with hOAT4, Nedd4-2 and control vector or with hOAT4, Nedd4-2 and the 

constitutive active form of sgk2 (CA-sgk2). Transfected cells were then lysed, and hOAT4 was 

immunoprecipitated (IP) with anti-myc antibody, followed by immunoblotting (IB) with anti-

Nedd4-2 antibody. (b) The same immunoblot from Fig. 2-6a was reprobed by anti-myc antibody. 

(c) Densitometry plot of results from Fig. 6a as well as from other experiments. The values are 

mean ± S.E. (n = 3). *P<0.05 

 

 

2.6 Effect of sgk2 on Nedd4-2-mediated cell surface expression of hOAT4 
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As mentioned above, Nedd4-2 ubiquitinates many membrane proteins, which leads these proteins 

to internalize from the cell surface. As a result, the amount of these proteins at the cell surface is 

reduced. In our current experiment, we further explored the relationship between sgk2 and 

Nedd4-2 in hOAT4 expression. We showed (Fig. 2-7a) that sgk2 significantly increased hOAT4 

expression at the cell surface (lane 2 as compared to lane 1) in control cells. In cells transfected 

with Nedd4-2 for 48 hours, the initial amount of hOAT4 at the cell surface (lane 3) was already 

significantly decreased as compared to that in cells transfected with control vector, indicating that 

a portion of hOAT4 already went ubiquitination and therefore internalized from the plasma 

membrane during the 48-hour period of Nedd4-2 transfection. Such Nedd4-2-induced reduction 

of hOAT4 at the plasma membrane was abrogated by additional expression of sgk2 (lane 4). 

However, an ubiquitin ligase-dead mutant of Nedd4-2 (Nedd4-2/C821A) failed to reduce hOAT4 

expression at the plasma membrane (lane 5), and furthermore, sgk2 was unable to enhance 

hOAT4 expression in the presence of Nedd4-2/C821A (lane 6). Therefore, these results suggest 

that stimulation of hOAT4 expression by sgk2 was via the ubiquitin ligase activity of Nedd4-2. 

Figure 2-7. Effect of Nedd4-2 ligase activity on sgk2 regulation of hOAT4 cell surface 

expression (a). COS-7 cells were transfected with hOAT4, CA-sgk2 and control vector, or with 

hOAT4, CA-sgk2 and Nedd4-2, or with hOAT4, CA-sgk2 and ubiquitin ligase-dead Nedd4-2 

mutant (Nedd4-2/C821A). Transfected cells were labeled with biotin. Biotinylated/cell surface 

proteins were separated with streptavidin beads, followed by immunoblotting (IB) with an anti-

myc antibody. (b) COS-7 cells were transfected with hOAT4, CA-sgk2 and control vector, or 

with hOAT4, CA-sgk2 and Nedd4-2, or with hOAT4, CA-sgk2 and ubiquitin ligase-dead Nedd4-

2 mutant (Nedd4-2/C821A). Transfected cells were then lysed, followed by immunoblotting with 

anti-actin antibody, anti-sgk2 antibody or anti-Nedd4-2 antibody, respectively. (c). Densitometry 

plot of results from Fig. 2-7a, as well as from other experiments. The values are mean ± S.E. (n = 
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3). *P<0.05, NS: statistically not significant. 

 

 

2.7 Effect of sgk2 on Nedd4-2-mediated transport activity of hOAT4 

From the results described above, sgk2 and Nedd4-2 modulated hOAT4 expression at the cell 

surface. Therefore, we next investigated whether the altered surface expression will translate into 

a change in hOAT4 transport activity. As shown in Fig. 2-8, sgk2 stimulated hOAT4 transport 

activity by 44% in control cells. In cells transfected with Nedd4-2 for 48 hours, the initial hOAT4 

transport activity was already significantly reduced as compared to that in control cells. This was 

consistent with the inhibition effect of Nedd4-2 on hOAT4 function (Fig. 2-5d). Additional 

expression of sgk2 abrogated the inhibition effect of Nedd4-2 on hOAT4 transport activity. 

However, in cells transfected with an ubiquitin ligase-dead mutant of Nedd4-2 (Nedd4-2/C821A), 

sgk2 was unable to enhance hOAT4 activity. Similar results were also observed in cells 
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transfected with Nedd4-2-specific siRNA to knock down the endogenous Nedd4-2 (Fig. 2-9). As 

shown in Fig. 2-9a, Nedd4-2-specific siRNA effectively reduced the expression of endogenous 

Nedd4-2 without interference with the expression of the house-keeping protein β-actin was (Fig. 

2-9b). Under such condition, sgk2 failed to significantly stimulate hOAT4-mediated transport 

activity in cells transfected with Nedd4-2-specific siRNA as compared to that in cells transfected 

with scramble siRNA (Fig. 2-9c). 

Figure 2-8. Effects of Nedd4-2 ligase activity on sgk2 regulation of hOAT4 transport 

function. COS-7 cells were transfected with hOAT4, CA-sgk2 and control vector, or with 

hOAT4, CA-sgk2 and Nedd4-2, or with hOAT4, CA-sgk2 and ubiquitin ligase-dead Nedd4-2 

mutant (Nedd4-2/C821A). Transfected cells were then measured for the uptake of [
3
H]-estrone 

sulfate (3-min uptake and 0.1 μM estrone sulfate). The data represent uptake into hOAT4-

transfected cells minus uptake into mock cells (parental COS-7 cells). Values are mean ± S.E. (n 

= 3). *P<0.05, NS: statistically not significant. 
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Figure 2-9. Effect of Nedd4-2-specifc siRNA-knock down of endogenous Nedd4-2 on sgk2 

regulation of hOAT4 transport activity (a) COS-7 cells were co-transfected with hOAT4 and 

scrambled control siRNA or with hOAT4 and Nedd4-2-specific siRNA. The effectiveness of 

Nedd4-2-specific siRNA was tested by probing the lysis sample with anti-Nedd4-2 antibody. (b) 

COS-7 cells were co-transfected with hOAT4 and scrambled control siRNA or with hOAT4 and 

Nedd4-2-specific siRNA. The expression of the house-keeping protein β-actin was determined by 

probing the lysis sample with anti-actin antibody. (c) COS-7 cells were co-transfected with 

hOAT4 and scrambled control siRNA or with hOAT4 and Nedd4-2-specific siRNA. Transfected 

cells were then measured for the uptake of [
3
H]-estrone sulfate (3-min uptake and 0.1 μM estrone 

sulfate). The data represent uptake into hOAT4-transfected cells minus uptake into mock cells 
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(parental COS-7 cells). Values are mean ± S.E. (n = 3). *P<0.05, NS: statistically not significant. 
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3. Discussion 

Organic anion transporters (OATs) is a major deciding factor of the effects of 

therapeutics and toxic chemicals. Thus, delineating the regulation of OATs at the molecular and 

cellular levels is clinically and pharmacologically important. The present study revealed a new 

regulatory mechanism for hOAT4-mediated organic anion/drug transport, namely, sgk2 regulated 

hOAT4 transport activity through modulating the inhibition of the transporter by Nedd4-2. 

Our present studies were performed in a heterologous cell system – COS-7 cells, which 

have been proven to be an excellent model system for investigation of the cloned organic anion 

transporter (41, 42, 69). First, these cells are originated from the kidney. Examinations in such 

system have revealed other renal transport processes. Secondly, this cell line does not 

endogenously express OATs. Thus, expression of hOAT4 in these cells will permit us to 

characterize this transporter without the difficulty of being interfered by other organic anion 

transporters. Thirdly, the many signaling pathways are intact in these cells, providing a good 

exploratory model system for understanding the regulation of many transport processes. Lastly, 

the previous work revealed that the transport properties of OATs in these cells were consistent 

with those displayed in other systems. Our investigation in COS-7 cells will pave the path for the 

next stage of work concentrating on evaluating whether the similar mechanisms are operational in 

native epithelia. 

In our current study, we first established that sgk2 stimulated hOAT4-mediated estrone 

sulfate uptake (Fig. 2-1) as a result of an enhanced maximum transport velocity (Vmax) (Fig. 2-2), 

an increased hOAT4 expression (Fig. 2-3), and a decreased degradation rate (Fig.2- 4). 

One of the mechanisms in which sgk kinases modulate their targets is by interaction with 

cytosolic mediators. Among these mediators is the ubiquitin ligase Nedd4-2, which has been 

shown to play a key role in the regulation of many membrane proteins such as epithelial sodium 
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channel ENaC, potassium channel hERG, and the human excitatory amino acid transporter 

EAAT2 (65, 66, 70). Nedd4-2 catalyzes the conjugation of ubiquitin molecules to its target 

membrane proteins, which leads to the internalization of these membrane proteins from cell 

surface and subsequent degradation. As a result, the amount of these membrane proteins at the 

cell surface is reduced and their function is decreased. Our current studies identified Nedd4-2 as 

an important regulator for hOAT4. Nedd4-2 enhanced hOAT4 ubiquitination (Figs. 2-5a and 5c), 

and inhibited hOAT4 transport activity (Fig. 2-5d). 

The results from our current studies also revealed that the inhibitory effect of Nedd4-2 on 

hOAT4 occurs through a direct association between these two proteins as co-

immunoprecipitation assay detected a binding between them (Fig. 2-6).  Our finding that Nedd4-2 

was a crucial mediator for sgk2 regulation of hOAT4 expression and transport activity was 

supported by several lines of evidence: first, our coimmunoprecipitation experiments showed that 

sgk2 weakened the interaction between Nedd4-2 and hOAT4 (Fig. 2-6). Secondly, sgk2 

abrogated inhibition effect of Nedd4-2 on hOAT4 cell surface expression. However, sgk2 was 

without any influence on hOAT4 expression in the presence of an ubiquitin ligase-dead Nedd4-2 

mutant (Nedd4-2/C821A) (Fig. 2-7). Thirdly, sgk2 abolished inhibition effect of Nedd4-2 on 

hOAT4 transport activity. However, sgk2 was without any influence on hOAT4 activity in cells 

transfected with an ubiquitin ligase-dead Nedd4-2 mutant (Nedd4-2/C821A) (Fig. 2-8) or in cells 

transfected with Nedd4-2-specific siRNA to knock down the endogenous Nedd4-2 (Fig. 2-9). 

Sgks, like other protein kinases, exert their effects through phosphorylating their target 

substrates. The hOAT4 sequence does not bear any putative sgk phosphorylation consensus sites. 

Therefore, sgk2 may modulate hOAT4 expression and function by phosphorylating an 

unconventional site(s) in hOAT4 sequence. On the other hand, it has been reported that several 

transporters and channels are modulated by sgk1, an isoform of sgk2, not directly through 

phosphorylating the transporters themselves but rather indirectly through phosphorylating the 
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ubiquitin ligase Nedd4-2 (66, 70, 71). The work aiming at identifying the sgk2-specific 

phosphorylation sites on hOAT4 and/or Nedd4-2 is currently being carried out in our lab. 

In conclusion, this is the first demonstration of a new regulatory mechanism of hOAT4 

transport activity: sgk2 stimulates hOAT4 transport activity by abrogating the inhibition effect of 

Nedd4-2 on the transporter.  
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Chapter 3 

SGK1/Nedd4-2 signaling pathway regulates the activity of Human Organic Anion 

Transporters 3 

 

Majority of the work presented in this chapter has been published in the following article: 

 

Haoxun Wang and Guofeng You.  

SGK1/Nedd4-2 signaling pathway regulates the activity of human organic anion transporters 3. 

Biopharm Drug Dispos. 2017 Nov;38(8):449-457. doi: 10.1002/bdd.2085. 

 

Reproduced with the permission from Biopharm Drug Dispos, Wiley, Haoxun Wang and 

Guofeng You. SGK1/Nedd4-2 signaling pathway regulates the activity of human organic anion 

transporters 3. Biopharm Drug Dispos. 2017 Nov;38(8):449-457. doi: 10.1002/bdd.2085. 

Copyright © 2017 John Wiley & Sons, Ltd. 
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1. Introduction 

Organic anion transporter 3 (OAT3) is localized at the basolateral membrane of the renal 

proximal tubule cells and facilitates the renal secretion of numerous clinical drugs, including anti-

HIV therapeutics, anti-tumor drugs, antibiotics, antihypertension drugs, and anti-inflammatories 

(10-15). In Chapter 2, we showed that sgk2 is an important regulator for OAT4 expression and 

activity. In this Chapter, we investigated the role of sgk1, another sgk family member, in the 

regulation of OAT3. 
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2. Results 

2.1 Sgk1 stimulates hOAT3 transport activity 

The role of sgk1 in hOAT3 function was explored. COS-7 cells-expressing hOAT3 were 

transfected with wild type sgk1 (WT-sgk1), constitutive active form of sgk1 (CA-sgk1), or 

inactive sgk1 (IN-sgk1), followed by the measurement of hOAT3-mediated uptake of [
3
H] 

estrone sulfate. As shown in Fig. 3-1, WT-sgk1 enhanced the uptake by ~ 40% as compared to 

that in control cells (hOAT3-expressing cells without WT-sgk1), and CA-sgk1 further amplified 

the effect of WT-sgk1, whereas the inactive sgk1 (IN-sgk1) resulted in a slight decrease in the 

uptake, possibly through suppressing the activity of endogenous sgk1. In a separate experiment, 

we treated hOAT3-expressing cells with a sgk-selective inhibitor GSK650394, followed by the 

measurement of hOAT3-mediated uptake of [3H] estrone sulfate. GSK650394 induced a 

concentration-dependent inhibition with 40% and 85% inhibition at concentrations of 100 nM and 

1 μM separately (Fig. 3-2). The influence of sgk1 on the kinetic characteristics of hOAT3-

mediated [
3
H] estrone sulfate uptake was then determined at different substrate concentrations. 

An Eadie-Hofstee analysis (Fig. 3-3) showed that there was an increase in the maximal transport 

velocity Vmax of hOAT3 in CA-sgk1-transfected cells as compared to that in cells transfected 

with control vector (154.0 ± 13.0 pmol·mg−1·3min−1 with control cells and 219.6 ± 9.7 

pmol·mg−1·3min−1 with cells transfected with CA-sgk1), whereas there was no significant 

difference in the substrate-binding affinity Km of the transporter in both control and CA-sgk1-

transfected cells (5.46 ± 0.32 μM with control cells and 5.94 ± 0.19 μM with cells transfected 

with CA-sgk1). 

Figure 3-1. Sgk1 stimulates hOAT3 transport activity. COS-7 cells were co-transfected with 

hOAT3 and control vector, with hOAT3 and wild type sgk1 (WT-sgk1), with hOAT3 and 

constitutive active form of sgk1 (CA-sgk1), or with hOAT3 and inactive sgk1 (IN-sgk1). 3-min 
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uptake of [
3
H]-estrone sulfate (0.3 μM) was then determined. The data represented uptake into 

hOAT3-transfected cells minus uptake into mock cells (parental COS-7 cells). Uptake activity 

was expressed as a percentage of the uptake measured in control cells. Values are mean ± S.E. (n 

= 3). 

 

 

Figure 3-2. Sgk-specific inhibitor decreases hOAT3 transport activity. COS-7 cells were co-

transfected with hOAT3 and CA-sgk1. Transfected cells were incubated with sgk-specific 

inhibitor GSK650394 for 30 min at indicated concentrations. 3-min uptake of [
3
H]-estrone sulfate 

(0.3 μM) was then determined. The data represented uptake into hOAT3-transfected cells minus 

uptake into mock cells (parental COS-7 cells). Uptake activity was expressed as a percentage of 

the uptake measured in control cells. Values are mean ± S.E. (n = 3). 
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Figure 3-3. Effect of sgk1 on the kinetics of hOAT3-mediated estrone sulfate transport. 

COS-7 cells were co-transfected with hOAT3 and control vector or with hOAT3 and the 

constitutive active form of sgk1 (CA-sgk1). 3-min uptake of [
3
H] estrone sulfate was then 

determined at the concentrations of 0.1–10 μM. The data represented uptake into hOAT3-

transfected cells minus uptake into mock cells (parental COS-7 cells). Values are means ± S.E. 

(n = 3). V, velocity; S, substrate concentration. 
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2.2 Sgk1 enhances hOAT3 Expression 

Sgk1-induced increase in the maximal transport velocity Vmax of hOAT3 shown above (Fig. 3-3) 

could either reflect an increased number of the transporter at the plasma membrane or an 

increased transporter turnover rate. To differentiate between these possibilities, we examined the 

transporter expression both at the plasma membrane and in total cell lysates. Our results revealed 

that hOAT3 expressions at the cell surface (Fig. 3-4a, top panel) and in total cell lysate (Fig. 3-

4c, top panel) were both increased in cells transfected with CA-sgk1 as compared to that in 

control cells. The increase in hOAT3 expression was specific as there was no significant changes 

in the expression of cell surface protein marker E-cadherin (Fig. 3-4a, bottom panel) and cellular 

protein marker β-actin (Fig. 3-4c, bottom panel). 
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Figure 3-4. Sgk1 enhances hOAT3 expression. a. Top panel: hOAT3 expression at the cell 

surface. COS-7 cells were co-transfected with hOAT3 and control vector or with hOAT3 and the 

constitutive active form of sgk1 (CA-sgk1). Cell surface proteins were labeled with biotin, 

separated with streptavidin beads, followed by immunoblotting (IB) with an anti-myc antibody 

(epitope myc was tagged to hOAT3 for immune-detection). Bottom panel: The expression of cell 

surface protein marker E-cadherin. The same blot from the Top panel was re-probed with anti- E-

cadherin antibody. b. Densitometry plot of results from Fig. 3-4a, Top panel as well as from other 

experiments. c. Top Panel: Total cell expression of hOAT3. COS-7 cells were co-transfected with 

hOAT3 and control vector or with hOAT3 and CA-sgk1. Transfected cells were lysed, followed 

by immunoblotting (IB) with an anti-myc antibody. Bottom panel: Total cell expression of 

cellular protein marker β-actin. The same blot from Top panel was re-probed with anti-β-actin 

antibody. (d). Densitometry plot of results from Fig. 3-4c, Top panel as well as from other 

experiments. The values are mean ± S.E. (n = 3). 
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2.3 Sgk1 stabilizes hOAT3 

An increased expression of hOAT3 at the cell surface observed above (Fig. 3-4a, top panel) may 

result from an enhanced insertion of the transporter into the plasma membrane or a decreased 

removal of the transporter from the plasma membrane. We used a reagent brefeldin A (BFA) to 

distinguish between these two mechanisms. BFA inhibits secretory mechanisms by blocking the 

transition of the transporters from endoplasmic reticulum (ER) to Golgi, and preventing 

formation of vesicles at the Golgi apparatus. As a result, insertion of the transporters into the 

plasma membrane is inhibited (72). As shown in Fig. 3-5a, top panel, after a 6-hr treatment with 

BFA, the decrease of hOAT3 expression at the plasma membrane was less dramatic in cells 

transfected with CA-sgk1 (65%) as compared to that in control cells (80%). We also examined 
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the effect of BFA on the total expression of hOAT3 (Fig. 3-5c, top panel). Under BFA treatment, 

hOAT3 displayed two bands at molecular sizes of 60 kDa and 80 kDa. Our lab previously 

demonstrated (38, 39) that OAT undergoes a maturation process when transiting from ER to 

Golgi. The ER form is a non-glycosylated form of 60 kDa, which matures in Golgi to a 

glycosylated form of 80 kDa. Only the glycosylated form (80 kDa) can target to plasma 

membrane. BFA blocked the transition of hOAT3 from ER to Golgi, which led to the appearance 

of a 60 kDa band after BFA treatment. Therefore, the total expression of hOAT3 is the 

combination of the band at 60 kDa and the band at 80 kDa. It is important to note that even when 

we combined the two bands (60 kDa + 80 kDa) together, the intensity was still slightly lower than 

that without BFA treatment. The possible explanation is that BFA blocked the insertion of 

hOAT3 into the plasma membrane but did not blocked hOAT3 degradation. After 6-hour period, 

part of hOAT3 was removed from the plasma membrane and was degraded. The degradation in 

the presence of sgk1 is slower than that without sgk1. Similarly, the decrease of hOAT3 transport 

activity was ~61% in cells transfected with CA-sgk1 as compared to a more significant decline of 

~74% in control cells (Fig. 3-5d). These data suggest that sgk1 plays a significant role in 

stabilizing hOAT3 both at the plasma membrane and in total expression. 

Figure 3-5. Sgk1 stabilizes hOAT3. a. Top panel: hOAT3 expression at the cell surface. 

COS-7 cells were co-transfected with hOAT3 and control vector or with hOAT3 and constitutive 

active form of sgk1 (CA-sgk1). The transfected cells were treated with brefeldin A (BFA, 

0.1 μg/ml) for 6 hrs., followed by the determination of hOAT3 expression at the cell surface 

through a biotinylation approach and immunoblotting with anti-myc antibody (epitope myc was 

tagged to hOAT3 for immune-detection). Bottom panel: The expression of cell surface marker 

protein E-cadherin. The same blot from Fig. 3-5a, Top panel was re-probed with anti- E-cadherin 

antibody. b. Densitometry plot of results from Fig. 3-5a, Top panel as well as from other 

experiments. The amount of cell surface hOAT3 was expressed as % of total initial cell surface 
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hOAT3 pool (at 0 hr. of BFA treatment). Values are mean ± S.E. (n = 3). c. Top Panel: Total cell 

expression of hOAT3. COS-7 cells were co-transfected with hOAT3 and control vector or with 

hOAT3 and constitutive active form of sgk1 (CA-sgk1). The transfected cells were treated with 

brefeldin A (BFA, 0.1 μg/ml) for 6 hrs. Treated cells were lysed, followed by immunoblotting 

(IB) with an anti-myc antibody. Bottom panel: Total cell expression of β-actin, a cellular protein 

marker. The same blot from Fig. 3-5c, Top panel was re-probed with anti-β-actin antibody. d. 

COS-7 cells were co-transfected with hOAT3 and control vector, or with hOAT3 and CA-sgk1. 

The transfected cells were treated with brefeldin A (BFA, 0.1 μg/ml) for 6 hrs. [
3
H] estrone 

sulfate uptake (3min, 0.3 μM) was then measured. Uptake activity was expressed as % of the 

uptake value measured at 0 hr. of BFA treatment. 
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2.4 Sgk1 phosphorylates Nedd4-2 in COS-7 cells 

Previous investigations (73) in other systems reported that sgk1 regulates its substrates, at least in 

part, by phosphorylating Nedd4-2 at serine residue 327 (Ser 327). In the current experiment, we 

examined whether sgk1 also phosphorylated Nedd4-2 in our system. COS-7 cells were co-

transfected with Nedd4-2 and control vector or with Nedd4-2 and CA-sgk1. Phospho-Nedd4-2 

was examined by immunoblotting with phosphor-Nedd4-2 (Ser327)-specific antibody. As shown 

in Fig. 3-6a, the phospho-Nedd4-2-specific antibody recognized a band around the size of Nedd4-

2 in control cells, indicating that Nedd4-2 was indeed phosphorylated at Ser327. The 

phosphorylation signal was increased by 37% in cells transfected with CA-sgk1. The total 

expression of Nedd4-2 was not affected by CA-sgk1 (Fig. 3-6c). Therefore, sgk1 enhanced 

Nedd4-2 phosphorylation in COS-7 cells. 

Figure 3-6. Sgk1 phosphorylates Nedd4-2. a. COS-7 cells were transfected with Nedd4-2 and 

control vector or with Nedd4-2 and CA-sgk1. Transfected cells were lysed and immunoblotted 

with anti-phospho-Nedd4-2(Ser327)-specific antibody. b. Densitometry plot of results from Fig. 

3-6a, as well as from other experiments. The values are mean ± S.E. (n = 3). c. The same blot 

from Fig. 6a was re-probed with anti-Nedd4-2. d. Densitometry plot of results from Fig. 3-6c as 

well as from other experiments. The values are mean ± S.E. (n = 3). e. The same blot from Fig. 3-

6a, was re-probed with anti-β actin antibody. β actin is a cellular protein marker. 
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2.5 Sgk1 interferes with the interaction between Nedd4-2 and hOAT3 

Our lab recently demonstrated (45, 46) that Nedd4-2, an ubiquitin ligase, binds to OAT and 

inhibits OAT transport activity by promoting the conjugation of ubiquitin to OAT, which leads to 

OAT internalization from the plasma membrane and subsequent degradation (45-47). Next we 

studied the relationship among sgk1, Nedd4-2 and hOAT3 using a co-immunoprecipitation 

strategy. As shown in Fig. 3-7a, top panel, significant amount of Nedd4-2 was pulled down in 

hOAT3 immunoprecipitates (lane 1) in cells transfected with Nedd4-2, indicating a binding 

association between these two proteins. However, in cells transfected with Nedd4-2 and sgk1, 

much less amount of Nedd4-2 was detected in hOAT3 immunoprecipitates (lane 2). The 

difference in the amount of Nedd4-2 detected in hOAT3 immunoprecipitates was not due to the 
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difference in the amount of hOAT3 immunoprecipitated as similar amount of hOAT3 was pulled 

down in both samples (Fig. 3-7a, bottom panel). These results suggest that sgk1 interfered with 

the association between hOAT3 and Nedd4-2. 

Figure 3-7. Sgk1 weakens the interaction between Nedd4-2 and hOAT3. a. Top 

panel: hOAT3-expressing COS-7 cells were transfected with Nedd4-2 and control vector or with 

Nedd4-2 and CA-sgk1. Transfected cells were lysed and hOAT3 was immunoprecipitated by 

anti-myc antibody (epitope myc was tagged to hOAT3), followed by immunoblotting with anti-

Nedd4-2 antibody. Bottom panel: The same immunoblot from Fig. 3-7a, Top panel was reprobed 

by anti-myc antibody. b. Densitometry plot of results from Fig. 3-7a, Top panel as well as from 

other experiments. The values are mean ± S.E. (n = 3). 
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2.6 Sgk1 inhibits hOAT3 ubiquitination 

The effect of sgk1 on hOAT3 ubiquitination was then examined (Fig. 3-8). In cells transfected 

with Nedd4-2 alone, hOAT3 was heavily ubiquitinated. However, the ubiquitination of hOAT3 

was significantly decreased in cells transfected with both Nedd4-2 and sgk1 (Fig. 3-8a, top panel). 

The difference in the amount of ubiquitinated OAT3 was not due to the difference in the amount 

of OAT3 immunoprecipitated as similar amount of OAT3 was pulled down in both samples (Fig. 

3-8a, bottom panel). These results suggest that sgk1 inhibits Nedd4-2-mediated OAT3 

ubiquitination. 

Figure 3-8. The effect of Sgk1 on OAT3 ubiquitination. a. Top panel: COS-7 cells were 

transfected with hOAT3, Nedd4-2 and control vector or with hOAT3, Nedd4-2 and CA-sgk1. 

Transfected cells were treated with the PKC activator PMA (1 μM) for 30 min to enhance hOAT3 

ubiquitination. Treated cells were then lysed and hOAT3 was immunoprecipitated by anti-myc 

antibody (epitope myc was tagged to hOAT3), followed by immunoblotting with anti-ubiquitin 

antibody. Bottom panel: The same immunoblot from Fig. 3-8a, Top panelwas reprobed by anti-

myc antibody. b. Densitometry plot of results from Fig. 3-8a, top panel as well as from other 

experiments. The values are mean ± S.E. (n = 3). 
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2.7 Nedd4-2 ligase-dead mutant attenuates sgk1-induced stimulation of hOAT3 transport 

activity 

Our result obtained above demonstrated that sgk1 phosphorylated hOAT3 (Fig. 3-6), interfered 

with the binding of Nedd4-2 to hOAT3 (Fig. 3-7), and inhibited hOAT3 ubiquitination (Fig. 3-8). 

The functional consequence due to such action was then assessed. hOAT3-expressing COS-7 

cells were transfected with CA-sgk1 and control vector or with CA-sgk1 and a ligase-dead mutant 

of Nedd4-2 (Nedd4-2/C821A). This mutant is incapable of ubiquitinating OATs. As shown in Fig. 

3-9, sgk1 stimulated hOAT3 transport activity by 38% in control cells, presumably through 

interfering with the inhibitory effect of the endogenous Nedd4-2 on hOAT3. However, in cells 
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transfected with a ligase-dead mutant of Nedd4-2 (Nedd4-2/C821A), the stimulatory effect of 

sgk1 on hOAT3 was attenuated. 

Figure 3-9. Nedd4-2 ligase-dead mutant attenuates the stimulatory effect of CA-sgk1 on 

hOAT3 transport activity. hOAT3-expressing COS-7 cells were transfected with sgk1 and 

control vector or with sgk1 and a ligase-dead mutant of Nedd4-2 (Nedd4-2/C821A). 3-min uptake 

of [
3
H]-estrone sulfate (0.3 μM) was then determined. Uptake activity was expressed as a 

percentage of the uptake measured in cells without the transfection of sgk1. Values are mean ± 

S.E. (n = 3). 
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3. Discussion 

From our study, we acquired several pieces of crucial information. First, sgk1 has a 

significant regulatory role in hOAT3 function. Overexpression of sgk1 resulted in a stimulation of 

hOAT3-mediated estrone sulfate uptake (Fig. 3-1). Treatment of the cells with a sgk-specific 

inhibitor has an opposite effect (Fig. 3-2), although we cannot exclude the possibility that the 

effect of GSK650394 may result from the inhibition of sgk1 as well as other Sgk1-related kinases. 

The stimulation of hOAT3 activity by sgk1 was due to an enhanced maximum transport velocity 

(Vmax) without changing the binding affinity (Km) of the transporter for its substrates, as 

revealed by our kinetic analysis (Fig. 3-3). The enhanced Vmax correlated with an increased 

amount of the transporter at the plasma membrane (Fig. 3-4), which resulted, at least in part, from 

the role of sgk1 in stabilizing hOAT3 at the cell surface (Fig. 3-5). 

Secondly, sgk1 regulates hOAT3 function via ubiquitin ligase Nedd4-2. Sgk kinases were 

previously shown to modulate their targets by interacting with cytosolic components, one of 

which is the ubiquitin ligase Nedd4-2. Nedd4-2 is a key regulator of a variety of membrane 

proteins, including sodium channel ENaC, potassium channel hERG, and the amino acid 

transporter EAAT2 (70, 71, 73). Our lab recently demonstrated that Nedd4-2 directly binds to 

OATs and catalyzes the attachment of ubiquitin molecules to these transporters, which leads to 

the endocytosis/internalization of OATs from plasma membrane to intracellular endosomes and 

subsequent degradation. Consequently, both the amount of cell surface OATs and their transport 

activity are decreased (45-47). In exploring the relationship among sgk1, Nedd4-2 and hOAT3, 

we found that sgk1 phosphorylated Nedd4-2 (Fig. 3-6), weakened the binding between Nedd4-2 

and hOAT3 (Fig. 3-7), and decreased hOAT3 ubiquitination (Fig. 3-8). The sgk1-induced 

phosphorylation of Nedd4-2 may cause a conformational change of the ubiquitin ligase, hinder its 

binding to hOAT3 and attenuate its inhibition of hOAT3 transport activity. Therefore, the 
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stimulatory effect of sgk1 on hOAT3 transport activity is due, in part, to the ability of sgk1 to 

interfere with the inhibitory effect of Nedd4-2 on hOAT3. 

OATs are under the control of several protein kinases including protein kinase C (40) and 

sgk1 as demonstrated in our current study. These protein kinases exert their roles through 

phosphorylating their substrates. Our lab previously demonstrated that PKC regulates OAT 

activity by altering the trafficking kinetics of OATs without direct phosphorylation of the 

transporter itself (40, 42). It is possible that PKC regulates OAT by phosphorylating an OAT-

interacting partner. In our current study, we showed that sgk1 phosphorylated Nedd-4-2 (Fig. 3-6). 

Whether sgk1 directly phosphorylates hOAT3 is an interesting topic for future investigation. 

In summary, our current study demonstrated that hOAT3 activity is regulated through 

sgk1/Nedd4-2 signaling pathway. Sgk1 stimulated hOAT3 transport activity by interfering with 

the inhibitory effect of Nedd4-2 on the transporter. Sgk is the downstream signaling molecule for 

many physiological hormones such as glucocorticoids and mineralocorticoids (74, 75). Therefore, 

our current study provides important insights into how hOAT3-mediated drug elimination is 

regulated in vivo. 
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Chapter 4 

The activity of organic anion transporter-3: Role of dexamethasone. 

 

Majority of the work presented in this chapter has been published in the following article: 

 

Haoxun Wang, Chenchang Liu, and Guofeng You.  

The activity of organic anion transporter-3: Role of dexamethasone.  

J Pharmacol Sci. 2018 Feb;136(2):79-85. doi: 10.1016/j.jphs.2017.12.011. 
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1. Introduction 

In Chapter 2 and Chapter 3, we demonstrated that sgk1 and sgk2 stimulate OAT activity by 

weakening the association of OAT with an ubiquitin ligase Nedd4-2, which leads to a 

deceleration of ubiquitin-dependent OAT internalization from the plasma membrane to 

intracellular compartments. As a result, the amount of OAT at the cell surface is enhanced and 

OAT transport activity is increased (76, 77).  

Glucocorticoids are hormones that regulate numerous physiological activities related with 

metabolic, cardiovascular, and inflammatory processes (78). Excess of glucocorticoids contribute 

to obesity, hyperlipidemia, hypertension, and glucose intolerance (79). Glucocorticoids have been 

used for the treatment of diarrhea related to inflammatory bowel diseases and nontropical sprue 

(80). Several studies have shown that one of the signaling molecule downstream glucocorticoids 

is sgk (81-83). In the current study, we studied the role of dexamethasone, a synthetic 

glucocorticoid, in OAT3 expression and transport activity. 
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2. Results 

2.1 Cis-inhibition of hOAT3-mediated estrone sulfate (ES) uptake by dexamethasone - Cis-

inhibition studies were performed in hOAT3-expressing HEK293 cells. The 4-min uptake of 

[
3
H]-ES (300 nM) in the presence of dexamethasone (100 µM) or probenecid (100 µM) were 

measured. Probenecid is a known competitive inhibitor for OATs. As shown in Fig. 4-1, 

dexamethasone exhibited ~80% inhibition of ES uptake, similar to the inhibitory potency of 

probenecid.   

Figure 4-1.  Cis-inhibition of hOAT3-mediated [
3
H]‐ES uptake by dexamethasone. 4-min 

uptake of 300 nM [
3
H]-ES in the presence of dexamethasone (100 µM) or probenecid (100 µM) 

was measured. Each data point represented only carrier-mediated transport after subtraction of 

values from parental cells. Uptake activity was expressed as percentage of uptake measured in 

control cells from three independent experiments. Results shown are means ± S.E. of three 

separate experiments. *P<0.05 
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2.2 Dose-dependent effects of dexamethaosne on hOAT3-mediated transport - Dose response 

curve was then constructed to evaluate the effectiveness of dexamethasone as an inhibitor of 

hOAT3 uptake. 4-min uptake of [
3
H]-ES (300 nM) was measured in the presence of 0.1-1000 µM 

dexamethasone. Our result showed that dexamethasone inhibited hOAT3-mediated ES uptake in 

a concentration-dependent manner with IC50 values of 49.91 µM (Fig. 4-2). IC50 value is the 

concentrations at which 50% inhibition is achieved.  

Figure 4-2. Concentration dependence of dexamethasone inhibition on hOAT3-mediated 

uptake. hOAT3-expressing cells were incubated for 4 min with 300 nM [
3
H]-ES in the presence 

of various concentrations of dexamethasone. Each data point represented only carrier-mediated 

transport after subtraction of values from parental cells. Uptake activity was expressed as 
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percentage of uptake measured in control cells from three independent experiments. Results 

shown are means ± S.E. of three separate experiments. *P<0.05. The line represents a best fit of 

data using nonlinear regression analysis. 

 

 

2.3 Dixon plot analysis – We further characterized the mechanism of dexamethasone-induced 

inhibition on hOAT3 transport activity by measuring the hOAT3-mediated [
3
H]-ES uptake in the 

presence and absence of dexamethasone, followed by analysis via Dixon plot (Fig. 4-3). 

Dexamethasone demonstrated a competitive mechanism of inhibition of [
3
H]-ES uptake by 

hOAT3 (as the lines for substrate concentrations converge above the x axis). Then, the constant 

Ki (inhibition constant) value was calculated by fitting the data to a competitive inhibition model 

(described by eq. 1). The Km values of OAT3 for ES was 5μM, the inhibition constant (Ki) of 

dexamethasone was then estimated as 47.08 µM.  
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Figure 4-3. Dixon plot analysis of the inhibitory effects of dexamethasone on hOAT3-

mediated transport. [
3
H]-ES uptake (1.2 µM and 2.4 µM) was determined at 4 min in the 

presence of varying concentrations of dexamethasone. Each data point represented only carrier-

mediated transport after subtraction of values from parental cells. Results shown are means ± SE 

percentage of uptake measured in control cells. The data were fitted by linear regression and Ki 

was calculated. 

 

 

2.4 Long-term treatment of hOAT3-expressing cells with dexamethasone stimulates hOAT3 

transport activity – The above studies (Figs. 4-1-4-3) were designed by measuring the 4-min 

uptake of [
3
H]-ES (300 nM) in the presence of dexamethasone (100 µM). However, the long-term 

effect of dexamethasone on hOAT3 is not known. In the current experiment, we pretreated 

hOAT3-expressing cells with dexamethasone for 0 – 6 hrs., followed by measuring [
3
H]-ES 
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uptake. Our results showed that long-term treatment of hOAT3-expressing cells with 

dexamethasone resulted in a stimulation of hOAT3-mediated [
3
H]-ES uptake with 40% 

stimulation after 6 hrs. pretreatment (Fig. 4-4a).  Dexamethasone also induced a dose-dependent 

stimulation of hOAT3 mediated transport with 6 hrs. pretreatment (Fig. 4-4b). In order to 

investigate the mechanism of dexamethasone-induced
 
stimulation on hOAT3 transport activity, 

we measured hOAT3-mediated [
3
H]-ES uptake at various substrate (ES) concentrations. An 

Eadie-Hofstee
 
analysis of the measured data (Fig. 4-5) revealed that treatment of hOAT3-

expressing cells with dexamethasone resulted in an increased maximal transport velocity Vmax of 

hOAT3 (330 ± 24 pmol·mg
–1

·4min
–1

 with control cells and 387 ± 29 pmol·mg
–1

·4min
–1

 with cells 

transfected with dexamethasone). However, the substrate-binding affinity Km of the transporter 

was not significantly changed (5.07 ± 0.49 µM
 
with control cells and 5.08 ± 0.51 µM with cells 

transfected with dexamethasone).   

Figure 4-4. Long-term treatment of hOAT3-expressing cells with dexamethasone stimulates 

hOAT3 transport activity. (a). Time dependence. hOAT3-expressing cells were pretreated with 

dexamethasone (10nM) for 2, 4 and 6 hrs. 4-min uptake of [
3
H]-ES (300 nM) was then measured. 

Uptake activity was expressed as a percentage of the uptake measured in control cells. The data 

represent uptake into hOAT3-expressing cells minus uptake into mock cells (parental cells). 

Values are mean ± S.E. (n = 3). *P<0.05. (b). Dose dependence. hOAT3-expressing cells were 

pretreated for 6 hrs. with dexamethasone at varies doses. 4-min uptake of [
3
H]-ES (300 nM) was 

then measured. Uptake activity was expressed as a percentage of the uptake measured in control 

cells. The data represent uptake into hOAT3-expressing cells minus uptake into control cells 

(parental cells). Values are mean ± S.E. (n = 3). *P<0.05. 
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Figure 4-5. Kinetic analysis of hOAT3-mediated ES transport. Kinetic characteristics were 

determined at substrate concentration ranging from 0.05 to 10 μM (ES, 4-min uptake) after 

pretreatment of dexamethasone for 6 hrs. (10 nM). The data represent uptake into hOAT3-

expressing cells minus uptake into control cells (parental cells). Values are mean ± S.E. (n = 3). 

Transport kinetic values were calculated using the Eadie–Hofstee transformation. 
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2.5 Effect of dexamethasone on hOAT3 expression – Either an enhanced number of the 

transporter at the plasma membrane or an enhanced transporter turnover rate could contribute to 

an increased Vmax (Fig. 4-5). Therefore, we conducted biotinylation assay to differentiate 

between these two possibilities by measuring transporter expression both at the plasma membrane 

and in the total cell lysates. Our results indicated that dexamethasone treatment enhanced hOAT3 

expression at the plasma membrane without altering the total cell expression of hOAT3 (Fig. 4-6). 

Figure 4-6. Effect of dexamethasone on hOAT3 expression. (a). Top panel: Cell surface 

expression of hOAT3. hOAT3-expressing cells were pretreated with the dexamethasone (10nM, 6 

hrs.). Cells were labeled with biotin. Biotinylated cell surface proteins were separated with 

streptavidin beads, followed by immunoblotting (IB) with an anti-myc antibody (hOAT3 was 
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tagged with epitope myc for immunodetection). Bottom panel: The expression of cell surface 

protein marker E-cadherin. The same blot from the top panel was re-probed with anti- E-cadherin 

antibody. (b). Densitometry plot of results from Fig. 4-6a, top panel as well as from other 

experiments. The values are mean ± S.E. (n = 3). *P<0.05. (c). Top panel: Total cell expression 

of hOAT3. hOAT3-expressing cells were pretreated with the Dexamethasone (10nM, 6 hrs.). 

Cells were lysed, followed by immunoblotting (IB) with an anti-myc antibody. Bottom panel:  

Total cell expression of cellular protein marker β-actin. The same blot from top panel was re-

probed with anti-β-actin antibody. (d). Densitometry plot of results from Fig. 4-6c, top panel as 

well as from other experiments. The values are mean ± S.E. (n = 3). *P<0.05. 

 

 

2.6 Sgk inhibitor GSK650394 abrogates the stimulatory effect of dexamethasone on hOAT3 

transport activity – Several studies have shown that one of the signaling molecule downstream 

glucocorticoids is the serum- and glucocorticoid-inducible kinases (sgk). In this experiment, we 
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examined whether sgk mediates the effect of dexamethasone on hOAT3. We treated hOAT3-

expressing cells with dexamethasone with or without a sgk-selective inhibitor GSK650394, 

followed by the measurement of hOAT3-mediated uptake of [
3
H]-ES. As shown in Fig. 4-7, 

dexamethasone stimulated hOAT3-mediated transport ~40% in control cells, whereas such 

stimulation was blocked in the presence of GSK650394. 

Figure 4-7. Sgk inhibitor GSK650394 abrogates the stimulatory effect of dexamethasone on 

hOAT3 transport activity. hOAT3-expressing cells were incubated for 6 hrs. with 10 nM 

dexamethasone in the presence and absence of sgk inhibitor GSK650394 (100 nM). After 

washing the cells, 4-min uptake of [
3
H]-ES (300 nM) was measured. Uptake activity was 

expressed as a percentage of the uptake measured in control cells. The data represent uptake into 

hOAT3-expressing cells minus uptake into mock cells (parental HEK293 cells). The values are 

mean ± S.E. (n = 3). *P<0.05. 
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2.7 Dexamethsaone enhanced sgk1 phosphorylation – Previous investigations (83-85) reported 

that activation of sgk1 is dependent upon the phosphorylation of this kinase, at least in part, by 

phosphorylating sgk1 at serine residue 422 (Ser 422). Thus, we examined the effect of 

dexamethasone on the phosphorylation levels of sgk1. hOAT3-expressing cells were pretreated 

with dexamethasone for 6 hrs. (10nM). Treated cells were then lysed, followed by 

immunoblotting (IB) with anti-phospho-sgk1-specific antibody. Our results showed that 

dexamethasone significantly enhanced the level of sgk1 phosphorylation as compared to that of 

the control (Fig. 4-8a) without change in the total expression of sgk1 (Fig. 4-8c). The expression 

level of cellular protein marker β-actin was also not changed.  

Figure 4-8. Dexamethasone phosphorylates sgk1. (a) Total cell expression of phospho-sgk1. 

hOAT3-expressing cells were pretreated with dexamethasone (10nM, 6 hrs.). Cells were lysed, 

followed by immunoblotting (IB) with anti-phospho-sgk1(Ser422)-specific antibody. (b) 

Densitometry plot of results from Fig. 8a, as well as from other experiments. The values are mean 

± SE (n = 3). (c) The same blot from Fig. 4-8a was re-probed with anti-sgk1. (d) Densitometry 

plot of results from Fig. 4-8c as well as from other experiments. The values are mean ± SE (n = 

3). (e) The same blot from Fig. 4-8a was re-probed with anti-β-actin antibody. β-actin is a cellular 

protein marker. 
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3. Discussion  

The current investigation revealed that dexamethasone, a synthetic glucocorticoid, has a 

significant role in modulating hOAT3 expression and transport activity.  

Glucocorticoids are known to affect a variety of renal functions. Glucocorticoid excess can 

lead to metabolic alkalosis and potassium depletion (86). In addition, glucocorticoids such as 

dexamethsone have been shown to specifically regulate, through glucocorticoid receptors, a set of 

transporters/exchangers (e.g. Na
+
:HCO3

-
 cotransporter, Na

+
/H

+
 exchanger) in renal proximal 

tubules, where OATs are expressed (82, 87, 88). 

We chose to perform our investigation in human kidney HEK293 cells, a widely-used cell 

model for answering mechanistic questions of many renal transport processes (89-92).  Therefore, 

our studies in these cells will provide insights into the future investigation in evaluating whether 

similar regulation is working in vivo. 

From our investigation, we gained several pieces of valuable information. Dexamethasone 

has dual effects on hOAT3 transport activity. First, when co-present with hOAT3 substrate for a 

brief period of time (4 min), dexamethasone acts as an inhibitor for hOAT3-mediated transport 

(Fig. 4-1). Further characterization of the inhibition mechanism by Dixon plot revealed that the 

dexamethasone is a competitive inhibitor (Fig. 4-3). Such mode of inhibition is that the binding of 

the inhibitor to the active site on the transporter excludes the binding of the substrate and vice 

versa. The IC50 value of dexamethasone for hOAT3 determined in the present study is 49.91 µM 

(Fig. 4-2). This is the concentrations at which 50% inhibition was achieved. The maximum 

plasma concentration (Cmax) of dexamethasone is 0.16 µM (64.4µg/L), as suggested by 

spoorenberg et al. (93).  Corrected by unbound fraction value of 0.272 (94), the unbound 

maximum plasma concentration (Cu,max) of dexamethasone is ~0.045 µM. A Cu,max/IC50 value 

greater than 0.1 would suggest a potential for drug-drug interaction (2). The Cu,max/IC50 value of 
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dexamethasone for hOAT3 was < 0.1. Therefore, the propensity for dexamethasone to cause 

drug-drug interaction through inhibition of hOAT3 is low.  

Interestingly, long-term treatment of hOAT3-expressing cells at the clinically relevant 

concentration of dexamethasone (10nM), displayed an opposite effect of dexamethasone on 

hOAT3 transport activity. Instead of an inhibitory role, pretreatment of hOAT3-expressing cells 

with dexamethasone for 6 hrs. resulted in a 40% stimulation of hOAT3 activity (Fig. 4-4). The 

stimulation of hOAT3 transport activity by dexamethasone correlated with an enhanced hOAT3 

expression at the cell surface. One of the signaling pathways downstream of dexamethasone is the 

serum- and glucocorticoid-inducible kinases (sgk) pathway. Our lab previously demonstrated that 

sgk stimulates OAT expression and activity by weakening the interaction of OAT with an 

ubiquitin ligase Nedd4-2 and therefore preventing Nedd4-2-dependent OAT internalization from 

the cell surface (76, 77, 95). To examine the role of sgk in the effect of dexamethasone on 

hOAT3, we pretreated hOAT3-expressing cells with dexamethasone in the presence or absence of 

sgk-specific inhibitor GSK650394. We showed that GSK650394 abrogated stimulatory effect of 

dexamethasone on hOAT3 transport activity, suggesting that dexamethasone exerts its effect on 

hOAT3 through the activation of sgk (Fig. 4-7). This conclusion was further reinforced by our 

results showing that dexamethasone enhanced sgk phosphorylation (Fig. 4-8). Phosphorylation of 

sgk was previously reported to be a prerequisite for the activation of this kinase (83, 85). Based 

on previously published work, dexamethasone diffuses passively into cells (96), stimulates PI3K 

signaling pathway through binding to glucocorticoid receptor (82), which leads to the 

phosphorylation of SGK1 and enhancement of SGK1 activity.  

Dexamethasone is a synthetic glucocorticoid. Because of its potent anti-inflammatory and 

immunosuppressant effect, it has been widely used to treat inflammatory and autoimmune 

conditions, such as rheumatic problems, and severe allergies (97). What is more, it is often used 

with chemotherapy in cancer patient to counteract certain side effects of their antitumor 
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treatments (98). Our in vitro study showed that at a clinical relevant concentration (10nM), long-

term treatment with dexamethasone stimulated hOAT3 transport activity, suggesting that hOAT3-

mediated drug elimination might be affected if a hOAT3 substrate/drug is taken with 

dexamethasone simultaneously. The in vivo study aiming at identifying the effect of 

dexamethasone on hOAT3 activity is currently being carried out in our lab. 

In summary, current study uncovered dual roles of dexamethasone in hOAT3 transport 

activity: dexamethasone can act as a competitive inhibitor for hOAT3-mediated transport. 

Interestingly, once entering the cells, dexamethasone activates sgk1, which leads to an enhanced 

hOAT3 expression at the cell surface and an enhanced hOAT3 transport activity.  
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Chapter 5 

The Mechanistic Links between Insulin and Human Organic Anion Transporter 4 

 

Majority of the work presented in this chapter has been published in the following article: 

 

Haoxun Wang, Jinghui Zhang, and Guofeng You.  

The Mechanistic Links between Insulin and Human Organic Anion Transporter 4.  

Int J Pharm. 2019 Jan 30;555:165-174. doi: 10.1016/j.ijpharm.2018.11.040. 
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1. Introduction 

In Chapter 2, we have demonstrated that sgk stimulated OAT transport activity by abrogating the 

inhibitory effect of Nedd4-2 on the transporter (77, 99). 

Insulin has been shown to regulate the cellular processes through multiple signaling pathways 

(100-102). One of the mediators for insulin is sgk (103). Therefore, in the current study, we 

investigated the effect of insulin on hOAT4. Interestingly, we discovered that insulin regulates 

hOAT4 by competing with sgk rather than through sgk. 
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2. Results 

2.1 Effect of insulin on hOAT4 transport activity – To examine the role of insulin in hOAT4 

function, we treated hOAT4-expressing COS-7 cells with insulin, followed by the measurement 

of hOAT4-mediated uptake of [
3
H]-estrone sulfate (ES), a prototypical substrate for hOAT4. As 

shown in Fig. 5-1, insulin induced a dose-, and time-dependent rise in the uptake in compared 

with that in control cells with a ~ 180% stimulation at insulin concentration of 100 nM for 12 hr. 

treatment. To investigate the mechanism of insulin-induced
 
stimulation of hOAT4 activity, we 

measured hOAT4-mediated uptake of [
3
H]-estrone sulfate at various substrate concentrations. 

Using an Eadie-Hofstee
 
analysis (Fig. 5-2), we showed that treatment with insulin caused an 

increased maximal transport velocity Vmax of hOAT4 (129.77 ± 19.82 pmol·mg
–1

·3min
–1

 with 

control cells and 230.07 ± 22.21 pmol·mg
–1

·3min
–1

 with cells treated with insulin) without 

notable alteration
 
in the substrate-binding affinity Km of the transporter (3.27 ± 0.30 µM

 
with 

control cells and 3.45 ± 0.26 µM with cells treated with insulin). 

Figure 5-1. Effect of insulin on hOAT4 transport activity. (a) Time-dependent stimulation of 

hOAT4 transport activity. hOAT4-expressing COS-7 cells were treated with insulin (100nM) for 

2h, 4h, 6h and 12h. 3-min uptake of [
3
H]-estrone sulfate (0.3 µM) was then measured. Uptake 

activity was expressed as a percentage of the uptake measured in control cells. The data represent 

uptake into hOAT4-expressing cells minus uptake into mock cells (parental COS-7 cells). Values 

are mean ± SD (n = 3). *P<0.05. (b) Dose-dependent stimulation of hOAT4 transport activity. 

hOAT4-expressing COS-7 cells were treated with insulin at varies doses in 12h-treatment. 3-min 

uptake of [
3
H]-estrone sulfate (0.3 µM) was then measured. Uptake activity was expressed as a 

percentage of the uptake measured in control cells. The data represent uptake into hOAT4-

expressing cells minus uptake into mock cells (parental COS-7 cells). Values are mean ± SD (n = 

3). *P<0.05. 
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Figure 5-2. Effect of insulin on the kinetics of hOAT4-mediated estrone sulfate transport. 

COS-7 cells expressing hOAT4 were treated with the insulin (100nM, 12h), and initial uptake (3 

min) of [
3
H]-estrone sulfate was measured at the concentration of 0.1–10 µM. The data represent 

uptake into hOAT4-transfected cells minus uptake into mock cells (parental COS-7 cells). Values 

are means ± SD (n = 3). V, velocity; S, substrate concentration. 
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2.2 Effect of insulin on hOAT4 Expression – Two possibilities could be responsible for a rise in 

the maximal transport velocity Vmax of hOAT4 shown in Fig. 5-2: either the number
 
of the 

transporter at the plasma membrane could be increased or the transporter
 
turnover rate could be 

enhanced. We carried out experiments that dissect
 
these likelihoods by examining transporter 

expression both
 
at the plasma membrane and in the total cell lysates. We showed

 
that treatment 

with insulin led to an increase of hOAT4 expression at the plasma membrane (Fig. 5-3a), and in 

total cell lysates (Fig. 5-3c, top panel). Such a change in hOAT4 expression was not because of 

the overall perturbation of the cellular proteins since the expression of cellular protein marker β-

actin was not affected under these situations (Fig. 5-3c, bottom panel).  

Figure 5-3. Effect of insulin on hOAT4 expression. (a). Cell surface expression of hOAT4. 

 



69 
 

 
 

hOAT4-expressing COS-7 cells were treated with the insulin (100nM, 12h). Cells were labeled 

with biotin. Biotinylated/cell surface proteins were separated with streptavidin beads, followed by 

immunoblotting (IB) with an anti-Myc antibody. Epitope Myc was tagged to hOAT4 for immune-

detection. (b). Densitometry plot of results from Fig. 5-3a, as well as from other experiments. The 

values are mean ± SD (n = 3). *P<0.05. (c). Top panel: Total expression of hOAT4. hOAT4-

expressing COS-7 cells were treated with the insulin (100nM, 12h). Cells were lysed, followed by 

immunoblotting (IB) with an anti-Myc antibody. Epitope Myc was tagged to hOAT4 for immune-

detection.  Bottom panel: the same blot from Fig. 5-3c was re-probed with anti β-actin antibody.  

β-actin is a cellular protein marker. (d). Densitometry plot of results from Fig. 5-3c, top panel as 

well as from other experiments. The values are mean ± SD (n = 3). *P<0.05.  
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2.3 Relationship between insulin and sgk2 on hOAT4 transport activity – One of the 

downstream mediators for insulin is sgk. We therefore investigated the relationship between 

insulin and sgk2 on hOAT4 transport activity. We transfected hOAT4-expressing cells with 

control vector, inactive form of sgk2 (IN-sgk2), wild-type of sgk2 (WT-sgk2), or the constitutive 

active form of sgk2 (CA-sgk2). Transfected cells were then treated with or without insulin 

(100nM, 12h), followed by [
3
H]-estrone sulfate uptake (3min, 0.3 µM). As shown in Fig. 5-4a, in 

the absence of insulin, hOAT4-mediated uptake was not significantly changed in IN-sgk2-

transfected cells, was moderate in WT-sgk2-transfected cells, and was highest in CA-sgk2-

transfected cells as compared to that in control cells, consistent with activity of the sgk2. 

However, when these cells were treated with insulin (Fig. 5-4b), we observed a maximum 

stimulation of hOAT4-mediated uptake in control or in IN-sgk2-transfected cells, suggesting that 

overexpression of IN-sgk2 failed to block insulin’s stimulatory effect. However, in cells 

transfected with WT-sgk2, the stimulatory effect of insulin became smaller as compared to that in 

cells transfected with IN-sgk2. In cells transfected with CA-sgk2, the stimulatory effect of insulin 

became diminished as compared to that in cells transfected with IN-sgk2. Similar results were 

observed in the cells overexpressing Nedd4-2 (Fig. 5-4c). These results indicate that the sgk2-

stimulated hOAT4 uptake and insulin-stimulated uptake were not additive. When cells expressed 

highest level of sgk2 activity (CA-sgk2), insulin was unable to further stimulate hOAT4 transport 

activity.  

Figure 5-4. Relationship between insulin and sgk2 on hOAT4 transport activity.  (a) The 

effect of sgk2 on hOAT4 transport activity. COS-7 cells were transfected with hOAT4 and 

control vector, or with hOAT4 and the inactive form of sgk2 (IN-sgk2), or with hOAT4 and the 

wild-type of sgk2 (WT-sgk2), or with hOAT4 and the constitutive active form of sgk2 (CA-

sgk2). After 48h transfection, cells were starved for 12h. [
3
H]-estrone sulfate uptake was then 

measured (3min, 0.3 µM). Uptake activity was expressed as a percentage of the uptake measured 
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in control cells. The data represent uptake into hOAT4-expressing cells minus uptake into mock 

cells (parental COS-7 cells). Values are mean ± SD (n = 3). *P<0.05. (b) Relationship between 

insulin and sgk2 on hOAT4 transport activity.  COS-7 cells were transfected with hOAT4 and 

control vector, or with hOAT4 and the inactive form of sgk2 (IN-sgk2), or with hOAT4 and the 

wild-type of sgk2 (WT-sgk2), or with hOAT4 and the constitutive active form of sgk2 (CA-

sgk2). Transfected cells were then treated with or without insulin (100nM, 12h), followed by the 

measurement of [
3
H]-estrone sulfate uptake (3min, 0.3 µM). Uptake activity was expressed as a 

percentage of the uptake measured in control cells. The data represent uptake into hOAT4-

expressing cells minus uptake into mock cells (parental COS-7 cells). Values are mean ± SD (n = 

3). *P<0.05. NS: statistically not significant. (c) Relationship between insulin and sgk2 on 

hOAT4 transport activity in the cells overexpressing Nedd4-2. COS-7 cells were transfected with 

Nedd4-2, hOAT4 and the inactive form of sgk2 (IN-sgk2), or with Nedd4-2, hOAT4 and the 

constitutive active form of sgk2 (CA-sgk2). Transfected cells were then treated with or without 

insulin (100nM, 12h), followed by the measurement of [
3
H]-estrone sulfate uptake (3min, 0.3 

µM). Uptake activity was expressed as a percentage of the uptake measured in control cells. The 

data represent uptake into hOAT4-expressing cells minus uptake into mock cells (parental COS-7 

cells). Values are mean ± SD (n = 3). *P<0.05. NS: statistically not significant. 
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2.4 Effect of Nedd4-2 on insulin-stimulated hOAT4 expression – We previously demonstrated 

that the ubiquitination of OAT catalyzed by ubiquitin ligase Nedd4-2 leads to the internalization 

of the transporter from cell surface and subsequent degradation. In this experiment, we 

investigated the role of Nedd4-2 in insulin-stimulated hOAT4 expression (Fig. 5-5). In control 

cells, insulin significantly enhanced hOAT4 expression at the plasma membrane (Fig. 5-5a), 

whereas in cells transfected with Nedd4-2-specific siRNA to knock down the expression of 

endogenous Nedd4-2, insulin was unable to enhance hOAT4  expression at the plasma membrane 

(Fig. 5-5c).  These results suggest that insulin stimulated hOAT4 expression through Nedd4-2.  

Figure 5-5.  Role of Nedd4-2 in insulin-stimulated hOAT4 expression. (a) COS-7 cells were 

co-transfected with hOAT4 and scrambled control siRNA. Transfected cells were treated with or 
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without insulin (100nM) for 12h and then were labeled with biotin. Biotinylated/cell surface 

proteins were separated with streptavidin beads, followed by immunoblotting (IB) with an anti-

Myc antibody. Epitope Myc was tagged to hOAT4 for immune-detection. (b). Densitometry plot 

of results from Fig. 4-5a, as well as from other experiments. The values are mean ± SD (n = 3). 

*P<0.05, (c) COS-7 cells were co-transfected with hOAT4 and Nedd4-2-specific siRNA. 

Transfected cells were treated with or without insulin (100nM) for 12h and then were labeled 

with biotin. Biotinylated/cell surface proteins were separated with streptavidin beads, followed by 

immunoblotting (IB) with an anti-Myc antibody. Epitope Myc was tagged to hOAT4 for immune-

detection. (d). Densitometry plot of results from Fig. 4-5c, as well as from other experiments. The 

values are mean ± SD (n = 3). NS: statistically not significant. 
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2.5 Effect of Nedd4-2 on insulin-stimulated hOAT4 transport activity – We next investigated 

the role of Nedd4-2 in insulin-stimulated hOAT4 transport activity (Fig. 5-6). In control cells (Fig. 

5-6a) and cells transfected with Nedd4-2 (Fig. 5-6b), insulin significantly enhanced hOAT4-

mediated uptake of [
3
H]-estrone sulfate, whereas in cells transfected with Nedd4-2-specific 

siRNA to knock down the expression of endogenous Nedd4-2, insulin was unable to enhance 

hOAT4 transport activity (Fig. 5-6c), demonstrating that insulin stimulated hOAT4 transport 

activity through Nedd4-2.  

Figure 5-6.  Role of Nedd4-2 in insulin-stimulated hOAT4 transport activity. (a) COS-7 cells 

were co-transfected with hOAT4 and scrambled control siRNA. Transfected cells were treated 

with or without insulin (100nM) for 12h and then measured for the uptake of [
3
H]-estrone sulfate 

(3-min uptake and 0.3 μM estrone sulfate). The data represent uptake into hOAT4-transfected 

cells minus uptake into mock cells (parental COS-7 cells). Values are mean ± SD (n = 3). 

*P<0.05 (b) COS-7 cells were triple-transfected with hOAT4, Nedd4-2 and scrambled control 

siRNA. Transfected cells were treated with or without insulin (100nM) for 12h and then 

measured for the uptake of [
3
H]-estrone sulfate (3-min uptake and 0.3 μM estrone sulfate). The 

data represent uptake into hOAT4-transfected cells minus uptake into mock cells (parental COS-7 

cells). Values are mean ± SD (n = 3). *P<0.05. (c) COS-7 cells were co-transfected with hOAT4 

and Nedd4-2-specific siRNA. Transfected cells were treated with or without insulin (100nM) for 

12h and then measured for the uptake of [
3
H]-estrone sulfate (3-min uptake and 0.3 μM estrone 

sulfate). The data represent uptake into hOAT4-transfected cells minus uptake into mock cells 

(parental COS-7 cells). Values are mean ± SD (n = 3). NS: statistically not significant. 
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2.6 Effect of insulin on the interaction of Nedd4-2 with hOAT4 – Nedd4-2 regulates OAT 

ubiquitination by directly interacting with the transporter. We assessed the effect of insulin on the 

interaction of Nedd4-2 with hOAT4 through co-immunoprecipitation assay. hOAT4-expressing 

cells were transfected with Nedd4-2. Transfected cells were incubated with or without insulin. 

hOAT4 was then immunoprecipitated, followed by immunoblotting with anti-Nedd4-2 antibody 

to detect hOAT4-associated Nedd4-2. As shown in Fig. 5-7a top panel, in the absence of insulin, 

a significant quantity of Nedd4-2 was found in hOAT4 immunoprecipitates (lane 1), indicating a 

direct association between these two proteins. Yet, in cells treated with insulin (lane 2), the 

quantity of Nedd4-2 found in hOAT4 immunoprecipitates was much reduced. These data suggest 

that insulin hindered the interaction between hOAT4 and Nedd4-2. The difference in the amount 

of Nedd4-2 associated with hOAT4 was not due to the difference in the amount of hOAT4 pulled 
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down because the same quantity of hOAT4 was immunoprecipitated under these conditions (Fig. 

5-7a bottom panel). Similar results were obtained using a reciprocal approach, where Nedd4-2 

was pulled down first, followed by immunoblotting with anti-Myc antibody (epitope Myc was 

tagged to hOAT4) to detect Nedd4-2-associated hOAT4 (Fig. 5-7c, top panel).  

Figure 5-7. Role of insulin in the interaction between Nedd4-2 and hOAT4. (a) COS-7 cells 

were transfected with hOAT4 and Nedd4-2. Top panel: Transfected cells were treated with or 

without insulin (100nM, 12h) and then lysed, and hOAT4 was immunoprecipitated (IP) with anti-

Myc antibody, followed by immunoblotting (IB) with the anti-Nedd4-2 antibody. Epitope Myc 

was tagged to hOAT4 for immune-detection. Bottom panel: The same immunoblot from Fig. 5-7a 

top panel was reprobed by anti-Myc antibody to detect the total amount of hOAT4 pulled down. 

(b) Densitometry plot of results from Fig. 5-7a as well as from other experiments. The values are 

mean ± SD (n = 3). *P<0.05. (c) Top panel: Transfected cells were treated with or without insulin 

(100nM, 12h) and then lysed, and Nedd4-2 (tagged with epitope Flag for immunodetection) was 

immunoprecipitated (IP) with anti-Flag M2 affinity gel, followed by immunoblotting (IB) with 

the anti-Myc antibody. Bottom panel: The same immunoblot from Fig. 5-7c top panel was 

reprobed by anti-Flag antibody to detect the total amount of Nedd4-2 pulled down. (d) 

Densitometry plot of results from Fig. 5-7c as well as from other experiments. The values are 

mean ± SD (n = 3). *P<0.05. (Fig. 5-7c provided by Jinghui Zhang) 
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2.7 Effect of insulin on Nedd4-2 phosphorylation – We previously showed that sgk stimulates 

OAT activity by phosphorylating the amino acid residue serine 327 on Nedd4-2 (99). In this 

experiment, we examined whether insulin stimulates hOAT4 activity by phosphorylating Nedd4-

2 at the same site. We transfected Nedd4-2 into hOAT4-expressing cells. The transfected cells 

were treated with or without insulin, followed by immunoblotting with phosphor-Nedd4-2 

(Ser327)-specific antibody. As shown in Fig 8a, top panel, the phosphor-Nedd4-2-specific 

antibody detected a band at the size of Nedd4-2 in control cells, suggesting that Nedd4-2 was 

certainly phosphorylated at Ser327. The phosphorylation signal was enhanced by 70% in cells 

treated with insulin. The total expression of Nedd4-2 was not affected by insulin (Fig 5-8a, 

middle panel). Furthermore, the difference in the amount of Nedd4-2 phosphorylated was not due 

to an overall change in cellular proteins as the amount of cellular protein marker β-actin was not 
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affected under this condition (Fig. 5-8a, bottom panel). Therefore, insulin enhanced the 

phosphorylation of Nedd4-2 at serine 327. 

Figure 5-8. Effect of insulin on Nedd4-2 phosphorylation. (a) COS-7 cells were co-transfected 

with hOAT4 and Nedd4-2. Transfected cells were treated with or without insulin (100nM) and 

then lysed, followed by immunoblotting with the anti-Phospho-Nedd4-2 antibody (Top panel), 

anti-Nedd4-2 antibody (middle panel), or anti-β-actin antibody (bottom panel) respectively. β-

actin is a cellular protein marker. (b). Densitometry plot of results from Fig. 5-8a, the top panel as 

well as from other experiments. The values are mean ± SD (n = 3). *P<0.05. 

 

 

2.8 Effects of PI3K inhibitors on insulin-stimulated hOAT4-mediated estrone sulfate 

uptakes –PI3K has been shown to be the key regulator in insulin pathway (104-106) and PI3K 

inhibitors have been utilized to block insulin-mediated effect (107, 108). To examine the effects 

of PI3K inhibitors on insulin-stimulated hOAT4-mediated estrone sulfate uptakes, we employed 
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two selective PI3K inhibitors wortmannin and buparsilib. As shown in Fig. 5-9, both inhibitors 

significantly blocked the stimulatory effect of insulin on hOAT4 transport activity (wortmmanin 

or buparsilib alone did not show non-specific cytotoxicity). Together these results provide 

evidence that PI3K plays an essential role in the regulation of insulin stimulated hOAT4 activity. 

Figure 5-9. The effects of wortmannin and buparlisib on insulin stimulation of hOAT4-

mediated transport. hOAT4-expressing cells were treated with insulin (100nM, 12h) with or 

without PI3K inhibitors (wortmannin (100nM, 12h) or buparlisib (250nM, 12h)) or PI3K 

inhibitors alone, followed by measuring the uptake [
3
H] estrone sulfate (ES, 3min, 0.3 µM). 

Uptake activity was expressed as a percentage of the uptake determined in control cells. The 

data represent uptake into hOAT4-expressing cells minus uptake into mock cells. Values are 

mean ± SD (n = 3). *P<0.05. 
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3. Discussion 

Nedd4-2 is under the control of many protein kinases (65, 73, 99, 102, 109). It is possible 

that differential regulations of OAT by various protein kinases are exerted through the dynamic 

phosphorylation at different sites on Nedd4-2, in doing so, bringing about diverse conformational 

change in Nedd4-2 and altering its binding to OAT, which results in a change in OAT 

ubiquitination, trafficking and transport activity (73, 99, 102). Our lab has recently demonstrated 

that the serum- and glucocorticoid-inducible kinases (sgks) stimulated OAT transport activity by 

selectively phosphorylating serine residue 327 on Nedd4-2 (99), which weakens the binding of 

Nedd4-2 to OAT, leading to a reduced ubiquitin-triggered OAT internalization and degradation 

(77, 99). Here our results further indicate that insulin increases hOAT4 expression and activity by 

inducing phosphorylation of the same serine on Nedd4-2. 

Insulin is a peptide hormone that regulates the activity of many membrane proteins (e.g. 

epithelial sodium channel (ENaC), Glucose Transporter type 4 (Glut4) and Na+/H+ exchanger 3) 

(102, 110, 111). The regulation of insulin in cellular processes could be through multiple 

signaling pathways. Several lines of evidence indicate that insulin was an upstream activator of 

sgks (102, 112, 113). In the current study, we showed that insulin stimulated hOAT4 expression 

and transport activity (Figs. 5-1-5-3). We further showed that regulation of hOAT4 activity by 

insulin was mediated by ubiquitin ligase Nedd4-2. Knocking down endogenous Nedd4-2 by 

Nedd4-2-specific siRNA abolished the effect of insulin on hOAT4 (Figs. 5-5 and 5-6). The effect 

of insulin on hOAT4 expression and activity was paralleled with the phosphorylation of serine 

327 on Nedd4-2 and a weakened association of Nedd4-2 to hOAT4 (Figs. 5-7 and 5-8). However, 

interestingly, the effect of insulin on hOAT4 was diminished in cells overexpressing sgk2 (Fig. 5-

4), suggesting that the effect of insulin and sgk2 were not additive, and that insulin competes with 

sgk2, rather than acting through sgk2, in the regulation of hOAT4. PI3K has been shown to be the 

key regulator in insulin pathway (104-106). In our current study, we observed that two selective 

PI3K inhibitors wortmannin and buparlisib significantly blocked the stimulatory effect of insulin 
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on hOAT4 transport activity (Fig. 5-9). PI3K has been reported to be a target for anti-tumor 

therapeutics. Wortmannin is a widely used model inhibitor for PI3K in both in vitro and in vivo 

studies (107, 108, 114). Buparlisib is currently under late-stage clinical development. Multiple 

clinical trials have been initiated to investigate the anti-tumor effect of Buparlisib in the patients 

with a variety of cancers (115). 

In addition to its role in the kidney, OAT4, specifically expressed in higher primates, is 

localized to the basolateral membrane of syncytiotrophoblast of the placenta and responsible for 

the elimination of steroid sulfates, xenobiotics, and clinically important drugs from the fetal 

compartment and therefore reducing the toxicity for the developing fetus. Gestational diabetes 

mellitus (GDM) is a condition in which a pregnant woman develops any degrees of glucose 

intolerance due to the lack of insulin. GDM has already become a major health concern with a 

growing prevalence. Further studies investigating the activity and expression of OAT4 in GDM 

placenta would be particularly interesting.  

In conclusion, our current study demonstrated that insulin stimulates hOAT4 expression 

and transport activity through modulating the ubiquitin ligase Nedd4-2. Interestingly, the action 

of insulin is in competition with that of sgk2 rather than through sgk2 (Fig. 5-10). 

Figure 5-10. The Mechanistic Links between Insulin, sgk, and hOAT4. U: ubiquitin. P: 

phosphorylation 
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Chapter 6 

Activation of Protein Kinase A stimulates SUMOylation, expression, and transport activity 

of Organic Anion Transporter 3 

 

Majority of the work presented in this chapter has been published in the following article: 

 

Haoxun Wang, Jinghui Zhang, and Guofeng You.  

Activation of Protein Kinase A stimulates SUMOylation, expression, and transport activity of 

Organic Anion Transporter 3  

AAPS J (2019) 21: 30. https://doi.org/10.1208/s12248-019-0303-4. 

 

Reproduced with the permission from AAPS J, Springer, Haoxun Wang, Jinghui Zhang, and 

Guofeng You. Activation of Protein Kinase A stimulates SUMOylation, expression, and transport 

activity of Organic Anion Transporter 3. AAPS J (2019) 21: 30. https://doi.org/10.1208/s12248-

019-0303-4.  

Copyright © 2019 American Association of Pharmaceutical Scientists 
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1. Introduction 

In Chapter 2 and Chapter 3, we mentioned that post-translational modification of OAT by 

ubiquitination is a major mechanism that governs PKC-regulated OAT trafficking and transport 

activity. Another important ubiquitin-like modifier is the small ubiquitin-related modifier SUMO 

(48, 116). SUMO family consists of three functional isoforms SUMO1-3. All three are 

polypeptides of ~12 kDa, and are broadly detected in many tissues, including brain, liver, and 

kidney. SUMO2 and SUMO3 are regularly mentioned as SUMO2/3 as they have 97% identity. 

In contrast, SUMO2/3 is only ~50% identical in the sequence with SUMO-1. Consistent with 

such sequence differences, SUMO1 and SUMO2/3 modify different substrates in vivo (48, 116). 

The modification of substrate proteins by SUMOylation involves the consecutive steps of the E1 

SUMO-activating enzymes and the E2 SUMO-conjugating enzyme 9 (Ubc9). This process leads 

to the formation of an isopeptide bond between the carboxy-terminal glycine of SUMO and 

lysine residues of specific target proteins. Although chemically stable, modification by SUMO is 

reversible by specific isopeptidases that break the bond between SUMO and the lysine residue(s) 

of target substrate. SUMOylation was initially identified as a major regulatory mechanism of 

protein function on nuclear proteins (117). Within the last decade, more and more membrane 

proteins such as channels and receptors were identified as SUMO substrates (118-124). And the 

roles of SUMOylation in the regulation of these membrane proteins have been investigated. 

Recently, it has become obvious that ubiquitin and SUMO, although performing different 

biological functions, frequently communicate, and cooperatively affect the properties of shared 

substrate proteins, in certain cases by modifying the same site in a competitive manner (125, 

126). Whether OAT is subject to the regulation by SUMOylation is currently unknown. 

 

Contrary to the inhibitory effect of PKC on OATs, protein kinase A (PKA) has been 

shown to stimulate OAT activity (52, 100, 127). However, its mechanism of action is not well 
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understood. A thorough understanding of PKA-regulated OAT activity is of high significance 

because various physiological stimuli such as insulin-like growth factor exert its biological effect 

through the activation of PKA (128). In the present study, we examined the mechanism of PKA 

action on OAT3. We demonstrated that PKA stimulated OAT3 expression and transport activity 

by altering the trafficking kinetics of the transporter possibly through the crosstalk between 

ubiquitination and SUMOylation. 
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2. Results 

2.1 Effect of PKA on hOAT3 transport activity – To examine the role of PKA in hOAT3 

function, we treated hOAT3-expressing COS-7 cells with PKA activator Bt2-cAMP, followed by 

the measurement of hOAT3-mediated uptake of [
3
H] estrone sulfate (ES), a prototypical substrate 

for hOAT3. As shown in Fig. 6-1a, Bt2-cAMP induced a dose-dependent rise in the uptake in 

compared with that in control cells with a ~ 40% stimulation at Bt2-cAMP concentration of 10 

μM. Such Bt2-cAMP-induced increase in hOAT3 transport activity was abrogated in the presence 

of a PKA inhibitor H-89 (H-89 alone did not show non-specific cytotoxicity) (Fig. 6-1b), 

confirming the specific regulation of hOAT3 by PKA. To investigate the mechanism underlying 

PKA-induced
 
increase in hOAT3 activity, we measured hOAT3-mediated uptake of [

3
H] ES at 

various substrate concentrations. An Eadie-Hofstee
 
analysis (Fig. 6-2) revealed that activation of 

PKA by Bt2-cAMP caused an augmented maximal transport velocity Vmax of hOAT3 (147.33 ± 

18.72 pmol·mg
–1

·4min
–1

 with control cells and 230.18 ± 16.46 pmol·mg
–1

·4min
–1

 with cells 

treated with Bt2-cAMP) without notable alteration
 
in the substrate-binding affinity Km of the 

transporter (6.08 ± 0.65 µM
 
with control cells and 5.84 ± 0.56 µM with cells treated with Bt2-

cAMP). 

Figure 6-1. Effect of PKA activator Bt2-cAMP on hOAT3 transport activity. (a) hOAT3-

expressing cells were treated with Bt2-cAMP at various doses for 30 min. 4-min uptake of [
3
H]-

estrone sulfate (ES, 0.3 µM) was then determined. Transport activity was expressed as % of the 

uptake in control cells (mock cells). The data correspond to the uptake into hOAT3-expressing 

cells minus uptake into mock cells and was normalized to protein concentration. Values are mean 

± S.D. (n = 3). *P<0.05. (b) Selectivity of PKA on hOAT3 transport activity. hOAT3-

expressing cells were pretreated with or without a PKA inhibitor H-89 (4μM, 10min). After that, 

the cells were treated with PKA activator Bt2-cAMP (10μM, 30min) with or without PKA 

inhibitor H-89 (4μM, 30min), or H-89 alone, followed by measuring the uptake of [
3
H] estrone 
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sulfate (ES, 4min, 0.3 µM). Transport activity was expressed as % of the uptake in control cells. 

The data correspond to the uptake into hOAT3-expressing cells minus uptake into mock cells and 

was normalized to protein concentration. Values are mean ± S.D. (n = 3). *P<0.05. 

 

 

Figure 6-2. Effect of PKA activator Bt2-cAMP on the kinetics of hOAT3-mediated 

transport of estrone sulfate. hOAT3-expressing cells were treated with the Bt2-cAMP (10μM, 

30min), and initial uptake (4 min) of [
3
H] estrone sulfate was determined at the concentration of 

0.1–10 µM. The data correspond to uptake into hOAT3-expressing cells minus uptake into mock 

cells. Values are means ± S.D. (n = 3). V, velocity; S, substrate concentration. 
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2.2 Effect of PKA on hOAT3 Expression – Two possibilities could be responsible for a rise in 

the maximal transport velocity Vmax of hOAT3 shown in Fig. 6-2: either the quantity
 
of the 

transporter at the plasma membrane could be increased or the transporter
 
turnover rate could be 

enhanced. We conducted analyses that differentiate between
 
these likelihoods by looking at the 

expression of the transporter both
 
at the plasma membrane and in the total cell extracts. We 

revealed that PKA activation by Bt2-cAMP led to an increase of hOAT3 expression at the cell 

surface (Fig. 6-3a, top panel), without altering its total expression (Fig. 6-3d). Such a change in 

hOAT3 expression at the plasma membrane was not because of the overall disturbance of 

membrane proteins since the expression of plasma membrane protein marker E-cadherin was not 

affected under these situations (Fig. 6-3a, bottom panel & Fig. 6-3c).  
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Figure 6-3. Effect of PKA activator Bt2-cAMP on hOAT3 expression. (a). Cell surface 

expression of hOAT3. Top panel: hOAT3-expressing cells were pretreated with or without H-89 

(4μM, 10min). After that, cells were treated with Bt2-cAMP (10μM, 30min) in the presence and 

absence of PKA inhibitor H-89 (4μM, 30min). Biotinylation of treated cells was then performed, 

as described in the section of “Materials and Methods” followed by immunoblotting (IB) with an 

anti-Myc antibody (hOAT3 was tagged with the Myc epitope to facilitate the immunodetection). 

Bottom panel: The identical blot as the top panel was re-probed with anti-E-cadherin antibody. E-

cadherin is a cell membrane marker protein. (b). Densitometry analyses of results from Fig. 6-3a, 

Top panel, along with other experiments. The values are mean ± S.D. (n = 3). *P<0.05. (c) 

Densitometry analyses of results from Fig. 6-3a, Bottom panel, along with other experiments. The 

values are mean ± S.D. (n = 3).  (d). Total expression of hOAT3. hOAT3-expressing cells were 

pretreated with or without H-89 (4μM, 10min). After that, cells were treated with the Bt2-cAMP 

(10μM, 30min) in the presence and absence of PKA inhibitor H-89 (4μM, 30min). Cells were 

immunoblotted (IB) with an anti-Myc antibody. (e). Densitometry analyses of results from Fig. 6-

3d, Top panel, along with other experiments. The values are mean ± S.D. (n = 3). (f) 

Densitometry analyses of results from Fig. 6-3d, Bottom panel, along with other experiments. 

The values are mean ± S.D. (n = 3).   
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2.3 Effect of PKA hOAT3 Trafficking – We earlier demonstrated that the members of OAT 

family naturally internalize from and recycle back to the plasma membrane. In the current 

experiment, we assessed whether PKA-induced increase of OAT expression at the cell surface 

could result from altered trafficking kinetics. First, we examined whether PKA activation alters 

the rate of hOAT3 recycling. We observed that the quantity of surface-labeled hOAT3 recycled to 

the cell surface in the presence of PKA activator Bt2-cAMP was higher than that in the absence 

of Bt2-cAMP (Fig. 6-4a, Top panel), while the amounts of membrane protein marker E-cadherin 

were comparable between Bt2-cAMP treated group and non-treated group at indicated time 

points (Fig. 46-a, Bottom panel), suggesting that PKA activation enhanced the rate of hOAT3 

recycling. We next examined whether PKA activation alters the rate of hOAT3 internalization. 

We observed that the quantity of surface-labeled hOAT3 internalized with the PKA activator Bt2-
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cAMP present was similar as that in the absence of Bt2-cAMP (Fig. 6-5), indicating that PKA 

activation does not affect the rate of hOAT3 internalization.  

Figure 6-4. Biotinylation analysis of Bt2-cAMP-modulated hOAT3 recycling. (a). Top panel:  

hOAT3 recycling (5 min and 10 min) was analyzed as described in the section of “Materials and 

Methods” in the presence and the absence of Bt2-cAMP (10µM), in conjunction with 

immunoblotting (IB) using anti-Myc antibody (1:100). hOAT3 was tagged with the Myc epitope 

to facilitate the immunodecetion. Bottom panel: The identical blot as the top panel was re-probed 

with anti-E-cadherin antibody. E-cadherin is a cell membrane marker protein.  (b) Densitometry 

analyses of results from Fig. 6-4a, Top panel along with other experiments. Total biotin-labeled 

hOAT3 was expressed as % of OAT3 biotinylated at 4 °C. Values are mean ± S.D. (n = 3). 

*P<0.05.  
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Figure 6-5. Biotinylation analysis of hOAT3 internalization. (a). hOAT3 internalization was 

examined as described in the section of “Materials and Methods”, in the presence and the absence 

of Bt2-cAMP (10µM), in conjunction with immunoblotting (IB) using anti-Myc antibody (1:100). 

(b). Densitometry analyses of results from Fig. 6-5a along with other experiments. Internalized 

hOAT3 was expressed as % of total initial cell surface hOAT3 pool. Values are mean ± S.D. (n = 

3). NS: statistically not significant. 

 

 

2.4 Effect of Long-Term PKA Activation on hOAT3 Stability – The above experiments were 

carried out with a short-term PKA activation (with 30-min Bt2-cAMP treatment). The effect of 

long-term activation of PKA (Bt2-cAMP treament for 3-hrs & 6-hrs) on cell surface hOAT3 was 

next evaluated using a biotinylation approach. Our results (Fig. 6-6) showed that there was 

significantly less amount of hOAT3 degraded after 3 hrs and 6 hrs of treatment with PKA 
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activator Bt2-cAMP as compared to that of control (Fig. 6-6a, Top panel), while the amounts of 

membrane protein marker E-cadherin were comparable between Bt2-cAMP treated group and 

non-treated group at indicated time points (Fig. 6-6a, Bottom panel), indicating that PKA 

activation slowed down the degradation rate of hOAT3. 

Figure 6-6 Effect of Bt2-cAMP on the degradation of cell surface hOAT3. (a) Top panel: 

COS-7 cells expressing hOAT3 were treated with the Bt2-cAMP (10μM). Cell surface hOAT3 

degradation was then examined as described in the section of “Materials and Methods”, in 

conjunction with immunoblotting (IB) using anti-Myc antibody. Bottom panel: The identical blot 

as the top panel was re-probed with anti-E-cadherin antibody. E-cadherin is a cell membrane 

marker protein.  (b) Densitometry analyses of results from Fig. 6-6a top panel along with other 

experiments. The amount of undegraded cell surface hOAT3 was expressed as % of total initial 

cell surface hOAT3 pool. Values are mean ± S.D. (n = 3). *P<0.05.  
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2.5 Effect of PKA on hOAT3 SUMOylation – SUMO family consists of three functional 

isoforms SUMO1-3. To examine whether hOAT3 is a substrate for SUMOylation, we transfected 

hOAT3-expressing cells with epitope HA-tagged SUMO-1, SUMO-2, or SUMO-3 together with 

Ubc9, an enzyme catalyzing the conjugation of SUMO to its protein substrate. Transfected cells 

were then lysed and hOAT3 was immunoprecipitated with anti-Myc antibody (hOAT3 was 

tagged with the Myc epitope), followed by immunoblotting (IB) with anti-HA antibody to detect 

SUMOylated hOAT3. As shown in Fig. 6-7a, top panel, hOAT3 was SUMOylated by SUMO-2 

and SUMO-3 but not by SUMO-1. hOAT3 SUMOylation depended on the amount of Ubc9 

transfected with the maximum SUMOylation at 2.4 μg of Ubc9 (Fig. 6-7b, top panel). When cells 

were treated with PKA activator Bt2-cAMP, hOAT3 SUMOylation by SUMO-2 conjugation was 

significantly enhanced in comparison to that in control cells (Fig. 6-7c, top panel). Moreover, 

Bt2-cAMP-enhanced hOAT3 SUMOylation was abrogated in the presence of PKA inhibitor H-

89 (Fig. 6-7c, top panel), suggesting that hOAT3 SUMOylation is PKA-dependent. The 

difference in the hOAT3 SUMOylation was not due to the variance in the amount of hOAT3 

immunoprecipitated because similar quantity of hOAT3 was pulled down in all samples (bottom 

panels of Fig. 6-7a, Fig. 6-7b, and Fig. 6-7c).  

Figure 6-7. The effect of PKA on hOAT3. (a) Effects of SUMO1, SUMO2, SUMO3 and 

Ubc9 on hOAT3 SUMOylation. Top panel:  cDNAs for HA-tagged SUMO1, SUMO2, or 

SUMO3 were transfected into COS-7 cells separately with Ubc9, a SUMO-conjugating enzyme. 

48 hrs after transfection, hOAT3 was pulled down by anti-Myc antibody (hOAT3 was tagged 

with the Myc epitope), with subsequent immunoblotting (IB) using anti-HA antibody. Bottom 

panel: The same blot from the top panel was re-probed with anti-Myc antibody to detect the 

amount of hOAT3 pulled down. (b) Effects of Ubc9 on hOAT3 SUMOylation. Top panel:  

cDNAs for HA-tagged SUMO2 was transfected into COS-7 cells with different amount of Ubc9 

for 48 hrs. After transfection, hOAT3 was pulled down by anti-Myc antibody (hOAT3 was 
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tagged with the Myc epitope), with subsequent immunoblotting (IB) using anti-HA antibody. 

Bottom panel: The same blot from the top panel was re-probed with anti-Myc antibody to detect 

the amount of hOAT3 pulled down. (c) PKA Specificity on hOAT3 SUMOylation. Top panel:  

hOAT3-expressing cells were transfected with HA-SUMO2 and Ubc9 for 48h, then pretreated 

with or without H-89 (4μM, 10min). After that, cells were treated with the Bt2-cAMP (10μM, 

30min) in the presence and absence of PKA inhibitor H-89 (4μM, 30min). hOAT3 was pulled 

down by anti-Myc antibody, with subsequent immunoblotting (IB) using anti-HA antibody. 

Bottom panel: The identical blot from the top panel was re-probed with anti-Myc antibody. (d) 

Densitometry analyses of results from Fig. 6-7c. Values are mean ± S.D. (n = 3). *P<0.05. 

 

 

2.6 Effect of PKA on hOAT3 ubiquitination – We earlier demonstrated that protein kinase C 

(PKC) down regulates hOAT3 activity by enhancing ubiquitin conjugation to the transporter. In 

contrast to the inhibitory effect of PKC on hOAT3, PKA activation stimulated hOAT3 activity. 
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We, therefore, examined the effect of PKA on hOAT3 ubiquitination. hOAT3-expressing cells 

were incubated with PKA activator Bt2-cAMP. hOAT3 was then immunoprecipitated with anti-

Myc antibody, followed by immunoblotting (IB) with anti-ubiquitin antibody to detect 

ubiquitinated hOAT3. As revealed in Fig. 6-8a, top panel, Bt2-cAMP suppressed hOAT3 

ubiquitination in a dose-dependent manner as compared to that in control cells. The difference in 

hOAT3 ubiqitination was not due to the variance in the amount of hOAT3 pulled down because 

the same amount of hOAT3 was immunoprecipitated in all the samples (Fig. 6-8a, bottom panel).  

Figure 6-8.  The effect of PKA activator Bt2-cAMP on OAT3 ubiquitination. (a). Top panel: 

hOAT3-expressing cells were treated with the Bt2-cAMP (1μM or 10μM, 30min). Cells were 

then treated with the PKC activator PMA (1 μM) for 30 min to enhance hOAT3 ubiquitination. 

hOAT3 was pulled down by anti-Myc antibody (hOAT3 was tagged with the Myc epitope), with 

subsequent immunoblotting (IB) using anti-ubiquitin antibody. Bottom panel: The identical 

immunoblot from Fig. 6-8a, Top panel was reprobed by anti-Myc antibody. (b). Densitometry 

analyses of results from Fig. 6-8a. The values are mean ± S.D. (n = 3). *P<0.05. 
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2.7 Effect of Insulin like growth factor (IGF-1) on hOAT3 transport activity and 

SUMOylation – cAMP signaling pathway has been shown to be an important mediator for many 

physiological hormones such as IGF-1. Therefore we investigated the effect of IGF-1 on hOAT3 

transport activity and SUMOylation.  As shown in Fig. 6-9a, IGF-1 (100nM and 3h treatment) 

significantly increased hOAT3-mediated uptake of estrone sulfate (ES). This stimulatory effect 

was blocked by the PKA inhibitor H-89, indicating that IGF-1 regulates hOAT3 transport activity 

through PKA pathway. Moreover, IGF-1 greatly stimulated hOAT3 SUMOylation by SUMO2 

conjugation (Fig. 6-9b). 

Figure 6-9.  The effect of IGF-1 on OAT3 transport activity and SUMOylation. (a) The 

effect of IGF-1 on hOAT3 transport activity. hOAT3-expressing cells were pretreated with or 
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without a PKA inhibitor H-89 (20μM, 10min). After that, the cells were treated with IGF-1 

(100nM, 3hrs) in the presence and absence of PKA inhibitor H-89 (20μM, 3hrs), or H-89 alone, 

followed by [
3
H] estrone sulfate uptake (4min, 0.3 µM). Uptake activity was expressed as % of 

the uptake in control cells. The data correspond to the uptake into hOAT3-expressing cells minus 

uptake into mock cells and was normalized to protein concentration. Values are mean ± S.D. (n = 

3). *P<0.05. (b) The effect of IGF-1 on OAT3 SUMOylation. hOAT3-expressing cells were 

transfected with HA-SUMO2 and Ubc9 for 48hrs, then treated with the IGF-1 (100nM, 3hrs). 

hOAT3 was pulled down by anti-Myc antibody, in conjunction with immunoblotting (IB) using 

anti-HA antibody. (c) Densitometry analyses of results from Fig. 6-9b. Values are mean ± S.D. (n 

= 3). *P<0.05. (Figure 6-9 was generated by Jinghui Zhang and Haoxun Wang together ) 
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3. Discussion 

Our current study showed that PKA stimulated hOAT3 activity which is opposite to the 

action of PKC. In contrast to the action of PKC, we showed that PKA stimulated hOAT3 

expression and transport activity (Figs. 6-1-6-3) by accelerating the rate of hOAT3 recycling 

(Fig. 6-4) without affecting the internalization rate of the transporter (Fig. 6-5). Prolonged 

activation of PKA slowed down hOAT3 degradation (Fig. 6-6). We further showed that hOAT3 

was SUMOylated by SUMO2 and SUMO3 but not by SUMO1 (Fig. 6-7a). SUMO2 and 

SUMO3 contain internal consensus motifs for SUMO conjugation, and therefore are capable of 

forming polySUMO chains. Yet, SUMO1 does not share such property. The molecular size for 

SUMOylated hOAT3 was ~ 180 kDa, 100 kDa larger than the size of hOAT3 (~ 80 kDa). Given 

that SUMO is a 12 kDa polypeptide, hOAT3 is most likely multi- or poly-SUMOylated. (Fig. 6-

7a).  

Our results also revealed that the activation of PKA promoted an enhancement in hOAT3 

SUMOylation (Fig. 6-7b). Interestingly, the enhanced SUMOylation of hOAT3 by PKA 

activation is correlated with a reduced hOAT3 ubiquitination (Fig. 6-8a), indicating that there 

may be a communication between SUMOylation and ubiquitination. It has been suggested that 

SUMOylation and ubiquitination may crosstalk and mutually influence each other in a 

competitive manner (125, 126). In this context, SUMO and ubiquitin may modify the identical 

lysine residue(s). Alternatively, attachment of SUMO may potentially mask a nearby 

ubiquitination site. An increasing number of proteins have been reported to serve as substrates 

for both SUMOylation and ubiquitination. The two modifiers, often viewed as antagonists, 

enforce an opposite fate on their shared target and cooperatively exert regulatory control over a 

biological process. Therefore, it seems likely that the PKA-regulated and SUMOylation-

dependent stimulation of hOAT3 expression and transport activity counters the PKC-regulated 

and ubiquitination-dependent inhibition of hOAT3 expression and transport activity. The work 
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aiming at further identifying the relationship between SUMOylation and ubiquitination on 

hOAT3 is currently being pursued in our laboratory.  

Most SUMO substrates bear the consensus motif, Ψ-K-x-D/E (where ψ is a hydrophobic 

residue, K is the lysine conjugated to SUMO, x is any amino acid, E is a glutamic acid and D is 

an aspartic acid) (48). Based on the computer modeling, there are ten intracellular lysine 

residues on hOAT3, two of which, K285 and K518, lie within the SUMO-modification 

consensus motif: indicating that these lysine residues could be the potential SUMO-conjugation 

sites.  Additionally, several online programs are capable of predicting SUMOylation sites. A 

program called SUMOplot™ Analysis Program (http://www.abgent.com/sumoplot.html) 

predicts K69, K285, K286, K515, K518 to be the potential SUMOylation sites. However, it 

should be noted that SUMOylation can also occur at lysine residues outside conventional motifs 

and the presence of conventional motifs do not guarantee the SUMOylation. The mapping of 

SUMO-conjugation sites on hOAT3 is currently underway in our laboratory. 

PKA, like other protein kinases, regulates the target protein substrates by either directly 

phosphorylating the target protein or phosphorylating a protein that is associated with the target 

protein (129). Whether PKA directly phosphorylates OATs or phosphorylates an OAT-interacting 

protein would be an interesting topic for future investigation. In addition, protein phosphorylation 

has been revealed to play a role in regulating SUMOylation in some proteins, where it could 

stimulate or inhibit substrate SUMOylation depending on what the substrate is (120, 130-132). 

Therefore, if hOAT3 is a substrate of PKA phosphorylation, a co-regulation between 

phosphorylation and SUMOylation may also exist.  

IGF-1 plays significantly roles in growth, development, and metabolism (133, 134). The 

abnormalities in the IGF-1 have been reported to be related to the development of several 

diseases, such as Laron syndrome and Acromegaly (135, 136). And a synthetic analog of IGF-1, 

Mecasermin, has been approved by the both U S Food and Drug Administration (FDA) and 

European Medicines Agency (EMA) for the treatment of growth failure (137). In our current 

http://www.abgent.com/sumoplot.html
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work, IGF-1 significantly enhanced OAT3 transport activity through PKA pathway (Fig. 6-9a) as 

well as OAT3 SUMOylation (Fig. 6-9b). Renal cortical slices from normal rats and diabetic rats 

have been utilized as tools for the studies involving the roles of PKA signaling pathway induced 

by hormones in OAT3. (32, 100). However, none of these studies illustrated the relationship 

between PKA stimulated SUMOlyation and OAT3 function in vivo. Therefore the in vivo 

investigations about SUMOlyation and OAT3 activity will be established in the future. As 

mentioned above, the abnormalities in the IGF-1 have been linked to the development of Laron 

syndrome. Further studies investigating the activity, expression and SUMOylatin of OAT3 in 

kidney from Laron mouse model would be particularly interesting. 

 In addition, our findings about the IGF-1 regulation on OAT3 through PKA signaling are 

consistent with a remote sensing and signaling model for transporters (138). Based on such a 

model, transporters in networks are regulated by hormones and growth factors, and effectively 

communicate among one another. In doing so, these transporters coordinately maintain the solute 

balance between multiple organs and therefore system homeostasis. Hormones/growth factors, 

released from one organ under the influence of the stimuli/environmental changes, enter the blood 

stream, and then reach to the target organs and exert their regulatory functions on transporters 

through cell signaling. Consistent with this general model, our data support that IGF-1, which is 

produced primarily by the liver under the stimuli, arrives at the kidney through blood stream, and 

then binds to its receptors and up-regulates OAT3 through PKA signaling.  

Our study clearly illustrates PKA signaling on OAT3 regulation. By comparing our in 

vitro results with the metabolomics analyses of the Oat3 Knockout mice (139, 140) , we observe 

an interesting connection here. In OAT3 knockout mice, many metabolites accumulated, 

including gentisate and bile acids which are capable of activating G-protein-coupled receptors 

(GPCRs). Following the activation of GPCRs, the secondary messenger cAMP level maybe 

elevated leading to the activation of PKA signaling pathway. Based on our data, PKA activation 

increased OAT3 surface expression and transporter activity. Therefore, the interesting connection 
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is that metabolite variations contributed by the OAT3 reduction form a negative feedback loop to 

up-regulate OAT3 expression and function through PKA signaling. 

Conclusion: We provided the first demonstration that PKA stimulated hOAT3 expression and 

transport activity by altering the trafficking kinetics of hOAT3 possibly through the crosstalk 

between SUMOylation and ubiquitination (Fig. 10).  

Figure 6-10. The role of PKA in OAT3 transport activity, trafficking and SUMOylation. S: 

SUMO, IGF-1: insulin-like growth factor 1 
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Chapter 7 

Future direction 

 

Portions of the information presented in this chapter have been published in the following article: 

 

Haoxun Wang, Jinghui Zhang, and Guofeng You.  

Activation of Protein Kinase A stimulates SUMOylation, expression, and transport activity of 

Organic Anion Transporter 3  

AAPS J (2019) 21: 30. https://doi.org/10.1208/s12248-019-0303-4. 

 

Reproduced with the permission from AAPS J, Springer, Haoxun Wang, Jinghui Zhang, and 

Guofeng You. Activation of Protein Kinase A stimulates SUMOylation, expression, and transport 

activity of Organic Anion Transporter 3. AAPS J (2019) 21: 30. https://doi.org/10.1208/s12248-

019-0303-4.  

Copyright © 2019 American Association of Pharmaceutical Scientists 

 

Portions of the information presented in this chapter are currently in preparation for the following 

article: 

 

Haoxun Wang, Jinghui Zhang, Yunzhou Fan and Guofeng You.  

Post-translational Regulation of Organic Anion Transporters - An Update 
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Our published work showed that both protein kinase sgk (sgk1 and sgk2) and endogenous 

hormone insulin regulated OATs expression and transport activity through phosphorylating an 

ubiquitin ligase Nedd4-2 with decreasing the association between Nedd4-2 and OATs, and 

eventually blocking the inhibitory effect  of Nedd4-2 on OATs (76, 77, 141). Our unpublished 

work suggested that on the contrary to the up-regulation of sgk and insulin on OATs, PKC down-

regulated OATs also through phosphorylating Nedd4-2, but leading to an enhanced binding 

between OATs and Nedd4-2. It is likely that differential regulations of OAT through different 

protein kinases are due to the dynamic phosphorylation at different sites on Nedd4-2, therefore 

resulting in diverse conformational changes in Nedd4-2 and altering its interaction to OATs, 

which further results in a change in OATs ubiquitination, trafficking and transport activity (73, 76, 

102, 141). Our findings on the protein kinase-Nedd4-2 signaling network in the regulation of 

OATs will provide important insights into the understanding of how those hormones and protein 

kinases regulate OATs in vivo. 

SUMOylation is now regarded as one of the major post-translational regulations in 

eukaryotic cells (48, 116). Our published work showed that hOAT3 was identified as a 

SUMOylation substrate, and a cross-talk may exist between SUMOylation and ubiquitination 

(142). Theoretically, SUMOylation may regulate OAT3 activity in an ubiquitination-independent 

manner. On the other hand, the two modification systems may crosstalk and mutually influence 

each other in a competitive manner (48). In this context, SUMO and ubiquitin may modify the 

identical lysine residue(s). Alternatively, attachment of SUMO may potentially mask a nearby 

ubiquitination site. Therefore, it is possible that the PKA up-regulated hOAT3 SUMOylation 

through competing hOAT3 ubiquitination. Our lab is currently identifying the relationship 

between SUMOylation and ubiquitination on hOAT3. In addition, the mapping of SUMO-

conjugation sites on hOAT3 is currently underway in our laboratory. 



105 
 

 
 

SUMOylation is a dynamic and reversible event, and SUMO-specific proteases including 

members of Ulp (in yeast) and SENP family (in mammals) remove the SUMO moiety 

(deSUMOylation) from their substrates (143). Till now, six human Senp proteins have been 

cloned and identified with the ability to de-conjugate SUMO (144). In addition to the 

deSUMOylation enzymes, SUMO E3 ligases including members of Siz (in yeast) and PIAS 

family (in mammals) facilitate SUMO conjugation onto the substrates (48). Identification of the 

specific de-SUMOylation enzymes and SUMO E3 ligases would be particularly interesting.  

PKA, like other protein kinases, regulates the target protein substrates by either directly 

phosphorylating the target protein or phosphorylating a protein that is associated with the target 

protein (129). Whether PKA directly phosphorylates OATs or phosphorylates an OAT-interacting 

protein would be an interesting topic for future investigation. In addition, protein phosphorylation 

has been revealed to play a role in regulating SUMOylation in some proteins, where it could 

stimulate or inhibit substrate SUMOylation depending on what the substrate is (120, 130-132). 

Therefore, if hOAT3 is a substrate of PKA phosphorylation, a co-regulation between 

phosphorylation and SUMOylation may also exist. Other than phosphorylation and ubiquitination, 

acetylation, which is another important post-translational modification, has been reported to 

cross-talk with SUMOylation (48). Whether hOAT3 is acetylation substrate and whether hOAT3 

acetylation would cross-talk with hOAT3 SUMOylation will be an interesting research area to 

purse. 

In summary, by illustrating the post-translational modifications of OATs would greatly 

contribute to the understanding of regulation of OAT-mediated drug transport in a variety of 

physiological and clinical conditions. 
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Chapter 8 

Materials and Methods 

 

Portions of the information presented in this chapter have been published in the following articles: 

Haoxun Wang, Jinghui Zhang, and Guofeng You.  

Activation of Protein Kinase A stimulates SUMOylation, expression, and transport activity of 

Organic Anion Transporter 3  

AAPS J (2019) 21: 30. https://doi.org/10.1208/s12248-019-0303-4. 

Haoxun Wang, Jinghui Zhang, and Guofeng You.  

The Mechanistic Links between Insulin and Human Organic Anion Transporter 4. 

Int J Pharm. 2019 Jan 30;555:165-174. doi: 10.1016/j.ijpharm.2018.11.040. 

Haoxun Wang, Chenchang Liu, and Guofeng You.  

The activity of organic anion transporter-3: Role of dexamethasone.  

J Pharmacol Sci. 2018 Feb;136(2):79-85. doi: 10.1016/j.jphs.2017.12.011. 

Haoxun Wang, Da Xu, May Fern Toh, Alan C. Pao, and Guofeng You.  

Serum- and Glucocorticoid-Inducible Kinase SGK2 Regulates Human Organic Anion 

Transporters 4 via Ubiquitin Ligase Nedd4-2.  

Biochemical Pharmacology, 2016, 102, pp 120-129. doi: 10.1016/j.bcp.2015.11.024. 

 

Reproduced with the permission from AAPS J, Springer, Haoxun Wang, Jinghui Zhang, and 

Guofeng You. Activation of Protein Kinase A stimulates SUMOylation, expression, and transport 

activity of Organic Anion Transporter 3. AAPS J (2019) 21: 30. https://doi.org/10.1208/s12248-

019-0303-4.  

Copyright © 2019 American Association of Pharmaceutical Scientists 
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1. Materials – COS-7 cells and HEK293 cells were obtained from ATCC (Manassas, VA). [3H]-

labeled estrone sulfate (ES) was obtained from PerkinElmer (Waltham, MA). We ordered 

membrane-impermeable biotinylation reagent NHS-SS-biotin (Catalog number: 21331), 

streptavidin-agarose (Catalog number: 20349) and protein G-agarose (Catalog number: 20399) 

from Thermo Fisher Scientific (Waltham, MA). cDNAs for mouse sgk2 (wild-type sgk2 and 

constitutive active sgk2 (CA-sgk2)) and cDNA for mouse Flag-tagged sgk1 were generously 

provided by Dr. Alan C. Pao from Department of Medicine, Stanford University (Stanford, CA). 

cDNA for human Nedd4-2 was generously provided by Dr. Peter M. Snyder of the College of 

Medicine, University of Iowa (Iowa City, IA).cDNAs for HA-tagged SUMO-1, SUMO-2, 

SUMO-3, and Ubc9 were kindly provided by Dr. Jorge A Iñiguez-Lluhí from University of 

Michigan Medical School. Mouse anti-Myc antibody (9E10) was obtained from Roche 

(Indianapolis, IN). Rabbit anti-sgk2 antibody and rabbit anti-P-Nedd4-2 were purchased from 

Cell signaling (Danvers, MA). Rabbit anti-HA antibody, Rabbit anti-Nedd4-2 antibody and 

mouse anti-E-Cadherin antibody were obtained from abcam (Cambridge, MA). Mouse anti-

ubiquitin antibody and mouse anti-β-actin were obtained from Santa Cruz (Santa Cruz, CA). 

Nedd4-2-specific siRNA oligonucleotides (Silencer® Select, identification number s23570) and 

negative control siRNA oligonucleotides (Silencer® Select, catalog number 4390843) were 

acquired from Ambion (Grand Island, NY). Dexamethasone, Dibutyryl cyclic-AMP sodium salt 

(Bt2-cAMP), H-89 dihydrochloride hydrate (H-89), Insulin-like Growth Factor-I human (IGF-1), 

insulin and all other reagents were acquired from Sigma-Aldrich (St. Louis, MO). 
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2. Experimental Procedures 

2.1 Culturing of the cells and cDNA transfection 

Parental COS-7 cells or parental HEK293 cells were grown in Dulbecco's modified Eagle's 

medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum at 

37 °C in 5% CO2. Transfection of cDNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) 

was performed for 48 h, following the manufacturer's instructions. Cells stably expressing hOATs 

(hOAT3 or hOAT4) were kept in DMEM medium supplemented with 0.2 mg/ml G418 

(Invitrogen, Carlsbad, CA), 10% fetal bovine serum (43, 52). 

2.2. Transport Measurements  

Uptake of [
3
H]-estrone sulfate (100 nM) was carried out, following standard protocol previously 

established in our lab (38, 43, 77). Uptake solution (phosphate-buffered saline with 1 mM CaCl2 

and 1 mM MgCl2, pH 7.4 and 0.3μM [
3
H]-estrone sulfate) was added to 48-well plates in which 

cells were plated. The uptake process was terminated by removing the uptake solution and 

washing the cells with ice-cold PBS twice at indicated time points. 0.2 N NaOH was used for cell 

lysis and then 0.2 N HCl was used for neutralization. Liquid scintillation counter (Beckman LSC 

LS6500) was used for detection of [
3
H]-estrone sulfate. The transporter uptake activity was 

described as a percentage of the uptake measured in control cells. Data were corrected for 

nonspecific background measured in mock cells (parental cells). 

2.3 Cell Surface Biotinylation  

The measurement of the expression level of hOAT at the plasma membrane was performed using 

a biotinylation strategy, following the standard protocol previously established in our lab (43, 77). 

Sulfo-NHS-SS-biotin (0.5 mg/ml in phosphate-buffered saline with 1 mM CaCl2 and 1 mM 

MgCl2, pH 8.0) was added to 6-well plates in which cells were plated.  After biotinylation and 

quenching of the unreacted sulfo-NHS-SS-biotin by rinsing with 100 mM glycine in PBS/CM, 

the cells were lysed on ice for 30 min. After 20 min centrifugation at 16000g at 4 °C, each sample 

supernatant of cell lysates was added to 40 µl of streptavidin-agarose beads to purify the cell 
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membrane proteins. Then we obtained hOAT (tagged with Myc at its carboxyl terminus) 

expression at plasma membrane by SDS-PAGE and eventually immunoblotted with an anti-Myc 

antibody (9E10). 

2.4 Recycling Assay  

We carried out the recycling assay by following the procedure previously established in our group 

(42). hOAT3-expressing cells were biotinylated with sulfo-NHS-SS-biotin at 4 °C to label 

hOAT3 at the plasma membrane. Then, one set of cells was unceasingly biotinylated at 4 °C. The 

duplicate set of cells were warmed to 37 °C and unceasingly biotinylated at 37 °C. At the 

indicated time points, biotinylation was ended and biotin-labeled hOAT3 was examined by SDS-

PAGE and immunoblotting as described above. Recycled hOAT3 was calculated as the 

difference between hOAT3 biotin-labeled at 37 °C and hOAT3 biotin-labeled at 4 °C. 

2.5 Internalization Assay  

We carried out the internalization assay by following the procedure established in our group (42, 

43) by using a biotinylation approach in conjunction with immunoblotting. Relative hOAT3 

internalized from the plasma membrane was described as % of the total initial cell surface 

hOAT3 pool. 

2.6 Degradation Assay  

We carried out the Degradation assay by following the procedure established in our group (43, 

77). hOAT-expressing cells were subjected to biotinylation with 0.5 mg/ml sulfo-NHS-SS-biotin 

at 4 °C. After biotinylation, followed by quenching of the unreacted NHS-SS-biotin with 2ml 

PBS containing 100mM glycine. For the Bt2-cAMP treatment study, the biotin-labeled cells were 

incubated in DMEM containing Bt2-cAMP at 37°C. For the sgk2 transfected study, the biotin-

labeled cells were incubated in DMEM at 37°C. Then the cells were collected at indicated time 

points and lysed in lysis buffer with protease inhibitor cocktail, and centrifugated at 16,000 × g at 

4 °C. After that, supernatant was incubated with 40 μl of streptavidin agarose to isolate plasma 

membrane proteins, and eventually immunoblotting with anti-Myc antibody. 
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2.7 Immunoprecipitation  

We carried out the immunoprecipitation assay by following the procedure previously established 

in our group (41, 77, 145).  Cells were lysed with lysis buffer, containing 1% of proteinase 

inhibitor cocktail. For the experiment in which anti-Myc was used to pull-down hOAT, the lyzed 

cells were precleared with protein G-agarose beads (20-30 µl). Anti-Myc antibody (1:100) was 

incubated with protein G-agarose beads (20-30 µl) at 4 °C for 1.5 hours. The precleared cell 

lysates were then mixed with antibody-bound protein G-agarose beads with rotating at 4 °C 

overnight. For the experiment in which Anti-Flag M2 affinity gel (Sigma–Aldrich, St. Louis, MO) 

was used to pull-down Nedd4-2, the precleared cell lysates were mixed with Anti-Flag M2 

affinity gel with rotating at 4 °C overnight. Proteins bound to the protein G-agarose beads or 

Anti-Flag M2 affinity gel were eluted with Urea buffer containing β-mecaptoethanol and 

examined by immunoblotting with appropriate antibodies.  

2.8 Electrophoresis and Immunoblotting  

We carried out the experiments by following the procedure previously established in our group 

(41, 77). We separated Protein samples on 7.5% SDS-PAGE minigels (Bio-Rad, Hercules, CA) 

and electro-transferred on to PVDF membranes (Invitrogen, Carlsbad, CA). After electro-transfer, 

we incubated the blots with 5% nonfat dry milk for 1h in PBS-0.05% Tween 20 at room 

temperature, washed, and incubated with appropriate primary antibodies at 4 °C overnight. Then 

the blots were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at 

room temperature, followed by detection with SuperSignal West Dura Extended Duration 

Substrate kit (Pierce, Rockford, IL). The scanning densitometry with the FluorChem 8000 

imaging system (Alpha Innotech Corp., San Leandro, CA) was used to quantify the nonsaturating, 

immunoreactive protein bands. 

2.9 Concentration-dependent inhibition studies  

We carried out the inhibition assay by following the procedure established in our group (146, 

147). Inhibition studies were performed at varying concentrations of Dexamethasone. hOAT3 
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specific uptake was calculated by subtracting [
3
H]‐ES uptake into parental cells from the uptake 

into hOAT3-expressing cells. The IC50 (concentration of the drugs required to inhibit 50% of ES 

uptake) was determined by nonlinear regression using GraphPad Prism. 

2.10 Dixon plot  

We carried out the Dixon plot analysis by following the procedure established in our group (146, 

147). The mechanism of inhibition was determined by linear regression analysis of reciprocal 

saturable uptake (1/v) for different substrate concentrations (1.2 µM or 2.4 µM ES) as a function 

of inhibitor concentration. hOAT3 mediated [
3
H]‐ES uptake was accessed at 4 min in both the 

absence and presence of different concentrations of dexamethasone. The specific uptake was 

calculated by subtracting [
3
H]‐ES uptake into mock cells from the uptake into hOAT3-expressing 

cells. The linear regression analysis was utilized to analyze the data with GraphPad Prism. The 

constant Ki (inhibition constant) value was calculated by fitting the data to a competitive 

inhibition model (148-150), where C represents the concentration of substrates (μM) and Km 

represents the Michaelis constant (μM). 

   
    

     
⁄

  (1) 

2.11 Data Analysis  

We repeated each experiment a minimum of three times, and multiple experiments were used for 

statistical analysis. Statistical analysis was performed using Student’s paired t-tests between two 

groups or GraphPad Prism software (GraphPad Software Inc., San Diego, CA), one-way ANOVA, 

multiple comparisons among multiple treatments. A p-value of <0.05 was considered significant. 
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