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Abstract 
 

Title of Dissertation: Transcriptional and Post-Transcriptional Regulation of Genes 

Critical for Sodium Reabsorption and Blood Pressure Control in the Kidney  

 

Carlo Jose Santos Mercado, Doctor of Philosophy, 2017 

 

Dissertation Directed by:  Yen-Pei Christy Chang, Ph.D., Associate Professor, 

Department of Medicine; Division of Endocrinology, 

Diabetes & Nutrition  

 

Serine/threonine kinases (WNK1, WNK4, SPAK, OSR1) and cation co-

transporters (NKCC2, NCC) are members of a multi-kinase network that determines 

renal Na+ reabsorption and blood pressure (BP) regulation. The importance of these 

proteins is highlighted by their roles in monogenic forms of hyper- and hypotension, 

animal models, and by the efficacy of BP-lowering medications that target this pathway. 

While post-translational regulation of these proteins has been well established, regulation 

of these genes at the transcript level is not completely understood. In this study, we 

examined both human and mouse kidney transcriptomes to uncover novel transcriptional 

and post-transcriptional regulation of two genes in this pathway.  

First, STK39 encodes for Ste20-related proline alanine rich kinase (SPAK), which 

phosphorylates and activates cation co-transporters. Variants within STK39 are associated 

with susceptibility to essential hypertension, and SPAK null mice are hypotensive and 

mimic Gitelman syndrome, a rare monogenic salt-wasting human disorder. Mice exhibit 

nephron segment-specific expression of full length SPAK and N-terminally truncated 

SPAK isoforms with impaired kinase function. We established that while humans also 

express transcript isoforms similar to those found in mice, they differ in abundance and 

are transcribed from human-specific promoters.   



 

Second, SLC12A3 encodes for the thiazide-sensitive Na+-Cl- co-transporter 

(NCC), and rare mutations in this gene cause Gitelman syndrome. In humans and mice, 

alternative polyadenylation of NCC pre-mRNA results in a longer 3’UTR isoform, while 

alternative splicing within the final exon leads to an exon-exon junction downstream of 

the termination codon. Both of these events generate potential substrates for nonsense-

mediated mRNA decay (NMD). By suppressing NMD, we demonstrated that NCC 

transcript abundance is partially determined by post-transcriptional processing of its final 

exon. Finally, dietary K+ manipulation differentially alters SPAK and NCC transcript and 

protein isoform abundance, demonstrating dynamic physiological regulation of gene 

expression in response to salt reabsorptive needs. In summary, genes in this pathway 

undergo complex transcriptional and post-transcriptional regulation, resulting in the 

differential expression of novel alternative transcripts that contribute to the fine-tuning of 

BP control. 
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Chapter 1: Background and Significance 
 

The Regulation and Dysregulation of Blood Pressure 

Blood Pressure and the Cardiovascular System 

 The human heart expands and contracts around 100,000 times per day, facilitating 

a cardiac output of 4 – 6 liters of blood each minute, or about 7,500 liters daily 1. This 

creates pressure that drives blood flow throughout the arteries, veins and capillaries of the 

body. The force generated by the blood pushing against the walls of blood vessels is 

known as arterial blood pressure (BP), which is characterized by systolic blood pressure 

(SBP) (the pressure during the contraction phase) and diastolic blood pressure (DBP) (the 

pressure during the period between cardiac contractions). 

 The balance between cardiac output and peripheral resistance maintains normal 

arterial BP. Cardiac output is partially determined by extracellular fluid (ECF) volume 

and blood volume, which are strictly regulated by the kidneys in response to daily salt 

and water intake 2. The structure and function of the vasculature, as well as local 

autoregulatory mechanisms, influence peripheral resistance. Additionally, 

neuroendocrine factors such as sympathetic nerves and hormones impact both kidney and 

vascular function. Finally, arterial BP itself regulates neuroendocrine, vascular and 

kidney function by a feedback mechanism 2. 

 

The Dysregulation of Blood Pressure: Diagnosing Hypo- and Hypertension 

 Proper perfusion of vital organs requires the strict regulation of BP. For example, 

transiently low BP, or hypotension, causes insufficient blood flow to vital organs such as 
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the brain, which leads to loss of consciousness. For healthy people, low BP may not 

cause symptoms and is not a cause for concern. However, in extreme cases, chronically 

low BP may result in shock and organ failure 3. Moreover, elevated BP that increases 

blood flow and exceeds metabolic demand also causes damage to blood vessels and 

organs, and is referred to as hypertension 4. In fact, hypertension is the underlying cause 

for a vast number of mortality due to increased risk for ischemic heart disease (~4.9 

million), hemorrhagic stroke (~2.0 million), and ischemic stroke (~1.5 million) 

worldwide 5. Additionally, hypertension increases the risk for nephropathy, retinopathy, 

intracranial hemorrhage, aortic aneurysm, and aortic dissection 6. Thus, hypertension 

represents the most significant risk factor for cardiovascular morbidity and mortality, as 

well as kidney damage and stroke 7. 

The Seventh Report of the Joint National Committee on Prevention, Detection, 

Evaluation, and Treatment of High Blood Pressure defines normal and pathogenic BP 

ranges in adults (Table 1.1) 8. According to this report, a SBP/DBP reading of less than 

120/80 mmHg constitutes normal BP levels, or normotension. In contrast, SBP/DBP 

consistently ≥140/90 mmHg is defined as hypertension. An individual diagnosed with 

pre-hypertension has SBP/DBP levels that fall between these cutoff ranges for 

normotension and hypertension, and may be at risk for developing hypertension if left 

untreated.  
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Table 1.1. Classification of BP in adults ≥18 years old. Classification is based on the 

average of two or more BP readings on each of two or more office visits. Information 

obtained from Chobanian et al., 2003 8. 

 

 

 

The Epidemiology of Hypertension  

While the development of hypertension in ~5% of cases is secondary to other 

renal or adrenal disease processes, the remaining ~95% of hypertension cases have no 

clear identifiable cause. Individuals with these idiopathic cases have what is referred to as 

“essential hypertension” (EH) 2,9. EH affects up to one-third of adults worldwide, and is 

responsible for an estimated 13.5 million deaths, equating to half of all cardiovascular 

deaths each year 10. By 2025, up to 1.5 billion people are expected to be hypertensive 11.  

 Age, sex, and racial/ethnic backgrounds influence the likelihood of acquiring EH. 

In general, the prevalence of EH increases linearly with advancing age, where more than 

50% of people 60 – 69 years old and ~75% of people ≥70 years old are affected 12. Up to 

age 64, men have a higher incidence of EH than women, but post-menopausal women 

≥65 years old are more likely to develop EH compared to men 13. African Americans in 

the United States have among the highest risks for developing EH worldwide, with an 

age-adjusted prevalence of 45% and 46.3% seen among non-Hispanic African American 
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males and females (compared to 34.5% and 32.3% among non-Hispanic white males and 

females), respectively 13. 

Also, lifestyle factors such as smoking, alcohol usage, lack of exercise, and diet, 

greatly influence the development of EH. In particular, diets rich in sodium (Na+) but 

lacking in potassium (K+) have major impacts on BP regulation 10,14. EH has also been 

attributed to obesity, as well as psychosocial factors like chronic stress and socio-

economic status 5,15.  

   

The Effects of Renal Sodium Reabsorption on Blood Pressure Regulation 

A multitude of pathological mechanisms has been linked to EH pathogenesis. 

Well-characterized processes that are dysregulated include fluid and electrolyte balance 

by the kidney, the sympathetic nervous system, the renin-angiotensin-aldosterone system 

(RAAS), as well as endothelial function 2,9. It is likely that a combination of such 

pathogenic mechanisms contributes to the variability in chronically elevated BP seen 

amongst EH patients. Several commonly used antihypertensive medications exploit these 

mechanisms in order to maintain appropriate BP levels, such as loop- and thiazide 

diuretics (further discussed on pages 6 to 8 and in later sections).  

 The regulation of renal Na+ homeostasis depends on structural and functional 

aspects of the kidney, which involve intrinsic mechanisms that regulate renal blood flow 

and glomerular filtration. Structurally, the mammalian kidney is divided into a cortex and 

medulla, interlaced with thousands of individual functional units known as nephrons, 

which contain a glomerulus, tubule, and collecting duct (Figure 1.1). The glomerulus 

(housed in the renal corpuscle in the cortex) functions in the ultrafiltration of blood, 
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where it removes wastes in the form of urine, maintains appropriate concentration of 

electrolytes, and maintains acid/base balance 6. The tubule, which includes the proximal 

convoluted tubule (PCT), the thick ascending limb (TAL) of the loop of Henle, the distal 

convoluted tubule (DCT) and the connecting tubule (CNT), functions in the reabsorption 

and secretion of various ions and molecules. Finally, the cortical collecting duct (CCD) 

controls further reabsorption/secretion and delivery of concentrated urine to the ureters 

and bladder 6,16.  

 

Figure 1.1. The nephron is the functional unit of the kidney. Figure modified from 

http://droualb.faculty.mjc.edu/Lecture Notes/Unit 6/urinary_system Spring 2007 with 

figures.htm 16.  
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Along with blood ultrafiltration, nephrons within the kidney also function in the 

regulation of blood volume and BP in response to environmental cues such as 

hypovolemia. Hypovolemia is defined as any circumstance that can cause decreased 

blood volume reaching the kidneys (i.e.: hemorrhage or dehydration), which can lead to 

decreased renal flow 6. In response to hypovolemia, the kidney increases Na+ and water 

reabsorption in order to increase BP. However, during times of elevated BP or high Na+ 

consumption, blood volume increases, causing the kidneys to excrete rather than reabsorb 

Na+ and water in order to decrease blood volume and subsequent arterial BP. When the 

kidney fails to match the daily intake and excretion of Na+, BP is dysregulated, 

representing the primary cause of chronic salt-sensitive hypertension 17. 

 The majority of Na+ is reabsorbed early in the nephron in the PCT, where 

approximately 60 – 70% of Na+ filtration occurs. The remaining nephron segments, 

including the TAL, the DCT, the CNT and the CCD, strictly regulate the remaining 30 – 

40% of renal Na+ reabsorption 17-19. In these nephron segments, the Na+-K+-ATPase 

generates an electrochemical gradient at the basolateral membrane of renal epithelial 

cells. This gradient drives apical Na+ entry via different channels, co-transporters or 

exchangers, which exhibit nephron segment-specific expression (Figure 1.2) 17,20.  

 In the TAL, ~25% of overall Na+ reabsorption occurs via the Na+-K+-Cl- co-

transporter 2 (NKCC2), which demonstrates TAL-specific expression. NKCC2-mediated 

Na+ reabsorption is electroneutral, and coupled to the apical recycling of K+ via the renal 

outer medullar K+ (ROMK) channel and the basolateral reabsorption of chloride (Cl-) via 

Cl- channels 17. Loop diuretics, such as bumetanide and furosemide, are a class of BP-

lowering drugs that inhibit NKCC2 function. 
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Figure 1.2. Nephron segment-specific expression of ion co-transporters. DCT-

specific expression of the thiazide diuretic-sensitive NCC, and TAL-specific expression 

of the loop diuretic-sensitive NKCC2. Both ion co-transporters reside at the apical 

membranes of renal epithelial cells. Figure modified with permission from Subramanya 

et al., 2014 20. 
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The Na+-Cl- co-transporter (NCC) is specifically expressed in the DCT, where it 

controls 5 – 10% of overall Na+ reabsorption within the human kidney. Like NKCC2, 

Na+ reabsorption by NCC is also electroneutral. NCC is the direct target of commonly 

used BP-lowering thiazide diuretics such as hydrochlorothiazide 17.  

 The final region of urinary Na+ transport includes the CNT and the CCD, where 

the epithelial Na+ channel (ENaC) mediates 3 – 5% of Na+ transport 17,21. ENaC is a 

multi-protein complex made up of different subunits termed α, β, γ, and δ, each encoded 

by separate genes (SCNN1A, SCNN1B, SCNN1G, and SCCN1D) 17,22. Unlike NCC and 

NKCC2, Na+ reabsorption through ENaC is electrogenic and is sensitive to the 

antihypertensive medication, amiloride.  

NCC and ENaC are both strictly regulated by RAAS, where decreased delivery of 

salt to the TAL stimulates the secretion of the aspartyl protease known as renin 4,23. In 

order to modulate arterial BP and ECF volume, renin stimulates the formation of the 

short peptide hormone known as angiotensin II (Ang II), which binds to its target G-

protein-coupled receptor within the adrenal glomerulosa. This induces the secretion of 

aldosterone, a mineralocorticoid steroid hormone that binds to the mineralocorticoid 

receptor, resulting in increased NCC and ENaC activity and thus, increased Na+ 

reabsorption. Since NCC and ENaC are both sensitive to the effects of aldosterone, these 

later segments of the nephron, which include the distal portion of the DCT, the CNT and 

the CCD, are collectively known as the aldosterone-sensitive distal nephron (ASDN). 

Importantly, recent studies have established physical interaction between NCC and ENaC 

in the aldosterone-sensitive segment of the DCT, and that this interaction may be critical 

to the regulation of Na+ homeostasis 24.  
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Treatment of Hypertension 

 Reducing overall BP can result in substantial benefits for cardiovascular 

morbidity and mortality. For example, in clinical trials, BP-lowering medications have 

resulted in decreased stroke incidence, myocardial infarction, and heart failure 25. In fact, 

as much as a 12 mmHg-reduction in SBP over 10 years will prevent 1 death for every 11 

hypertensive patients treated 26.  

 However, despite improvements in screening and therapeutic intervention, 

hypertension continues to be a major public health concern with gradually increasing 

prevalence worldwide. This phenomenon, referred to as the “hypertension paradox,” can 

be attributed to an increase in the previously mentioned environmental risk factors. 

Therefore, hypertensive patients should be treated with a combination of lifestyle and 

pharmacological interventions that address such factors in order to effectively reduce BP 

and control other cardiovascular risk factors 27.  

Lifestyle interventions include a reduction in the dietary intake of salt and 

processed foods, reduced tobacco and alcohol usage, and increased physical activity.  

Pharmacological interventions include many classes of commonly used antihypertensive 

medications, which are listed in Table 1.2. These include the previously mentioned 

thiazide-, loop-, and amiloride diuretics, which pharmacologically inhibit renal salt 

transport, along with β-receptor blockers, angiotensin-converting enzyme (ACE) 

inhibitors, calcium-channel blockers, and angiotensin-receptor blockers 27.  

 Despite their clinical success, the currently available antihypertensive medications 

come with several drawbacks. For example, thiazide diuretics, which are considered the 

first-line treatment for hypertension in the United States, rarely normalize BP alone 18,28.  
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Table 1.2. Examples of commonly used oral antihypertensive drugs. Information 

obtained from Chobanian et al., 2003 8. 

 

 

 

In fact, more than two-thirds of hypertensive patients often require two or more 

antihypertensive agents from different classes 29-33, and they may also experience reduced 

efficacy to certain drugs due to chronic adaptation, as well as considerable side effects 

such as hyponatraemia, hypokalemia, hyperglycemia and hyperuricaemia 18,34. 

Furthermore, the selection process for antihypertensive medications is largely empirical, 

often requiring a trial-and-error approach for each patient 35.  
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 Therefore, individualized treatment programs that take into account inter-

individual variability in drug response may be required to address these disadvantages 

associated with current antihypertensive medications. Pharmacogenetic studies have the 

potential to identify genetic markers that are predictive of drug response or adverse 

outcome, and guide selection of specific antihypertensive drugs for individualized 

treatment 35,36. Additionally, analysis of the pathways involved in BP control will further 

our understanding of the etiology and pathogenesis of EH, which will help in the 

development of novel antihypertensive medications.  

 

The Genetics of Blood Pressure Regulation 

Heritability and Evidence for Genetic Influence  

 The genetic susceptibility to EH is well supported by both family and twin 

studies, which suggest an estimated 30 – 50% heritability in BP levels. These studies 

demonstrate that individuals who have one or two hypertensive parents are about two 

times more likely to be hypertensive themselves, and BP is more highly concordant in 

monozygotic twins compared to dizygotic twins 37,38. Shared environmental effects do not 

account for this familial aggregation, since adoption studies demonstrate higher 

concordance of BP among biological siblings compared to adoptive siblings that share 

the same environment 39,40.  

EH is a complex, non-Mendelian, polygenic disorder influenced by multiple 

variants at many loci, gene-gene interactions (epistasis) and environmental factors 2,10,14. 

Thus, no single gene accounts for a significant amount of variation in BP levels, which 

complicates any efforts for defining a clear underlying genetic basis. Researchers address 
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these gaps in our knowledge through various approaches, which include studying rare, 

monogenic forms of BP-related syndromes, candidate gene studies, linkage studies, and 

genome-wide association studies (GWAS).  

 

Monogenic Forms of Hypo- and Hypertension 

 For the past several years, researchers have made considerable progress 

investigating the genetic basis of Mendelian forms of hypo- and hypertension. These rare 

diseases stem from mutations within single genes that impart major effects on BP (Table 

1.3) 41-48. Studying the genes and proteins mutated in rare forms of BP dysregulation has 

greatly contributed to our understanding of the pathways that control BP. Furthermore, 

variants with less deleterious impact on these proteins may explain the more common 

forms of hypertension, namely EH.  

 Figure 1.3 depicts the relationship between different modes of electrolyte 

transport along the nephron and different inherited diseases. For example, 

pseudohypoaldosteronism type II (PHAII, also known as Gordon syndrome and Familial 

hyperkalemic hypertension) is an autosomal dominant hypertension disorder 

characterized by hyperkalemia, hypercalciuria, and metabolic alkalosis. Mutations within 

several genes cause PHAII, including genes that encode the with-no-lysine (WNK) 

serine/threonine kinases, WNK1 and WNK4 41. WNK kinases, which are named due to 

the atypical location of the catalytic lysine (crucial for ATP binding) being in subdomain 

I instead of II, are heavily involved in the regulation of renal salt balance (discussed in 

more detail on page 18). CUL3 and KLHL3 (which encode for ubiquitin ligase complex 

components, Cullin 3 and Kelch-like 3, respectively) modulate WNK1 and WNK4 
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expression through ubiquitination and protein degradation 49-53. Mutations within CUL3 

and KLHL3, not surprisingly, also lead to PHAII 54,55. 

 

Table 1.3. Monogenic forms of hyper- and hypotension. AD, Autosomal dominant; 

AR, Autosomal recessive. Information obtained from Li et al., 2014 56.  
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Figure 1.3. Single gene mutations affect electrolyte transport along the nephron, 

causing monogenic forms of hypotension (light gray) and hypertension (dark gray). 
AD, autosomal dominant; AR, autosomal recessive; MR, mineralocorticoid receptor. 

Figure obtained with permission from Glover et al., 2011 18.   
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 Furthermore, loss of function (LOF) mutations within SLC12A1, KCNJ1, and 

CLCNKB (encode for the TAL-specific NKCC2, ROMK, and a voltage sensitive Cl- 

channel, respectively) are responsible for Bartter syndrome (BS), types I – III, 

respectively 43,45,57. BS is an autosomal recessive, monogenic form of hypotension 

characterized by excessive loss of Na+, K+, Cl- and water, accompanied with abnormally 

high urinary excretion of magnesium and calcium 4. Similarly, LOF mutations within 

SLC12A3 (encodes for the DCT-specific NCC) result in Gitelman syndrome (GS), 

another autosomal recessive form of hypotension 44. GS presents similarly as BS, but is 

more common (1:40,000 compared to 1:1,000,000, respectively) and presents with 

hypocalciuria rather than hypercalciuria 44,58-60. 

Other monogenic syndromes of BP dysregulation include 

pseudohypoaldosteronism type I (PHAI) and Liddle syndrome, which are both caused by 

rare mutations affecting ENaC subunits. PHAI is an autosomal recessive salt wasting 

disorder caused by LOF mutations within SCNN1A, SCNN1B and SCNNIG 22,46. An 

autosomal dominant form of PHAI also exists, which stems from heterozygous LOF 

mutations within the mineralocorticoid receptor gene 61. In contrast, gain of function 

(GOF) mutations within SCNN1B and SCNN1G lead to Liddle syndrome, which is an 

autosomal dominant hypertension disorder characterized by hyperkalemic alkalosis, 

suppressed plasma renin activity, and low plasma aldosterone levels 4,22,47,48. 

 

Studying the Genetics of Blood Pressure Regulation in the General Population 

 Despite the large effects in BP observed with Mendelian hypo- and hypertension 

syndromes, the rare alleles responsible only account for less than 1% of human 
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hypertension and do not explain the BP variation seen in the general population 2. 

Therefore, researchers employ other approaches to identify other variants that may 

predispose people to EH. One example is the candidate gene study approach, where 

researchers interrogate specific genes based on their functional significance to pathways 

or mechanisms that influence BP. This approach highlights numerous candidate loci 

implicated in EH, which includes genes involved in RAAS, Na+ homeostasis and blood 

volume regulation, adrenergic pathways, angiogenesis, and metabolism 62. Still, common 

variants identified in these genes explain only a small percentage of BP variation in the 

general population, which is likely due to population admixture and inadequate statistical 

power seen with some candidate gene studies 2.  

 Researchers also conduct genome-wide linkage studies, which has led to the 

discovery of causal genes for rare, monogenic BP disorders, as well as EH-susceptibility 

genes. Linkage analysis involves the use of genotype and phenotype information in 

families with diseases, in which alleles that co-segregate with disease phenotypes can be 

tracked throughout pedigrees. Genome-wide linkage studies of EH and BP-related 

phenotypes has yielded over 100 hypertension-related linkage regions within several 

populations 2. However, most of these results have not been replicated by other studies, 

which is likely due to the allelic and locus heterogeneity and ethnic diversity of human 

populations. Moreover, the polygenic nature of EH greatly reduces the power of linkage 

mapping, and linkage regions are often too large and contain too many genes to yield the 

causal variant or any biological insights 2. 

 Genome-wide association studies provide an approach that complements the 

previous approaches, where researchers now exploit technologic advances that allow for 
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genotyping up to more than a million single nucleotide polymorphisms (SNPs) 

throughout the genome. Unlike linkage studies, GWAS does not require family-based 

samples, and it allows the study of genetic associations between common variants (SNPs) 

and the traits of interest, such as hypertension or BP. The increased sample sizes for 

large-scale GWAS, along with the use of samples from multiple populations, has resulted 

in much improved statistical power 10. This has led to the discovery of many BP-

associated variants in the past several years 10,63.  

 

A GWAS in the Old Order Amish Identifies STK39 as a Blood Pressure-Associated Gene 

 In 2008, a GWAS screening of 79,442 SNPs was conducted in 542 subjects from 

the Amish Family Diabetes Study to search for SBP- and DBP-susceptibility loci 64. 

Many of the strongest GWAS signals clustered within chromosome 2q24.3 in the gene 

STK39, which encodes for a serine/threonine kinase known as STE20/SPS1-related 

proline/alanine-rich kinase (SPAK) (Figure 1.4). Additional replication studies further 

validated association of STK39 variants with hypertension prevalence in other 

populations, including non-Amish Caucasian 65, African American 66 and Han Chinese 67 

populations. Also, in the context of environmental risk factors, researchers found 

associations between a STK39 variant and EH in a Pakistani population 68.  

 These BP-associated SNPs reside within introns 1 through 8 of STK39 64. The 

minor allele of the most likely functional variant (G allele of rs35929607, frequency = 

0.1) was associated with higher BP, demonstrated increased transcriptional activity in 

vitro, and is predicted to enhance STK39 transcript (and SPAK protein) levels 64. In fact, 

knock-in of one of these mutations within human cell lines resulted in increased STK39 
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transcription along with increased total and phosphorylated SPAK 69. The functional 

significance of SPAK in regulating BP is further demonstrated by its role in controlling 

renal salt balance, which was elucidated through the use of mouse models. These mice 

either express an inactive SPAK mutant, or are completely devoid of SPAK expression 

70,71. Both mouse models are discussed in greater detail on page 24.  

 

 

Figure 1.4. Common variants in STK39 (encodes for SPAK) demonstrate strong 

association with SBP in the Old Order Amish. Association signals from SNPs are 

shown as -log(P-value), organized by their physical location on each chromosome, color-

coded as indicated below the graph. Figure obtained with permission from Y. Wang et 

al., 2009 64. 

 

 

 
 

 

Regulation of Ion Transport by a Multi-Kinase Signaling Network 

Post-Translational Regulation of the WNK-SPAK/OSR1-NCC/NKCC2 (WSN) Pathway 

 SPAK is part of a multi-kinase signaling pathway in the kidney that includes the 

previously mentioned WNK kinases (i.e.: WNK1 and WNK4) and another 

serine/threonine kinase known as oxidative stress responsive 1 protein (OSR1, encoded 
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by OXSR1). SPAK and OSR1 are highly homologous to each other in terms of protein 

sequence and kinase function, except that only SPAK contains a N-terminal 

proline/alanine-rich region (known as the PAPA box). Both SPAK and OSR1 are 

expressed in the TAL and DCT 72,73, where they regulate the renal tubule-specific co-

transporters, NKCC2 and NCC, through a phosphorylation cascade depicted in Figure 

1.5. For brevity, this pathway will be referred to as the “WSN” pathway for WNK-

SPAK/OSR1-NCC/NKCC2. While we refer to these genes/proteins by the names that are 

most commonly used in other published works throughout this thesis, Table 1.4 lists the 

official gene and protein nomenclatures for the WSN kinases and co-transporters.   

 Various environmental stressors influence both the activation and trafficking of 

the WSN proteins. For example, hypovolemia, Ang II, insulin, and vasopressin all 

activate WNK1 and WNK4 in order to phosphorylate and activate SPAK and OSR1 

within the distal nephron 74-82. Once activated, SPAK and OSR1 phosphorylate and 

activate the membrane-bound NKCC2 and NCC to allow for the influx of extracellular 

ions into renal epithelial cells (Figure 1.5) 20,72,73,83-86. WNK4 promotes trafficking of 

NCC into lysosomes for lysosomal-mediated degradation, thereby reducing the steady-

state abundance of membrane-bound NCC 87-91. WNK1 has been shown to block this 

inhibitory action of WNK4, thereby restoring co-transporter activity to near-baseline 

levels 92.  
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Figure 1.5. Post-translational regulation of the WNK-SPAK/OSR1-NCC/NKCC2 

(WSN) signaling pathway in the kidney. Environmental stressors (such as hypovolemia 

and various hormones) activate WNK1. WNK1 phosphorylates SPAK and OSR1, which 

in turn phosphorylate the ion co-transporters at the plasma membrane. WNK1 promotes 

trafficking of NCC to the plasma membrane by blocking the WNK4-mediated trafficking 

of NCC to the lysosomes for degradation. NKCC2 and WNK4 are not featured in this 

representation of the pathway. Figure modified with permission from Subramanya et al., 

2014 20. 
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Table 1.4. BP regulating genes and encoded proteins.  *Approved gene names and 

symbols provided by HUGO Gene Nomenclature Committee. **Approved protein names 

and symbols provided by UniProtKB.  
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As previously discussed, various rare mutations within WNK1, WNK4, NKCC2, 

and NCC result in monogenic forms of BP dysregulation (Table 1.3). Genetic 

manipulation of these genes within mouse models results in human disease phenotypes, 

which supports the physiological significance of the WSN proteins to human health. 

Various mouse models of the WSN genes are reviewed within the next section.   

 

Mouse Models of WSN Genes 

Mouse models of the WSN genes and the recapitulated human disease phenotypes 

are summarized in Table 1.5. For example, deletion of the entire first intron of Wnk1 

leads to WNK1 overexpression in mice, which fully recapitulates the PHAII phenotype 

93. Overexpression of wild-type WNK4 in mice results in reduced abundance of total 

NCC and a Gitelman-like phenotype 94. This result is consistent with the WNK4-

mediated inhibition of NCC expression that was discussed in the previous section 87-91. 

Another WNK4 mouse model harbors a PHAII-causing Wnk4 mutation that leads to 

SPAK/OSR1-dependent NCC hyperphosphorylation, suggesting stimulatory functions 

for WNK4 94,95. One study demonstrated that WNK4 hypomorphic mice exhibit salt-

sensitive hypotension and reduced NCC phosphorylation, but unchanged total NCC 

expression 96. This result contradicted previous findings showing WNK4 affecting total 

NCC expression in vitro 87-91, which highlights the need to better understand the 

physiological significance of WNK4-mediated regulation in vivo.  
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Table 1.5. Mouse models of WSN genes and recapitulated human disease 

phenotypes. Information obtained from Hadchouel et al., 2016 97. 
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The functional role of SPAK in vivo was deciphered through both a knock-in and 

knockout strategy 70,71. SPAK knock-in mice express an inactive SPAK mutant, where a 

threonine-to-alanine (T243A) mutation prevents WNK-mediated phosphorylation and 

activation 70. Global knockout of SPAK was conducted through targeted disruption of 

Stk39 in mice 71,98. Both SPAK mouse models demonstrate a dramatic reduction in total 

and phosphorylated NCC, resulting in a Gitelman-like phenotype 70,71. However, while 

the expression and phosphorylation of NKCC2 is predictably reduced in the SPAK 

knock-in model, SPAK knockout mice demonstrate an unexpected increase in NKCC2 

phosphorylation 71. This discrepancy is the result of complex regulation of multiple 

mouse Stk39 isoforms, which is described in greater detail on pages 32 to 34 and in 

Chapter 3.  

 Global knockout of OSR1 disrupts angiogenesis and cardiovascular development, 

resulting in embryonic lethality 70,99-101. To circumvent this, researchers performed 

targeted inactivation of OSR1 in the distal nephron to create a kidney-specific (KS)-

OSR1 knockout mouse model 100. These mice exhibit a Bartter-like phenotype, with mild 

volume depletion and hypokalemia due to decreased total and phosphorylated NKCC2. 

Thus, OSR1 is required for NKCC2 phosphorylation and activity. Notably, double 

knockout of both SPAK and KS-OSR1 in mice results in further depletion of 

phosphorylated NCC and a more severe hypokalemia phenotype, suggesting that SPAK 

and OSR1 are also essential for maintaining proper handling of K+ in the DCT as well as 

plasma K+ concentration 102. 

Additional genetic manipulation in mice includes knockout of NKCC2, which 

results in a Bartter-like phenotype. These mice exhibit salt wasting, hypokalemia and 
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hypercalciuria 103. Similarly, NCC-null animals demonstrate a Gitelman-like phenotype, 

with hypomagnesemia, hypocalciuria, hypotension on a low salt diet, and hypokalemia 

on a K+-deficient diet 104-106. 

 

The Therapeutic Potential of WNKs, SPAK and OSR1 as Drug Targets 

 The regulatory kinases of the WSN pathway represent a new class of 

antihypertensive drug targets. For example, a recent study reports on an orally 

bioavailable inhibitor of WNK kinases that effectively lowered BP in hypertensive mouse 

models 107. Another study reports on two novel compounds that disrupt WNK-SPAK 

binding, as demonstrated by dose-dependent inhibition of WNK signaling in cultured cell 

lines 108. However, despite the clinical potential for WNK-targeting compounds, 

pharmacological inhibition of WNK1 and WNK4 could also cause adverse effects due to 

WNK-mediated regulation of other ion transporters (i.e.: ENaC and ROMK) and large-

conductance K+ channels 97,99,109-111. This highlights the need for further study on the 

therapeutic potential of WNK-targeting compounds.  

 Additional studies have looked to SPAK and OSR1 as potential drug targets. 

Because global knockout of OSR1 causes embryonic lethality in mice, further study is 

needed to ensure the safety of delivering an OSR1-targeting compound systemically. 

SPAK, on the other hand, may serve as a more effective drug target since SPAK knock-in 

mice that are homozygous for the inactivating T243A mutation are markedly 

hypotensive, but otherwise relatively healthy 70. SPAK kinase inhibitors, therefore, 

represent viable therapeutic alternatives to loop- and thiazide diuretics, from which 

patients often experience hyponatraemia and hypokalemia as common side effects. In 
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addition, a recent study identified two novel SPAK inhibitors, which reduced the 

phosphorylation of NCC and NKCC2, both in vitro and in vivo 112.  

 

Transcriptional and Post-Transcriptional Regulation of WSN Gene Expression 

Alternative Promoter Usage, -Splicing, and -Polyadenylation of WSN Genes 

 Greater than 50% of human genes have multiple alternative promoters 113 and/or 

alternative polyadenylation signals 114, and around 95% of human multi-exon genes 

undergo alternative splicing 115,116, resulting in numerous transcript isoforms that differ in 

their transcription start sites (TSSs), coding sequences, and 3’ un-translated regions 

(UTRs) (Figure 1.6). Notably, transcript isoforms derived from a single gene often 

encode for functionally distinct protein isoforms that differ in structure, abundance, 

subcellular localization, and tissue distribution. Not only are these isoforms integral to 

development and physiology, but also, dysregulation of the underlying regulatory process 

results in abnormal isoforms or abnormal abundance of isoforms, which can be 

pathogenic 117,118.  

Importantly, the genes in the WSN signaling pathway undergo alternative 

promoter usage, -splicing, and -polyadenylation, resulting in transcript isoforms that 

exhibit species- and tissue-specific expression. Several WSN alternative transcripts have 

been well characterized in rodent models, and some encode for functionally distinct 

protein isoforms that are expressed in the kidney and are crucial for BP regulation 119,120. 

However, since many transcript isoforms are species-specific, it is not known if the same 

isoforms identified in rodents are present and play the same roles in the human kidney. 

Previous studies have used older detection techniques to identify novel transcript 
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isoforms for the WSN genes (i.e.: Northern blot and conventional reverse transcriptase 

(RT)-PCR), but these methods require existing knowledge of transcript structure and 

sequences for the design of sequence-specific primers and/or probes, which hinders the 

discovery of novel transcript isoforms. This suggests that many of the WSN transcript 

isoforms have yet to be identified and fully characterized, which limits our full 

understanding of WSN-mediated BP regulation and its implications to human 

hypertension. The following sub-sections provide an overview on what is currently 

known about the transcriptional and post-transcriptional regulation for several genes in 

this pathway, as well as molecular components that require further investigation (Table 

1.6). 

 

Figure 1.6. Generation of alternative transcript isoforms via alternative promoter 

usage, -splicing, and -polyadenylation. Figure obtained with permission from Le et al., 

2015 121.   
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WNKs 

 

 Among the WSN genes, WNK1 transcript isoforms have been more extensively 

studied thus far. Alternative promoter usage of the WNK1 gene (28 exons) gives rise to 

two transcript isoforms that encode two functional protein products 122,123. One promoter, 

located upstream of the first exon, drives the expression of the full length WNK1 protein 

(designated as long-WNK1, or L-WNK1). L-WNK1 contains the entire N-terminal 

kinase domain and is therefore kinase active, and it is also ubiquitously expressed across 

human tissues. A second promoter, located in intron 4, drives the expression of a 

truncated WNK1 isoform that lacks almost the entire kinase domain and is devoid of 

kinase activity. This truncated isoform begins transcription at a distinct exon (known as 

exon 4a), is exclusively expressed in the distal nephron and is therefore referred to as 

kidney-specific (KS)-WNK1.  

 Functional studies on KS-WNK1 demonstrate its role in the regulation of renal 

salt balance in both rodent and human kidneys. While L-WNK1 upregulates NCC 

expression by blocking the inhibitory form of WNK4, KS-WNK1 antagonizes the effects 

of L-WNK1, thereby indirectly inhibiting NCC 124. Similarly, KS-WNK1 inhibits L-

WNK1 to suppress ROMK channel endocytosis 124-127. Importantly, the relative 

abundance of both WNK1 isoforms is determined by dietary K+, where acute dietary K+ 

loading increases KS-WNK1 expression, while dietary K+ restriction increases L-WNK1 

expression 125,126.  

 WNK1 also undergoes alternative splicing, resulting in several alternative WNK1 

isoforms that are differentially regulated in a tissue-specific manner 128. One study 

demonstrated how in-frame alternative splicing of exons 11 and 12 in WNK1 affects 
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aldosterone-mediated phosphorylation of NCC 129. Exons 11 and 12 encode two proline-

rich cassettes that make WNK1 susceptible for ubiquitin-mediated degradation, which 

leads to decreased activation of NCC, and thus decreased salt reabsorption. Skipping of 

exons 11 and 12 prevents WNK1 degradation, resulting in increased NCC activation 129. 

Interestingly, WNK1 isoforms that contain these cassettes are highly enriched in the 

ASDN 128. Hypovolemia increases aldosterone levels, resulting in decreased expression 

of the ubiquitin ligase that targets WNK1 for degradation, allowing for effective 

reabsorption of salt in renal epithelial cells 129.  

Additional in-frame splicing events occur within intron 8 of WNK1, where the 

alternative exons known as exon HSN2 and exon 8b reside 130. HSN2 is both a separate 

single exon gene and a nervous system-specific exon of WNK1. Mutations within HSN2 

cause Hereditary Sensory and Autonomic Neuropathy type 2 (HSAN2) in humans, a 

disorder of congenital insensitivity to pain 131-136. HSN2-containing WNK1 transcripts are 

expressed throughout several human and mouse tissues, with the highest expression seen 

in the dorsal root ganglia. Exon 8b is located downstream of exon HSN2 and is only 

included in HSN2-containing transcripts. Unlike exon HSN2, exon 8b is almost 

exclusively expressed in neural tissues, and has only been detected in mice 128.  

 WNK1 also undergoes in-frame alternative splicing of exons 9 and 26 128. 

Skipping of exon 9 occurs in roughly half of the transcripts in all human tissues, but 

alternative splicing of exon 26 is rare. In addition, there are two additional exons within 

intron 26, known as exon 26a and 26b, which are exclusively expressed in neural tissues 

and skeletal muscle. Splicing of both exons 9 and 26 does not occur in mice, but 

alternative splicing of exons 26a and 26b occurs in both humans and mice 128. The 
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functional significance of these in-frame splicing events (alternative splicing of exons 9, 

26, 26a and 26b) is yet to be determined.  

 Finally, further variation in the human WNK1 gene is achieved through alternative 

polyadenylation at two sites in the 3’UTR 123. The predicted consensus polyadenylation 

(poly(A)) signals are located 823 nucleotides (nt) and 2.6 kilobases (kb) downstream 

from the termination codon, resulting in short and long 3’UTR isoforms, respectively. 

Both isoforms are ubiquitously expressed across human tissues, with the longer 3’UTR 

isoform being the most abundant, and the shorter 3’UTR isoform mainly expressed in 

human kidney 123. The functional significance of these alternative polyadenylation events 

is unknown, but varying 3’UTR lengths may affect the translation and stability of the 

WNK1 mRNA through a variety of mechanisms, which are described in greater detail in 

Chapter 4. While much is known about the transcriptional and post-transcriptional 

regulation of WNK1, the same cannot be said for the WNK4 gene. There are no reports of 

functionally distinct, alternative WNK4 transcripts derived from alternative promoter 

usage, -splicing, or -polyadenylation in the literature.  

 

 

SPAK 

 In mice, the Stk39 gene (18 exons) gives rise to three functionally distinct SPAK 

isoforms that have been well characterized. These include the ubiquitously expressed 

full-length (FL)-SPAK protein and two shorter, N-terminally truncated isoforms (Figure 

1.7). One of these alternative isoforms, known as SPAK2, lacks the first 114 amino acids, 

which includes the PAPA box as well as part of the kinase domain. SPAK2 is expressed 

in multiple tissues, and is possibly derived from an alternative translation start site in 
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exon 2 within the transcript encoding FL-SPAK 70,119,120,137. To date, there are no reports 

in the literature on a SPAK2 transcript isoform derived from an alternative promoter in 

mice. In contrast to SPAK2, the second alternative isoform is indeed alternatively 

transcribed from a downstream promoter and is predominantly expressed in the kidney, 

hence its name, kidney-specific (KS)-SPAK. Much like KS-WNK1, the KS-SPAK 

alternative transcript begins from a distinct exon within intron 5 (known as exon 5a), and 

encodes for a protein that lacks the first 250 amino acids, eliminating much more of the 

kinase domain than SPAK2 (Figure 1.7) 120.  

 

Figure 1.7. Known alternative Stk39 transcripts expressed in mouse kidney. *SPAK2 

is thought to be alternatively translated from the FL-SPAK transcript 119,120. **The KS-

SPAK transcript is known to be transcribed from an alternative promoter within intron 5 

(exon 5a) 120.  
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FL-SPAK expression in the mouse kidney is lower than that of the other two 

isoforms, with highest expression seen in the DCT. Conversely, SPAK2 and KS-SPAK 

are more predominantly expressed in the TAL versus the DCT 70,120. The nephron 

segment-specific expression of these SPAK isoforms significantly influences NCC and 

NKCC2 regulation in the mouse kidney, which is discussed in more detail in Chapter 3. 

Importantly, while these alternative isoforms have been well characterized within mice, 

our knowledge of SPAK-mediated regulation in the human kidney is incomplete. 

Specifically, there have been no reports on the expression of orthologous SPAK2 or KS-

SPAK isoforms in the human kidney. 

 

OSR1 

 Transcriptional regulation of Oxsr1 (18 exons) has just recently been elucidated in 

mice. Ferdaus et al. identified an Oxsr1 transcript isoform transcribed from an alternative 

promoter in intron 4, thus lacking exons 1 – 4. Much like KS-WNK1 and KS-SPAK, this 

Oxsr1 transcript begins from a distinct first exon known as exon 4a, and it also 

demonstrates kidney-specific expression. Exon 4a of Oxsr1 bares no homology with exon 

5a of KS-SPAK. However, the first in-frame start codon is homologous to that of KS-

SPAK, resulting in an N-terminally truncated OSR1 protein known as short OSR1 (S-

OSR1) 102. The presence of a transcript encoding S-OSR1 in the human kidney is not 

known. Furthermore, the functional significance of the S-OSR1 protein is yet to be 

determined. 
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NKCC2 

 The SLC12A1 gene (27 exons) undergoes alternative splicing of three different 

exon 5 isoforms, resulting in three full-length NKCC2 spliced transcripts (named 

NKCC2A, NKCC2B and NKCC2F) that are conserved across various species, including 

humans, mice, rats, and rabbits 138-142. The three variants of exon 5 are 96 nt each, are all 

derived from different regions of intron 4, and share an overall ~50% sequence similarity 

with one another 138. The sequence variability between the different exon 5 variants 

possibly contributes to differential ion binding or translocation of NKCC2 138,143. 

Furthermore, co-expression of both NKCC2A and NKCC2A/F isoforms demonstrates a 

dominant negative effect against NKCC2 activity, as demonstrated by 86Rb+ and 22Na+ 

influx assays in Xenopus laevis oocytes 144.   

 The differential localization of alternative NKCC2 transcripts was determined in 

rabbits, rats, and mice 138,140,141,145. In general, NKCC2F transcripts are predominantly 

expressed in the medullary TAL, NKCC2A transcripts are observed in both medullary 

and cortical TAL, and NKCC2B transcripts are specific to the cortical TAL. NKCC2F, 

NKCC2A and NKCC2B represent 70%, 20% and 10% of the total NKCC2 transcript 

expression in the mouse kidney, respectively 146. The human kidney-expression pattern of 

the NKCC2 alternative transcripts does not differ greatly from that of other mammalian 

species 139.   

 Finally, Brunet et al. explored the possibility that differential splicing of NKCC2 

mRNA may be modulated to accommodate changes in reabsorptive needs. They 

demonstrated that chronic water loading of rats results in a reduction of NKCC2F and 

NKCC2A/F isoform expression, while NKCC2A is left unaltered. Conversely, 
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furosemide treatment leads to increased expression of NKCC2A and decreased 

expression of NKCC2F and NKCC2A/F 144. In this regard, the authors suggested that 

furosemide-induced reduction in intracellular Cl- concentrations might influence splicing 

machinery to inversely regulate NKCC2 transporter activity.  

 

NCC 

 Like NKCC2, the NCC pre-mRNA also undergoes differential alternative 

splicing, resulting in several alternative NCC transcripts that have been well established 

in humans. SLC12A3 (26 exons) encodes for the full-length NCC protein (FL-NCC), 

while alternative splicing of the last 27 nt of exon 20 results in a NCC protein that is 9 

amino acids shorter than FL-NCC 147,148. Interestingly, the extra 9 amino acids present 

within FL-NCC are found in humans but are not found in rodents, and this segment 

harbors a novel phospho-serine residue at position 811, which, upon phosphorylation, 

increases NCC transporter activity 149. This suggests that NCC is partially regulated 

through alternative inclusion of a key phospho-serine by alternative splicing. Notably, the 

shorter alternatively spliced NCC transcript is the most predominantly expressed NCC 

transcript in the human kidney 147, but the regulatory mechanism that determines this 

increased abundance is not known.  

 NCC also undergoes skipping of exon 7 (∆exon7) or both exons 7 and 8 (∆exon7-

8) 
150. Deleting exon 7 alters the reading frame and creates a premature termination codon 

(PTC) in exon 9 that, presumably, activates nonsense-mediated mRNA decay (NMD), 

leading to little or no NCC synthesis. However, ∆exon7-8 results in an in-frame deletion 

of a highly conserved extracellular domain of NCC (p.(Ala285_Lys365del)) 150. All three 
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isoforms are found in normal human blood cells and kidneys at the mRNA level, with 

∆exon7 and ∆exon7-8 much less abundant in both tissues than the isoform with both exons 

7 and 8 intact. Notably, the exact mechanism that regulates this differential isoform 

abundance has never been determined. Finally, NCC undergoes alternative 3’ acceptor 

splice site usage in intron 1, in which codon 95 (AGC, Q95) is alternatively spliced from 

exon 2. This results in a human-specific NCC protein that is one residue shorter than FL-

NCC 151. The functional significance of this splicing event remains unclear.  

 

Transcriptomic Analysis of the Kidney and Characterization of Alternative WSN 

Transcripts 

 As outlined above, alternative WSN transcripts derived from alternative promoter 

usage, -splicing, and -polyadenylation greatly contribute to the fine-tuning of BP control. 

Although researchers confirmed the functional significance of numerous WSN 

transcripts, there are still gaps in our knowledge of the transcriptional and post-

transcriptional regulation of this pathway (Table 1.6). For instance, alternative promoter 

usage results in an alternative Stk39 transcript that encodes for KS-SPAK in mice, but 

little is known about this isoform in humans. Additionally, while much is known about 

the post-translational regulation of NCC, our understanding of the regulation of NCC 

transcript abundance, and the functional significance of alternative NCC transcripts in the 

human kidney, is incomplete. Until we gain a complete understanding of how the WSN 

proteins are pre- and post-translationally regulated in the kidney, insights from mouse 

models may be misleading, and may even hinder our efforts to identify new 

antihypertensive medications that target this pathway.  
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To uncover all transcript isoforms of WSN genes, we have characterized human 

and mouse kidney transcriptomes using RNA-seq (Chapter 2). While we have uncovered 

many novel transcript isoforms from alternative promoter usage, -splicing, and -

polyadenylation in genes involved in BP regulation, we have focused on validating and 

characterizing isoforms of STK39 (Chapter 3) and NCC (Chapter 4). In summary, the 

work presented in this thesis elucidates the human-specific regulation and function of 

WSN transcripts, and it also provides a valuable resource for investigators interested in 

other aspects of the renal transcriptome.  
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Specific Aims 

This thesis comprehensively identifies all kidney-expressed WSN transcript 

isoforms, and characterizes the regulation of two specific genes in the WSN pathway: 

namely, the transcriptional regulation of STK39, and the post-transcriptional regulation of 

NCC. We hypothesized that transcriptomic analysis of human and mouse kidneys will 

uncover novel STK39 and NCC transcript isoforms critical for salt reabsorption. 

Functional characterization of such isoforms will provide a deeper understanding of the 

transcriptional and post-transcriptional mechanisms related to BP control, thus providing 

insight for the development of new antihypertensive medications that target various 

components of the WSN pathway.  

 

Specific Aim 1: Characterize the expression and transcriptional regulation of novel 

alternative STK39 transcripts derived from alternative promoter usage in the 

kidney. 

Hypothesis: A comprehensive catalog of the kidney transcriptome will uncover novel 

STK39 transcripts transcribed from alternative promoters, which will provide more 

insight into SPAK-mediated BP regulation.  

1.1. Identify and functionally characterize novel alternative promoters in human kidney-

expressed STK39. 

1.2. Examine differential tissue expression of novel human STK39 transcripts. 

1.3. Examine protein expression of putative N-terminally truncated SPAK isoforms in 

the human kidney, and compare with SPAK expression profiles of other 

mammalian kidneys. 



 40

1.4. Examine the physiological regulation of SPAK transcript and protein expression 

within a mouse model exposed to a high potassium (K+) diet.  

 

Specific Aim 2: Characterize the expression and post-transcriptional regulation of 

novel alternative NCC transcripts in the kidney. 

Hypothesis: NCC transcript abundance is partially determined by post-transcriptional 

processing of its pre-mRNA, which generates normal protein-coding transcripts that are 

potentially targeted for nonsense-mediated mRNA decay (NMD). 

2.1. Identify novel NCC transcripts in human and mouse kidneys.  

2.2. Examine differential expression of novel NCC transcripts. 

2.3. Characterize the regulatory effects of NMD inhibition on NCC transcript and 

protein abundance. 

2.4. Examine the physiological regulation of NCC transcript and protein expression 

within a mouse model exposed to a high potassium (K+) diet. 
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Chapter 2: Transcriptomic Profiling of Human and Mouse Kidneys 

Identifies Uncharacterized Transcript Isoforms of the WSN Pathway 

 

Introduction 

 As discussed in Chapter 1, transcriptional regulation and post-transcriptional 

processing greatly contribute to functionally diverse WSN proteins that mediate BP 

control. Alternative transcript isoforms derived from WSN genes are vital for mediating 

salt and water homeostasis in the kidney, and may be altered by renal sodium 

reabsorption needs and electrolyte imbalance. Therefore, a detailed knowledge of the 

entire catalog of kidney-expressed transcripts (aka the kidney transcriptome) will provide 

a better understanding of the molecular basis of BP control. Knowing all transcript 

isoforms involved may also give insights for the development of antihypertensive drugs.  

  Historically, the discovery of alternative transcript isoforms for candidate BP-

genes relied on older methods, such as Northern blot, RT-PCR, and rapid amplification of 

cDNA ends (RACE). For example, through 5’RACE, McCormick et al. confirmed the 

presence of the alternative Stk39 transcript encoding KS-SPAK in mice 120. Similarly, 

Ferdaus et al. used 5’RACE to discover a shorter OSR1 transcript that encodes for the 

kidney-specific S-OSR1 isoform in mice 102. Furthermore, RT-PCR of human adult 

kidney cDNA led to the discovery of alternatively spliced NCC transcripts involving 

exon 20 and removal of a key phospho-serine residue that dictates NCC transporter 

activity 147,149,150.  

While these discoveries unveiled alternative transcripts vital for kidney function, 

our full understanding of the human kidney transcriptional landscape is far from 
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complete. Unlike KS-SPAK, it is not known if a separate transcript encodes for SPAK2 

in mice, nor is it known if KS-SPAK or SPAK2 exist in humans. Older techniques such 

as RT-PCR and Northern blot interrogate one gene at a time and rely on currently 

annotated sequences for the design of sequence-specific probes and primers. 

Furthermore, bands of unexpected size on a Northern blot or agarose gel may be due to 

probe cross-hybridization or promiscuous primer binding with another transcript rather 

than a novel alternative transcript of the target gene. Microarrays examine the entire 

transcriptome and have also been used to profile gene expression in the kidney 152-156. 

However, microarrays suffer from low sensitivity, have limited dynamic ranges due to 

high noise or probe saturation, and they still require existing knowledge of mRNA or 

genomic DNA sequences. These limitations hinder our ability to fully catalog and 

quantify all mRNA transcripts, including novel transcripts 157,158.  

RNA-sequencing (RNA-seq), on the other hand, utilizes direct high-throughput 

sequencing of cDNA to systematically profile the entire transcriptome of any given tissue 

in a massive parallel manner 157. RNA-seq maps sequence reads individually and 

unambiguously with no saturation and >9000-fold dynamic range, allowing for the 

detection and quantification of both highly and lowly abundant transcripts 159. 

Importantly, RNA-seq does not rely on existing knowledge of transcripts, allowing for 

the detection of novel transcripts and splicing events.  

In this study, we used RNA-seq coupled with older techniques in order to catalog 

all kidney-expressed alternative transcript isoforms in humans and mice. High quality 

RNA samples from these kidneys generated robust sequencing depth (average of >90 

million mapped read-pairs for human and mouse samples), which was sufficient for the 
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detection of rare and uncharacterized transcripts derived from key BP regulating genes, 

such as STK39 and NCC 160,161. The workflow followed in this study is outlined in Figure 

2.1.  

 

Figure 2.1. Workflow for the identification and characterization of alternative WSN 

transcripts in human and mouse kidneys. Alternative transcript isoforms may alter 

protein structure or possess novel mechanisms of gene regulation that may be integral for 

BP control. 

 

 

 

 

Materials and Methods 

RNA Isolation and Quality Control 

 Throughout this thesis, unless otherwise indicated, total RNA was purified using 

the RNAqueous®-4PCR kit (Ambion) following manufacturer’s instructions. Total RNA 

was DNase I treated and assessed for overall integrity using a Bioanalyzer RNA Nano 
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Chip (Agilent). The Bioanalyzer provides an RNA integrity number (RIN) for each 

sample, which is an indicator of overall RNA quality on a scale of 1 – 10 (RIN of 10 

indicates highest quality RNA). 

 

Human and Mouse Kidneys  

 RNA-seq samples were selected from 22 human kidney RNAs and 10 mouse 

kidney RNAs. The human kidneys included 20 post-mortem samples from the National 

Disease Research Interchange (NDRI) tissue bank (snap frozen 5 – 9 hours post-mortem), 

and 2 surgical sections from operated kidneys from the University of Maryland Medical 

Center (UMMC) (snap frozen after receipt). The mouse kidney RNAs, generously 

donated (in RNAlater) by Drs. Paul Welling and Jim Wade, were derived from either the 

cortex or the medulla of wild-type animals (male C57BL6 mice, 8 – 10 weeks old).  

We selected eight kidney RNA samples (four from humans and four from mice) 

for RNA-seq analysis (Table 2.1). Three of the four human kidney RNAs were derived 

from cortices of NDRI kidneys and had an averaged RIN of ~8, which meets the standard 

of quality for RNA-seq recommended by the Genomics Resource Core (GRC) of the 

University of Maryland, Baltimore. The fourth human kidney RNA was derived from a 

UMMC whole kidney surgical section, which had a RIN of 8.1. The four mouse kidney 

RNAs were derived from two sets of cortex and medulla samples from two different 

mice. All four mouse kidney RNAs yielded a RIN > 9. 
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Table 2.1. Human and mouse kidney RNA samples sent for RNA-seq. 

 

 

In addition to the human kidney RNAs derived from NDRI and UMMC kidneys, 

total RNA was also extracted from “medically wasted” human kidneys from the Living 

Legacy Foundation (LLF). LLF coordinates organ donations in which all transplantable 

organs are recovered from donors who have consented to multiple organ donations. 

Occasionally, organs originally recovered for transplantation may not be suitable for 

transplantation and are considered “medically wasted.” Kidneys may be rejected for 

transplantation for various reasons, including cortical scarring, aneurysms of the renal 

artery, or tissue damage.  

Researchers from the UMMC have used such parameters to develop the Maryland 

Aggregate Pathology Index (MAPI), which is a scoring system that predicts kidney graft 

failure on a scale of 0 – 15 (a MAPI score of 15 represents the highest risk for graft 

failure) 162. A “low risk” MAPI score of ≤ 7 was associated with a 90% chance of graft 

survival for 5 years 162. Therefore, “medically wasted” kidneys with very low MAPI 

scores can still be considered normal kidneys, and are thus suitable for use in research.  
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We were authorized access to 10 “medically wasted” LLF kidneys. So far, we 

obtained six kidneys (MAPI score ≤ 4) from four LLF donors (Table 2.2). High quality 

RNA isolated from each LLF kidney (averaged RIN > 8) was used for further validation 

of novel human transcripts via standard nucleotide detection techniques. NCC and 

NKCC2 mRNA levels were examined in each kidney sample used for either RNA-seq or 

validation studies to confirm kidney section of origin (cortex, medulla, or whole kidney), 

as determined by quantitative (q) RT-PCR using TaqMan assays for each gene (Applied 

Biosystems). A representative profile of NCC and NKCC2 mRNA expression obtained 

from one LLF kidney is depicted in Figure 2.2. qRT-PCR protocols using the 

LightCycler® 480 system are described in more detail in Chapter 3 (pages 80 to 81).  

 

Table 2.2. Sample characteristics of human kidneys obtained from the Living 

Legacy Foundation (LLF). MAPI score is a prediction of kidney graft failure on a scale 

of 0 – 15, with 15 being the highest risk for graft failure. Isolated RNAs from these 

kidneys (averaged RIN > 8) were used for validation of uncharacterized WSN transcripts. 
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Figure 2.2. Cortex and medulla demonstrate the expected relative mRNA expression 

levels for NCC and NKCC2. Medulla and cortex samples depicted in analysis were 

obtained from a single kidney of LLF Donor 1. Graphs are representative of all kidney 

RNA samples used for RNA-seq and validation studies. Results are given as the mean ± 

standard deviation (SD) from triplicate qRT-PCR results. Statistical significance was 

determined by the Student’s unpaired two-tailed t-test, with p values of < 0.05 considered 

significant. 

 

 

  

 
 

 

Human Phenotypic Information  

 Both phenotypic information and medical history of all human kidney donors 

used for RNA-seq and validation are summarized in Table 2.3. The mean age of all 

human donors (four males and four females) was 56 years of age. Four out of eight 

human kidneys were from individuals with a history of hypertension. Kidneys from 

African Americans as well as European Americans were included in our study. The 

UMMC surgical section came from the non-cancerous part of a kidney removed due to 

renal cell carcinoma. Otherwise, none of the kidneys in our study had any known kidney 

diseases.  
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RNA-seq Analysis of Data 

 Total RNA (2 µg) from each human and mouse kidney was reverse transcribed 

into cDNA with an oligo-dT primer to capture poly(A) transcripts. cDNA was then 

fragmented, adapter-ligated, and organized into cDNA libraries. To achieve the desired 

sequence depth necessary for low-abundance transcript and novel transcript isoform 

detection (>80 million mapped reads per sample) 160,161, four samples were sequenced 

and pooled in a single lane of flow cell. Tagging of each fragment library with a unique 6 

base-pair (bp) code allowed for multiplexed high-throughput sequencing of cDNA using 

the Illumina HiSeq® 2500, in which 100 bp from both ends of each fragment were 

sequenced. Analysis of sequence reads was conducted using the transcriptome analysis 

pipeline of the Institute of Genome Sciences (IGS). TopHat (version 1.4.0) and Bowtie 

(version 0.12.9) 161 software packages aligned sequence reads to the reference genome 

(either the GRCh37 human genome assembly or the GRCm38 mouse genome assembly), 

and also generated contigs from the reads to establish transcript structure (i.e.: exon-exon 

junctions) 158 (Figure 2.3). 

Cufflinks (version 1.3.0) software uncovered novel transcripts by using an 

algorithm that exploits paired-end sequencing, in which the two ends of a sequence are 

treated as one alignment. This algorithm identifies pairs of mutually incompatible 

fragments that must have originated from distinct spliced isoforms. The fragments are 

then mapped to the genome in order to have a minimum possible set of transcripts that 

explain all aligned read pairs 161.  
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Figure 2.3. An overview of the RNA-seq process. 1.) Total RNA (including mRNA) is 

extracted from a given sample and is reverse transcribed into cDNA using reverse 

transcriptase. 2.) cDNA is fragmented and adapter-ligated. 3.) Millions of cDNA 

fragments undergo shotgun sequencing, resulting in short sequence reads. 4.) Sequence 

reads are mapped to a reference genome. Figure obtained with permission from Wang et 

al., 2009 158.  

 

 

 

 
 

 



 51

Cufflinks estimated transcript abundance based on the probability of observing 

matches between fragments and predicted transcripts. Quantification scores for all genes 

and transcript isoforms were presented as fragments per kilobase of exon per million 

mapped reads (FPKM) values. Cufflinks calculates FPKM values by correcting for 

transcript length and the total number of mapped reads from the library, which accounts 

for different read depths seen in different samples 163.  

To allow for the detection of novel and alternatively spliced transcripts, 

assemblies and abundance estimations were performed without existing gene annotation 

data. Cuffcompare and Scripture software packages were utilized to compare the putative 

novel transcripts to known annotated transcripts. The expression profiles for all known 

and novel transcripts detected in human and mouse kidneys were visualized using the 

Integrative Genomics Viewer (IGV) 164.  

 

Conventional RT-PCR Validation of RNA-seq Findings  

Throughout this thesis, conventional RT-PCR was conducted as follows: Total 

RNA (≥ 1 µg) was reverse transcribed into cDNA using the Transcriptor First Strand 

cDNA Synthesis kit (Roche) following manufacturer’s instructions. Forward and reverse 

primers (designed using Primer3 software) targeted either all transcripts for a specific 

gene, or isoform-specific sequences derived from alternative promoter usage, -splicing, 

and -polyadenylation (Appendix 1A). PCR was conducted using the standard protocol 

provided for GoTaq® Green Master Mix (Promega), which involves the following PCR 

program:  
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 Program Step Temperature (ºC) Duration 

1. Initial Denaturation 95 5 min 

2. Denaturation 95 30 s 

3. Annealing 55 30 s 

4. Extension 72 30 s 

5. Repeat steps 2 – 4 for 35-45 cycles - - 

6. Final Extension 72 10 min 

 

RT-PCR amplified products were visualized through agarose gel electrophoresis.  

 

Sequencing 

 Amplified PCR products destined for sequencing were cleaned using ExoSAP 

(Exonuclease I and Shrimp Alkaline Phosphotase cocktail, Affymetrix) to remove 

leftover primers and dNTPs. Sequencing reactions off of PCR products or plasmids were 

performed using BigDye version 3.1 (Applied Biosystems), followed by cleaning with 

Performa Dye Terminator Removal (DTR) Gel Filtration Columns (EdgeBio). Capillary 

sequencing was conducted using an ABI 3700 DNA sequencer (Applied Biosystems). 

Sequence chromatograms were visualized using Sequencher 5.4 (Gene Codes). 

 

Results 

Illumina Filters of Sequence Read Quality 

 Various measures of read quality, such as “percent perfect index reads,” “percent 

of bases ≥Q30,” and “mean Q score,” were used to filter out low quality reads before 

alignment and transcriptome analysis. The results of this filtering phase for each human 

and mouse sample are summarized in Table 2.4. “Percent perfect index reads” is a 

measurement of accuracy in differentiating between multiplexed samples. The higher the 

percentage of index reads with perfectly matched sequences in one sample, the higher the 
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accuracy of differentiating between samples. Due to the inherent redundancy in index 

design, both perfect index reads and those that differ by one base can be used as sample 

identifiers, which is why most samples have slightly less than 100% of perfect index 

reads 165. Both human and mouse samples had an averaged percentage of perfect index 

reads of ~99%, demonstrating high accuracy in differentiating samples.  

The “Q Score” (or Phred quality score) is a measure of base calling accuracy, 

represented as the probability (P) that a given base is called incorrectly. Q scores are 

logarithmically related to the base calling error, as demonstrated by the following 

formula: 

Q = -10 log10P 

For example, a Q score of 30 (Q30) for a given base means that the probability of an 

incorrect base call is 1 out of 1000, and the base call accuracy is thus 99.9%. Q30 is 

considered a benchmark for quality in next-generation sequencing, where a high 

percentage of bases with ≥Q30 is desired 165.  

Illumina claims that ≥80% of bases above Q30 is typical for the generation of 100 

bp paired-end reads using the HiSeq® 2500 platform 166. In this study, the average of the 

mean Q scores for both human and mouse samples was >35. Furthermore, both human 

and mouse samples had an averaged percentage of bases ≥Q30 of ~91%, demonstrating 

substantial accuracy in base calling for each sample.  
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Table 2.4. RNA-seq measures of sequence read quality. 

 

 

RNA-seq Alignment Characteristics 

Table 2.5 summarizes characteristics of the RNA-seq alignment for all eight 

samples. Both human and mouse samples generated a robust averaged sequencing depth 

of >90 million mapped read-pairs, and an averaged percentage of both mapped and 

exonic reads of >85%. These characteristics are what we expected based on study design, 

and indicate high-quality RNA-seq datasets 167,168. While a small percentage of reads 

mapped to intronic regions (average of ~7.2% and ~4.1% for humans and mice, 

respectively), this was expected and typical of other published RNA-seq results, since 

preparations of mature mRNA may include partially processed nuclear RNAs, and some 

genes may have internal exons that have yet to be annotated in gene models 167.  
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Sample Clustering 

 

 Replicates of samples clustered separately from one another based on correlation 

of read counts. Human Sample 4 (whole kidney) clustered separately from the human 

cortex samples (Human Samples 1 – 3), as expected. However, amongst the cortex 

samples, Human Sample 1 clustered separately from Human Samples 2 and 3, although it 

is not an outlier (Figure 2.4A). The mouse samples demonstrated the expected clustering 

of replicates, in which Mouse Samples 1 and 3 (cortex) clustered separately from Mouse 

Samples 2 and 4 (medulla) (Figure 2.4B).  

The lower quality of RNA for Human Sample 1 (RIN = 7.3) may have hindered 

its correlation with the other cortex derived samples, which both have a RIN ≥ 8. 

Furthermore, this discrepancy is likely due to sex differences within the dataset, as 

Human Sample 1 is female derived, while Human Samples 2 and 3 are both male 

derived. In fact, the most differentially expressed gene between the three cortex samples 

and the one whole kidney sample (male derived) is XIST, which dictates X inactivation 

within mammalian females. Despite this discrepancy in human replicates, the whole 

kidney sample still clustered separately from the three cortex samples, demonstrating 

accuracy in sample clustering.  
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Figure 2.4. Hierarchical clustering of human (A) and mouse (B) kidney samples for 

RNA-seq. Clustered heatmap displays sample-to-sample distances. Human Sample 4 

(whole kidney) clusters separately from Human Samples 1 – 3 (cortex), as expected. 

Human Sample 1 clusters separately from Human Samples 2 and 3, but it is not an 

outlier. Mouse Samples 1 and 3 (cortex) cluster separately from Mouse Samples 2 and 4 

(medulla), as expected. Clustered heatmap was produced using DESeq (version 1.10.1) R 

statistical package. Color key and histogram displays variance stabilized read counts vs. 

sample-to-sample distance. HS, Human Sample; MS, Mouse Sample.  
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Overall Gene and Transcript Expression 

 The distribution of gene expression levels was similar across all replicates of 

human and mouse samples (Figure 2.5). In each sample, the distribution showed a 

primary peak of high-expression genes, with a long left shoulder of low-expression 

transcripts, which is consistent with prior RNA-seq studies 169. Human samples had an 

average of ~18,000 transcripts with FPKM > 1, while mouse samples had an average of 

~15,000 transcripts with FPKM > 1. The highest expressing gene amongst all human 

samples was MT-ND3 (FPKM = 47,023), which is a mitochondrial gene that encodes for 

a component of the electron transport chain. The highest expressing gene amongst all 

mouse samples was Kap (FPKM = 48,865), which encodes for kidney androgen-

regulated protein, the most abundant and specific gene expressed in mouse kidney PCT 

cells 170.  

 

Comparison of RNA-seq Data with Publically Available Datasets 

 For further quality assessment of our dataset, gene expression levels in these 

kidney samples were compared with those of other kidney samples from publically 

available datasets. The human RNA-seq data generated in this study were compared to 

kidney RNA-seq data from the Human Protein Atlas (HPA), along with two human 

kidney transcriptomic studies listed in the Gene Expression Omnibus (GEO) database 171-

173. Similarly, the mouse RNA-seq data were compared to three mouse kidney 

transcriptomic datasets (listed in GEO), which were included in the mouse ENCODE 

project 174,175.  
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Figure 2.5. Density plot of log-transformed RPKM values of protein coding genes in 

human (A) and mouse (B) RNA-seq datasets. Density refers to the fraction of the 

distribution of genes in each sample. All replicates of human and mouse kidney samples 

demonstrate similar distributions of gene expression. 
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Table 2.6 summarizes characteristics of each study, including the origin of kidney 

samples, the number of kidneys analyzed, the averaged total reads generated by all 

replicates, and the highest expressing gene amongst all replicates of that study. Our 

human and mouse samples generated the most total reads compared to the other studies. 

Unsurprisingly, the majority of kidney samples across different studies expressed high 

levels of mitochondrial genes, consistent with the high energy expenditure required by 

the kidney 176. The highest expressed gene within one of the human kidney datasets (H-

GEO2) was GPX3, which encodes the extracellular glutathione peroxidase that primarily 

functions in kidney PCT cells 177.  

 Furthermore, we compared transcript abundances of four genes across all human 

and mouse datasets. These genes (SLC12A3, SLC12A1, KCNJ1, and UMOD) were 

chosen based on their known robust and renal-specific expression 171,178. Averaged 

FPKM values of replicate samples are summarized in Table 2.7, while individual FPKM 

values per sample are shown in Figures 2.6 and 2.7. This comparative analysis revealed 

similar trends in gene expression across different transcriptomic studies. For example, out 

of the five candidate genes examined, UMOD was consistently the highest expressed 

gene in all human and mouse datasets. UMOD encodes for uromodulin, a TAL-specific 

protein that functions in the biogenesis and organization of the apical membrane of 

epithelial cells. Replicates of mouse study samples demonstrated more consistency in 

gene expression compared to human samples, which showed sample-to-sample variation 

within and across datasets. This was likely due to genetic homogeneity as well as 

controlled diet and environment inherent to samples from inbred laboratory mice versus 

humans. Both human and mouse kidney transcriptome datasets from our RNA-seq 



 61

analysis have been deposited into the GEO database (Series number = GSE106548 for 

both human and mouse datasets) and are available to the scientific community.  

 

Table 2.6. Comparison of human and mouse kidney RNA-seq datasets. HPA, Human 

Protein Atlas; H-GEO, Human GEO Study; M-GEO, Mouse GEO Study. *The number 

of mapped reads, instead of total reads, is provided by the HPA study. 
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Table 2.7. Comparison of kidney-specific gene expression across human and mouse 

kidney RNA-seq datasets. HPA, Human Protein Atlas; H-GEO, Human GEO Study; M-

GEO, Mouse GEO Study. 

 

 

 



 63

Figure 2.6. Comparison of kidney-specific gene expression in replicate samples 

across four human kidney RNA-seq studies. FPKM values of each kidney-expressed 

gene are plotted for all human kidney replicates.  
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Figure 2.7. Comparison of kidney-specific gene expression in replicate samples 

across four mouse kidney RNA-seq studies. FPKM values of each kidney-expressed 

gene are plotted for all mouse kidney replicates. 
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Detection of Known Alternative WSN Transcripts by RNA-seq   

Putative alternative transcript isoforms uncovered by our RNA-seq analysis are 

too numerous to list. For the rest of this chapter, we focused on five genes within the 

WSN pathway (WNK1, SPAK, OSR1, NKCC2, and NCC). As expected, we detected 

known alternative WSN transcript isoforms previously discussed in Chapter 1 (Table 

2.8). In humans, these included alternative splicing of exons 9, 11 and 12, in both L-

WNK1 and KS-WNK1 transcripts 128,129; and alternative splicing within the NCC coding 

region (including exons 7 and 8, the last 27 nt of exon 20, and residue Q95) 147,149,150. Our 

RNA-seq analysis also detected the alternatively spliced NKCC2 isoforms (NKCC2A, 

NKCC2B and NKCC2F) in both humans and mice 138,144; alternative splicing of exons 11 

and 12 in the mouse L-WNK1 and KS-WNK1 transcripts 128; as well as the mouse KS-

SPAK transcript 120. Interestingly, our RNA-seq analysis did not detect the short 3’UTR 

of human WNK1 from alternative polyadenylation 123, nor did it detect the mouse S-

OSR1 transcript 102. 

 

Detection and RT-PCR Validation of Uncharacterized Alternative WSN Transcripts 

 Our RNA-seq analysis uncovered several alternative transcripts for human 

STK39 and SLC12A3 and mouse Wnk1, Stk39, and Slc12a3 that are not discussed in the 

literature, but some may be annotated within genome databases, such as the UCSC 

Genome Browser and Ensembl. Importantly, all of these alternative transcripts have yet to 

be functionally characterized. For example, uncharacterized STK39 transcripts with 

alternative first exons were detected in both human and mouse kidneys by RNA-seq. 

Using promoters distinct from those reported for mouse Stk39, these transcript isoforms 



 66

nevertheless may encode for protein isoforms similar to mouse SPAK homologs. RT-

PCR validation of these human and mouse STK39 transcripts is summarized in Table 2.9 

(hSPAK2, mSPAK2, and hKS-SPAK). Characterization of these novel promoters and 

exons, as well as their functional significance, will be discussed in greater detail in 

Chapter 3. 

 

Table 2.8. Known alternative WSN transcripts detected in our RNA-seq datasets for 

human and mouse kidneys. APU, alternative promoter usage; AS, alternative splicing. 
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Our RNA-seq analysis also detected uncharacterized alternative splicing and 

alternative polyadenylation of the human NCC final exon (exon 26). Alternative 

polyadenylation results in alternative NCC transcripts with either a short 3’UTR or a long 

3’UTR (1.1 kb vs. 2.4 kb, respectively), while alternative splicing within exon 26 leads to 

a shorter 3’UTR missing 171 nt. RT-PCR validation of these alternative polyadenylation 

and -splicing events in human and mouse kidneys is summarized in Table 2.9. The 

functional significance of these 3’UTR processing events within human or mouse NCC 

pre-mRNAs, and the regulatory mechanisms that contribute to their differential 

abundances, are currently not known and will be explored in Chapter 4. In addition, our 

RNA-seq analysis detected in-frame splicing events in WSN genes that demonstrated 

species-specific expression, including the human-specific alternative splicing of STK39 

exon 13 (SPAK∆E13), and the mouse-specific alternative splicing of Wnk1 exon 21 

(mWNK1∆E21). We also detected alternative 3’ acceptor splice site usage within intron 

9 of human WNK1, in which codon 742 (CAG, Q742) is alternatively spliced from exon 

10. This results in a human-specific WNK1 protein isoform that is one residue (Q742) 

shorter than L-WNK1. The SPAK∆E13, mWNK1∆E21, and WNK1∆Q742 splicing events 

are not found in the literature, but WNK1∆Q742 is annotated within genome databases. 

Both the SPAK∆E13 and mWNK1∆E21 splicing events were RT-PCR validated (Table 

2.9). However, due to the lack of unique sequences surrounding codon 742 of human 

WNK1, junction-specific primers were unable to specifically recognize this junction, so 

the WNK1∆Q742 splicing event could not be RT-PCR validated. The functional 

significance of all three splicing events requires further study.  
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Table 2.9. RT-PCR validation of uncharacterized alternative WSN transcripts (not 

discussed in the literature) in human and mouse kidneys. *Some alternative 

transcripts for STK39 and NCC will be discussed in greater detail and further 

characterized in Chapters 3 and 4. In RT-PCR schematics: Black arrows represent 

forward and reverse primers used for validation; orange boxes represent human-specific 

exons; purple boxes represent mouse-specific exons. pA, cleavage and polyadenylation 

site; ** = hybrid reverse primer with 5’ poly(T) tag for amplification of specific 

alternative polyadenylation site.  Sequences for forward and reverse primers are listed in 

Appendix 1A. Agarose gel images show as follows: Lane 1, 100 bp DNA ladder (New 

England Biolabs); Lane 2, human or mouse kidney replicate 1; Lane 3, human or mouse 

kidney replicate 2; Lane 4, RT(-) (no RT control); Lane 5, water. Different human or 

mouse kidney replicates are defined by letters: A and B, human whole kidney; C – F, 

human cortex; G and I – K, mouse cortex; H, mouse medulla. Amplification of a 

housekeeping gene (cyclophilin B, 301 nt) in all human and mouse kidney replicates is 

displayed below. 
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Table 2.9 continued 
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Table 2.9 continued 

 

 

Discussion 

 This study is the first study of the WSN pathway that catalogs all known and 

novel WSN transcript isoforms, and compares their expression profiles between human 

and mouse kidneys. We combined high-throughput transcriptomic analysis with gene-

specific molecular techniques for the characterization of WSN transcripts. RNA-seq 

analysis of human and mouse kidneys detected known alternative WSN transcripts, and 

also uncovered several other transcripts that have not been previously annotated or 

characterized (Tables 2.8 and 2.9).  

However, limitations inherent to RNA-seq hindered the annotation of certain 

transcript sequences in the final assembly. Misalignment of sequence reads and the rarity 

of short reads to span multiple splice junctions are some examples as to why full 

transcript start or end sites are occasionally erroneously identified, and not all transcript 

isoforms are inferred by algorithms commonly used for RNA-seq data analysis 179-181. 

Alternative sequencing technologies, such as the single molecule real-time sequencing 

developed by Pacific BioSciences (PacBio), can generate longer sequencing reads (>10 

kb), which may be better suited for the identification of full-length transcript isoforms. 
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However, PacBio is hindered by lower throughput, higher error rate, and higher cost per 

base compared to RNA-seq 182. While RNA-seq allowed for the high throughput 

identification of WSN transcripts in the kidney and also provided a tool for the 

examination of raw read alignments within target sequences, RACE and RT-PCR helped 

decipher unknown sequences from ambiguous RNA-seq read alignments (as 

demonstrated with hKS-SPAK, NCC 3’UTR∆286nt, and mouse NCC 3’UTR∆392nt, further 

discussed in Chapters 3 and 4). This illustrates the utility of implementing both 

transcriptomics and RT-PCR/RACE-based validation for establishing a catalog of 

kidney-expressed WSN transcripts. 

All human and mouse kidney RNAs in our study generated an average of >100 

million total reads and >90 million mapped read pairs, which was the deepest sequencing 

depth compared to other human and mouse kidney RNA-seq studies available so far 

(Table 2.6). Unsurprisingly, several of the uncharacterized WSN transcripts identified in 

our study were also detected in other datasets, based on careful examination of raw 

sequence read alignments deposited into the Sequence Read Archive (Table 2.9). While 

our RNA-seq analysis was not the first to detect these transcripts, we are the first to 

validate and functionally characterize specific STK39 and NCC transcript isoforms in the 

context of gene regulation and BP control (further discussed in Chapters 3 and 4). 

Furthermore, the novel splice junctions detected within the NCC 3’UTR were not found 

within the other RNA-seq datasets, making our study the first to report and characterize 

these splicing events (further discussed in Chapter 4). 

 In conclusion, transcriptomic profiling of human and mouse kidneys helped 

establish a catalog of kidney-expressed WSN transcripts, including several 
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uncharacterized STK39 and NCC transcript isoforms that may be integral to the 

regulation of both genes and the overall regulation of BP. The identification of putative 

orthologous SPAK transcripts in both humans and mice is an important first step towards 

our complete understanding of SPAK-mediated BP control. Furthermore, the 

identification of novel alternative splicing events within the NCC final exon adds an 

additional layer of complex regulation that, together with alternative polyadenylation, 

could potentially influence NCC transcript stability and overall abundance. Additionally, 

post-transcriptional processing of the NCC 3’UTR is conserved in both humans and 

mice, despite highly divergent 3’UTR sequences (further discussed in Chapter 4), which 

supports functional significance of the NCC 3’UTR that warrants further investigation. 
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Chapter 3: Transcriptional Regulation of STK39 mRNA Isoforms has 

Implications for Blood Pressure-Control in Human and Mouse Kidneys 

 

Introduction 

 As components of the renal regulation of NaCl reabsorption, SPAK and a related 

serine/threonine kinase, OSR1, directly phosphorylate and activate ion co-transporters 

(NKCC2 and NCC) at the plasma membrane of renal epithelial cells 99. The functional 

significance of SPAK and OSR1 in the fine-tuning of renal salt handling and BP control 

has been extensively studied in mice. The mouse SPAK and OSR1 proteins share 96% 

amino acid sequence homology in their N-terminal catalytic domains, 67% homology in 

their C-terminal regulatory domains, and similar expression levels within the DCT and 

TAL 99,102,119,120. However, previous studies in mice demonstrated how SPAK and OSR1 

differentially regulate NKCC2 and NCC, due to the presence of N-terminally truncated 

SPAK isoforms known as SPAK2 and KS-SPAK 119,120. 

 As mentioned briefly in Chapter 1, mouse SPAK2 and KS-SPAK are 

predominantly expressed in the mouse TAL (Figure 3.1A), and both lack varying 

amounts of the N-terminal catalytic domain, with KS-SPAK lacking a more significant 

portion (the first 250 amino acids) than SPAK2 (the first 114 amino acids) 119,120. While 

FL-SPAK displayed a greater interaction with NCC than with NKCC2, resulting in NCC 

activation 82, SPAK2 and KS-SPAK mainly interact with NKCC2, which impedes the 

binding of FL-SPAK and OSR1, resulting in potent inhibition of NKCC2 

phosphorylation and function 82,120,183 (Figure 3.1A). Notably, KS-SPAK demonstrated 

more potent inhibition than SPAK2 (70% vs. 16% inhibition in vitro, respectively). This 



 74

difference was presumably due to more retention of the catalytic domain in SPAK2 

compared to KS-SPAK 183.  

 Also mentioned previously in Chapter 1, SPAK knock-in mice that express 

inactive SPAK exhibit decreased phosphorylation of both NKCC2 and NCC 70, whereas 

global knockout of SPAK results in the unexpected increase of NKCC2 phosphorylation 

(Figure 3.1B) 71. The TAL-specific expression of SPAK2 and KS-SPAK explains this 

discrepancy in mice. In the SPAK knock-in mouse, FL-SPAK kinase activity is abolished 

in both the DCT and the TAL, but inhibition of OSR1 by SPAK2 and KS-SPAK is 

unaffected in the TAL, which results in decreased NKCC2 phosphorylation 70. In 

contrast, global knockout of SPAK completely abolishes the expression of FL-SPAK as 

well as the inhibitory SPAK isoforms, resulting in uninhibited OSR1 kinase activity in 

the TAL, and subsequent hyperphosphorylation of NKCC2 71,119,120. These findings 

highlight the roles of SPAK2 and KS-SPAK and support the model that FL-SPAK 

mainly activates NCC in the mouse DCT, while OSR1 mainly activates NKCC2 in the 

mouse TAL.  
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Figure 3.1. Nephron segment-specific expression of mouse SPAK isoforms and their 

effects on ion co-transporter phosphorylation. (A) KS-SPAK and SPAK2 are the most 

abundant isoforms in the mouse TAL, while FL-SPAK is the most abundant isoform in 

the mouse DCT. Lacking a functional kinase domain, SPAK2 and KS-SPAK are not 

catalytic and act as inhibitors of FL-SPAK and OSR1. (B) Knock-in mice homozygous 

for the inactivating mutation, Stk39T243A/T243A, have reduced pNKCC2 and pNCC. In 

contrast, knockout of SPAK within mice leads to decreased pNCC, but increased 

pNKCC2, due to the absence of the inhibitory effects of KS-SPAK and SPAK2. KI, 

knock-in; KO, knockout. Figure 3.1A adapted from Gamba, 2014 184.  
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 The generation of smaller SPAK-cleavage products by a protease aspartyl 

aminopeptidase (Dnpep) within kidney lysate adds to the complexity of SPAK-mediated 

regulation 185. Markadieu et al. demonstrated cleavage of a cloned SPAK-fusion protein 

after treatment by both mouse and human kidney lysates, and that SPAK-cleavage 

products also exert inhibitory effects on NKCC2 in vitro. They also demonstrated that 

cleavage only occurs after treatment with kidney lysate and not with the lysates of other 

tissues 185. Numerous studies have conducted Western blot analyses of mouse kidneys 

using a C-terminal anti-SPAK antibody 137, revealing multiple bands that could 

correspond with SPAK protein isoforms due to pre-translational regulation as well as 

SPAK-cleavage products 119,120,185. While the SPAK protein expression profiles differ 

slightly from study to study, the general consensus is that smaller molecular weight 

SPAK products in mice cause differential signaling of SPAK/OSR1 in a nephron 

segment-specific manner. 

However, it is not known if shorter orthologous SPAK isoforms exist in the 

human kidney, and if so, whether or not they play similar nephron segment-specific 

functions as what were observed in mice. Furthermore, while the findings by Markadieu 

et al. point to proteolytic cleavage as an alternative means for generating inhibitory 

SPAK in an in vitro system, the presence of such cleavage events in either human or 

mouse kidneys is unknown. Our limited understanding of the pre- and post-translational 

regulation of human SPAK complicates the interpretation of human SPAK protein 

expression detected using Western blots, since multiple SPAK bands can be derived from 

alternative promoter usage, alternative pre-mRNA processing, alternative translation, 
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post-translational modifications, or proteolytic cleavage. This lack of information hinders 

our understanding of SPAK-mediated BP control in the human kidney. 

 

Characterization of Human and Mouse STK39 Transcript Isoforms 

Transcriptomic profiling by RNA-seq and 5’RACE of human kidney RNA 

revealed uncharacterized STK39 transcript isoforms that may shed light on the matter. In 

this chapter, we characterized the transcriptional regulation of such STK39 isoforms in 

order to better understand their role in the human kidney. First, we examined the 

differential mRNA expression of STK39 transcripts across a panel of human tissues. We 

also examined the transcriptional activity of the putative promoter regions within human 

alternative STK39 transcripts through an in vitro reporter gene assay. Furthermore, we 

compared the SPAK protein expression profiles within the kidneys of humans, rhesus 

monkeys, and mice in order to examine species-specific similarities and differences in 

SPAK regulation.  

Increased plasma K+ is known to downregulate NCC activity through switching 

off the WSN pathway 186. In this model, increased extracellular K+ hyperpolarizes renal 

epithelial cells in the DCT, which results in decreased Cl- efflux. High intracellular Cl- 

thereby binds to WNKs and inhibits their autophosphorylation, thus inhibiting 

phosphorylation and activation of other components of the pathway, such as SPAK and 

NCC 186. Other studies have demonstrated that dietary K+ restriction increases SPAK 

protein abundance in the mouse cortex, thereby increasing NCC phosphorylation and salt 

reabsorption in order to maintain K+ homeostasis 187,188. Thus, increased dietary K+ is 

expected to decrease total SPAK activity, although it is not known if such a decrease is 
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regulated through transcriptional or translational changes. Therefore, we specifically 

investigated the effects of a high K+ diet on mouse renal SPAK transcript and protein 

levels. Taken together, characterization of both human and mouse STK39 transcripts 

described in this chapter sheds light upon SPAK-mediated BP control, providing further 

insights for the development of SPAK-targeting antihypertensive medications.  

 

Materials and Methods 

 

Human Tissues 

 Human kidney cortex and medulla samples from LLF Donors 1 and 4 (discussed 

in Chapter 2, Table 2.2) provided total RNA and protein for downstream RT-PCR, qRT-

PCR, and western blot analyses of SPAK expression. In addition, total RNA was also 

isolated from human heart, subcutaneous fat, whole blood, and brain (frontal cortex). 

Commercially available multi-tissue cDNA or mRNA panels were not used in this study 

due to their sub-optimal quality compared to RNAs isolated from human tissues we 

obtained.  Human heart and subcutaneous fat RNAs were provided by the Mid-Atlantic 

Nutrition Obesity Research Center of the University of Maryland School of Medicine, 

and the human frontal cortex tissue samples were provided by Dr. Todd Gould and the 

developmental brain bank of the University of Maryland, Baltimore. Human whole blood 

samples were obtained from healthy members of the Old Order Amish community.  

 

Non-human Primate Kidneys 

 Kidneys from two rhesus monkeys (6 year old female and 7 year old male) were 

obtained from Dr. Agnes Azimzadeh’s laboratory. As part of Dr. Azimzadeh’s study, 
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both monkeys received a single dose of a monoclonal antibody that depleted B (CD20+) 

cells 90 days before euthanasia. At the time of euthanasia, both monkeys were of normal 

healthy weight (5.9 kg and 12.4 kg, respectively), with normal kidney function. The use 

of non-human primate tissue was approved by the University of Maryland School of 

Medicine Institutional Animal Care and Use Committee (IACUC).   

 

Dietary K+ Manipulation and Kidney Isolation from Mice 

 Wild type C57BL6 male mice used in this study were housed in groups of three to 

five per cage. At 8 weeks of age, 18 mice were given a control diet (1% K+, 0.3% Na+, 

0.9% Cl-; TD.88238 from Harlan Teklad) for 7 days. After acclimating to the control diet, 

mice were divided into three dietary regimens: 6 mice on the control diet for 9 days 

(Control K); 6 mice on a high K+ diet for an acute period (HK-Acute, 3 days); and 6 mice 

on a high K+ diet for a chronic period (HK-Chronic, 9 days). The high K+ diet (TD.09075 

from Harlan Teklad) consisted of 5% K+, 0.3% Na+, and 5% Cl-. After 10 days, kidney 

tissue was harvested and immediately placed in RNAlater or liquid nitrogen for 

downstream qRT-PCR and western blot analyses, respectively. All procedures involving 

mice were approved by the IACUC of the University of Maryland School of Medicine.  

 

5’ Rapid Amplification of cDNA Ends (RACE) of Human Kidney RNA 

 In addition to RNA-seq, 5’RACE was used to validate the expression of 

alternative 5’ ends of candidate human STK39 transcript isoforms. 5’RACE of human 

kidney RNA, including cDNA synthesis, amplification, and characterization of 5’RACE 

products through molecular cloning, were conducted using the FirstChoice® RLM-RACE 
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kit (Ambion) based on manufacturer’s instructions. This procedure takes advantage of the 

5’ cap that is only present on full length, non-degraded mRNA, ensuring that 

amplification only occurs from true 5’ ends of mRNA and not from degraded mRNA. 

Gene-specific reverse primers from internal exons of STK39 were used in conjunction 

with 5’RACE primers (provided in the kit) that anneal to an artificial adapter appended to 

the 5’ ends of mature transcripts (Appendix 1B). Specific and robust amplification of 

target sequences was achieved using a nested PCR program shown below: 

  Outer Reaction Inner Reaction 

 
Program Step 

Temperature 

(ºC) 
Duration 

Temperature 

(ºC) 
Duration 

1. Initial Denaturation 94 3 min 94 3 min 

2. Denaturation 94 30 s 94 30 s 

3. Annealing 55 30 s 61.1 30 s 

4. Extension 72 30 s 72 30 s 

5. Repeat steps 2 – 4 

for 40 cycles 
- - - - 

6. Final Extension 72 7 min 72 7 min 

 

5’RACE-amplified products were visualized through agarose gel electrophoresis. PCR 

products from novel 5’ ends of transcripts were gel purified and cloned into the 

pCRTM2.1-TOPO® (Invitrogen) cloning vector, and sequenced using gene-specific 

primers or primers off the cloning vector.  

 

Conventional and Quantitative RT-PCR  

 Transcript isoform-specific forward and reverse primers were used for the 

amplification of total STK39 and alternative STK39 transcripts expressed within human 

and mouse tissues (Appendix 1A). qRT-PCR was conducted using the LightCycler® 480 

SYBR Green I Master protocol (Roche), which involves the following program: 
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 Program Step Temperature (ºC) Duration 

1. Initial Denaturation 95 5 min 

2. Denaturation 95 10 s 

3. Annealing (single detect) 55 - 60 20 s 

4. Extension 72 30 s 

5. Repeat steps 2 – 4 for 45 cycles - - 

6. 
Melting Curve Analysis 

95 5 s 

7. 65 1 min 

 

Quantification of alternative STK39 transcripts using isoform-specific primers was 

normalized to the quantification of total STK39 mRNA within humans or mice, or to the 

quantification of a housekeeping gene such as β-actin or GAPDH (TaqMan probes 

obtained from Applied Biosystems). TaqMan assays were conducted using the 

LightCycler® 480 Probes Master protocol (Roche) and the following program:  

 Program Step Temperature (ºC) Duration 

1. Initial Denaturation 95 10 min 

2. Denaturation 95 15 s 

3. Annealing (single detect) 60 1 min 

4. Extension 72 30 s 

5. Repeat steps 2 – 4 for 50 cycles - - 

 

qRT-PCR was performed in triplicate wells per sample. Relative abundance of transcript 

isoforms was determined as the average of triplicate qRT-PCR results (2-∆∆CT) ± standard 

deviation (SD) for each sample.  

 

In Silico Analysis of Putative Alternative Promoter Regions within Human STK39 

 Alternative transcription start sites (TSSs) for human STK39 were further 

examined in conjunction with in silico resources, such as ENCODE 189. These resources 

include transcription factor binding sites (TFBSs), DNAse hypersensitive regions, and 

histone/chromatin modifications that are characteristic of promoter regions. In addition, 
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the UCSC Genome Browser was used to determine if the putative promoters overlapped 

with evolutionarily conserved segments 148. 

 

Cell Culture and Transfection 

 HEK293A, Hela, and Huh7 cells (American Type Culture Collection) were 

cultured in complete medium, consisting of 4.5 g/L glucose, L-glutamine and sodium 

pyruvate Dulbecco’s Modified Eagle Medium (DMEM, Cellgro) supplemented with 10% 

fetal bovine serum (Gibco). Cells were seeded at 1.5 x 105 cells/well of 24-well plates. 

and were maintained at 37ºC and 5% CO2. Transfections of plasmids within each cell line 

were performed in 24-well plates using the Lipofectamine 2000 transfection reagent 

(Invitrogen) following manufacturer’s instructions.  

 

Characterization of Alternative STK39 Promoter Activity via an In Vitro Luciferase 

Reporter Gene Assay 

 The alternative promoter regions within human STK39 based on newly discovered 

TSSs and in silico analysis were experimentally validated using a luciferase reporter gene 

vector (pGL4.10, Promega). Candidate promoter sequences were PCR amplified from 

human genomic DNA using forward and reverse primers that were tagged with 16 bp 5’-

overhangs identical to a double digested region of pGL4.10 (XhoI/HindIII) (Appendix 

1C). This facilitated directional cloning of each gel purified promoter fragment upstream 

of a firefly luciferase cassette by the In-Fusion Cloning System (Clontech). Sequences 

and orientations of all promoter inserts were confirmed through Sanger sequencing, as 

described in Chapter 2. 
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 Each luciferase reporter construct (800 ng) was individually co-transfected (in 

triplicate) with 8 ng of the pRL-SV40 Renilla luciferase reporter vector (Promega) into 

HEK293A cells. After 48 hours post-transfection, cells were lysed and processed using 

the Dual Luciferase® Reporter Assay System (Promega) following manufacturer’s 

instructions. Firefly and Renilla luciferase activities were measured, in triplicate, using a 

VICTORTM X3 Multilabel Plate Reader (Perkin Elmer 2030). Firefly luciferase activity 

was normalized to Renilla luciferase activity to control for experimental variation in 

transfection efficiencies and data from three independent transfections were normalized 

to that of empty vector transfected cells (set to 1). Reporter constructs that were positive 

for promoter activity within HEK293A cells were also assayed in Hela and Huh7 to 

assess differential promoter activity in different cellular environments. 

 

Western Blot Analysis of SPAK Protein Expression 

 Human and animal kidney tissues were homogenized in RIPA protein lysis buffer 

(Teknova). Cell lysate protein concentration was determined using the PierceTM BCA 

Protein Assay Kit (ThermoFisher Scientific). Protein lysates were solubilized in either 5X 

Lane Marker Reducing Sample Buffer (ThermoFisher Scientific) or in 2X Laemmli 

Sample Buffer (BioRad). Solubilized proteins (20-25 µg of crude lysate) were resolved 

by size on SDS-PAGE, 10% Tris-HCl protein gels (BioRad), and transferred onto 

polyvinylidene difluoride (PVDF) membranes (Fisher Scientific).  

After blocking in milk, membranes were hybridized with an anti-SPAK antibody 

that specifically targets the C-terminus 137 (generous donation from Dr. Paul Welling), 

which was used against human and animal kidneys to compare the SPAK protein 
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expression profiles of different species. The epitope of the C-terminal antibody is the last 

133 amino acids of mouse SPAK, which shares ~91% homology with the same region in 

human SPAK and around ~79% homology with the same region in rhesus monkey 

SPAK. Using GST-OSR1 and GST-SPAK fusion proteins, Piechotta et al. demonstrated 

that this antibody has an affinity two orders of magnitude higher for SPAK than OSR1 

137.  A commercially available N-terminal SPAK antibody (Aviva) was also used to 

specifically target amino acids 151-200 in the human SPAK protein sequence, which 

shares 78% homology with the human OSR1 protein sequence. 

 Visualization of SPAK protein isoforms was conducted using the FluorChemTM Q 

System (Alpha Innotech). Bands were assigned to putative N-terminally truncated SPAK 

isoforms based on their predicted sizes. Densitometry analysis was performed for each 

band using the FluorChemTM Q SA software (Alpha Innotech), and band intensity was 

normalized relative to an internal control, such as α-tubulin or β-actin (Sigma-Aldrich).  

 

Statistical Analysis 

Statistical significances of differences in promoter activity, transcript abundance, 

and protein abundance were determined by the Student’s unpaired two-tailed t-test, with 

p values of < 0.05 considered significant. 
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Results 

Detection of Uncharacterized STK39 Transcripts in Human and Mouse Kidneys through 

RNA-seq and 5’RACE 

 Our RNA-seq analysis outlined in Chapter 2 revealed uncharacterized STK39 

transcript isoforms in both human and mouse kidneys. These include STK39 transcripts 

with species-specific alternative first exons (exon 1a) that potentially encode for SPAK2 

proteins in both humans and mice (Figure 3.2A). Human exon 1a is derived from a 398 nt 

internal segment within intron 1 (~39.6 kb upstream of exon 2 in the genomic sequence, 

Appendix 2A). While mouse exon 1a is located within intron 1 (Appendix 2B), it is only 

142 nt in size, ~5.6 kb upstream of exon 2, and shares very limited sequence homology 

with human exon 1a (26.8%). 

 Both human and mouse alternative STK39 transcripts containing exon 1a are 

predicted to use the same alternative translation start sites in exon 2 and result in an N-

terminally truncated SPAK protein that is near identical in peptide sequence and size to 

the mouse SPAK2 isoform already described 119,120 (Figure 3.2B). While mouse SPAK2 

is initially thought to be alternatively translated from the full-length mouse Stk39 

transcript 190, our data suggests that alternative transcripts with species-specific 

alternative TSSs encode for SPAK2 in both humans and mice. Therefore, we designated 

these transcripts as hSPAK2 and mSPAK2 for human and mouse SPAK2, respectively.  

 

 

 

 



 86

Figure 3.2. RNA-seq analysis of human and mouse kidneys detects uncharacterized 

STK39 transcripts with species-specific alternative first exons. (A) For both human 

and mouse transcripts, sequence read depth is displayed. The x-axis represents 

chromosomal location and the y-axis represents overall depth of coverage. Peaks within 

the plots indicate high abundance of reads mapping to that location. Gene tracks for both 

the reference STK39 transcript and the uncharacterized transcript are displayed directly 

underneath the coverage plots. Black boxes demarcate exons 1 and 2 in each transcript. 

Orange and purple boxes define alternative first exons for humans and mice, respectively. 

Coverage plots and gene tracks were obtained using the Integrative Genomics Viewer 

(IGV) and the UCSC Genome Browser. Data from Human Sample 1 and Mouse Sample 

1 are shown. (B) Comparison between human and mouse uncharacterized STK39 

transcripts, which potentially encode for orthologous SPAK2 proteins. Exon 1a differs in 

sequence and in length between humans and mice. Vertical yellow lines indicate 

locations of putative alternative translation start sites. Protein sequences of the N-

terminus are displayed on top of each transcript schematic.  
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Additionally, RNA-seq detected an uncharacterized splice junction within human 

STK39 that joins an internal segment of intron 7 with the 5’ end of exon 8 (Figure 3.3). 

This alternative splicing event splices out a 221 nt intron, which contains a 5’ donor 

splice site (GU) that is ~1.8 kb downstream of the original donor splice site for intron 7. 

However, this splicing event did not appear in any STK39 transcripts in the final 

assembly by Cufflinks. By default, Cufflinks filters out intronic reads from the analysis if 

the assembled transcript fragment demonstrates very low estimated abundance relative to 

other isoforms of the same gene 161,191. Therefore, Cufflinks may have misinterpreted 

these junction reads as noisy alignment to low level genomic DNA contamination, which 

could explain why this splicing event was not annotated in the final assembly. 

 

Figure 3.3. Sequence reads mapping to an uncharacterized splice junction in human 

STK39 between an internal segment of intron 7 and the 5’ end of exon 8. Figure 

displays representative snapshot of IGV output for Human Sample 1. Mapped reads and 

coverage surrounding exons 6, 7, and 8 (black boxes) are shown.  
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To verify this novel splice junction and potential unknown TSS, we performed 

5’RACE of human STK39 to examine the possibility of an alternative exon within intron 

7. Using a gene-specific primer targeting exon 10, 5’RACE confirmed the presence of a 

63 nt alternative exon 7 that is joined to exon 8, which we designated as exon 7a (Figure 

3.4A, Appendix 2C). Exon 7a is in fact an alternative TSS for human STK39, which 

results in a shorter STK39 transcript lacking almost the entire region that encodes the 

catalytic domain. Because this human transcript potentially encodes for a protein that 

closely resembles the mouse KS-SPAK, we designated it as hKS-SPAK (Figure 3.4B). 

 

Alternative STK39 Transcripts are Differentially Expressed Across Human Tissues 

 The relative expression of STK39 transcript isoforms was determined in human 

kidney, brain, subcutaneous fat, and whole blood. The expression of total STK39 mRNA 

was quantified using primers that target exons 8 and 9, which are constitutively expressed 

and are present in all three human alternative STK39 transcripts that differ in their TSSs 

(hFL-SPAK, hSPAK2, and hKS-SPAK) (Appendix 1A). Total STK39 was differentially 

expressed, with higher expression demonstrated in whole blood and brain than in fat, 

kidney, and heart (Figure 3.5). This tissue distribution was consistent with previous 

observations of SPAK mRNA and protein expression 190,192.    
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Figure 3.4. Detection of an uncharacterized transcription start site in human 

kidney-expressed STK39 using 5’RACE. (A) RT-PCR using a forward primer targeting 

the ligated 5’RACE adapter and a reverse primer from exon 10 resulted in the 

amplification of a 336 nt product. Sequencing of the RT-PCR product validated the 

uncharacterized splice junction detected by RNA-seq (Figure 3.3). In RT-PCR schematic: 

Black arrows represent forward and reverse primers used in 5’RACE; vertical yellow line 

indicates location of putative alternative translation start site. In reverse complemented 

sequence chromatogram: Black triangle indicates location of uncharacterized splice 

junction; orange outlined sequence indicates entire 63 nt sequence for exon 7a; green 

outlined sequence indicates first 29 nt of exon 8; yellow highlighted region indicates 

location of putative alternative translation start site. (B) The predicted protein encoded by 

this shorter STK39 transcript in humans is smaller than the protein encoded by the mouse 

KS-SPAK transcript (263 amino acids vs. 306 amino acids, respectively). Protein 

sequences are displayed on top of each transcript schematic. 
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Figure 3.5. qRT-PCR amplification of total STK39 mRNA across human tissues. 

Forward and reverse primers targeting a constitutively expressed region of human STK39 

(exons 8 to 9) were used for quantifying total human STK39 mRNA. Similar mRNA 

expression levels for total human STK39 were observed within two biological replicates 

of each human tissue. Figure displays a representative distribution in one set of human 

tissues. Results are given as the mean ± SD from triplicate qRT-PCR results. 
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Alternative STK39 transcripts with different TSSs were also quantified using 

transcript isoform-specific primers (Appendix 1A), and were normalized to total STK39 

expression in human tissues. Both conventional and qRT-PCR revealed transcript 

isoform-specific expression profiles for the alternative STK39 transcripts (Figures 3.6 and 

3.7). Compared to hFL-SPAK, hSPAK2 mRNA was detectable at a low level across all 

six tissues examined. This was consistent to the previously established mouse SPAK2 

protein profile, in which a smaller molecular weight isoform (~50 kDa) was seen across a 

panel of mouse tissues at variable, but low levels 70,190.  

Notably, hKS-SPAK mRNA demonstrated robust expression only within human 

kidney, with very low expression seen in other tissues (Figures 3.6 and 3.7). Furthermore, 

quantification of hKS-SPAK mRNA expression within two sets of human medulla and 

cortex samples revealed that the medulla expresses hKS-SPAK mRNA at much higher 

levels compared to the cortex (Figure 3.8). Thus, the hKS-SPAK alternative transcript, 

which potentially encodes for a protein that lacks almost the entire kinase domain, 

resembles the mouse KS-SPAK ortholog in terms of both protein structure and 

preferential expression within kidney medulla 120. 
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Figure 3.6. RT-PCR amplification of alternative STK39 transcripts across human 

tissues. Transcript isoform-specific forward and reverse primers were used for the 

amplification of human STK39 transcript isoforms with alternative TSSs. Amplification 

of a housekeeping gene (cyclophilin B) in all human tissues is displayed below. In 

agarose gel images: Ladder is 100 bp DNA ladder from New England Biolabs; RT(-) 

refers to no RT control for brain sample. In RT-PCR schematics: Arrows represent 

forward and reverse primers; vertical yellow lines indicate locations of putative 

alternative translation start sites.  
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Figure 3.7. qRT-PCR amplification of alternative STK39 transcripts across human 

tissues. The same transcript isoform-specific forward and reverse primers used for 

conventional RT-PCR were used for qRT-PCR amplification of human STK39 mRNA 

isoforms with alternative TSSs. Similar mRNA expression levels for each human STK39 

isoform were observed within two biological replicates of each human tissue. Figure 

displays representative distribution in one set of human tissues. Results are given as the 

mean ± SD from triplicate qRT-PCR results. All primer sets demonstrated comparable 

amplification efficiencies (Appendix 3A).  
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Figure 3.8. qRT-PCR amplification of hKS-SPAK mRNA. Two sets of human kidney 

medulla and cortex samples (confirmed via quantification of NCC and NKCC2 mRNA 

abundance, Figure 2.2) were used for the quantification of hKS-SPAK mRNA 

abundance. Results are given as the mean ± SD from triplicate qRT-PCR results. LLF, 

Living Legacy Foundation; * = p < 0.05. 
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In Silico Analysis of Human STK39 Alternative Transcription Start Sites Reveals 

Promoter Regulatory Signatures  

 The sequences surrounding the alternative TSSs for the human STK39 transcript 

isoforms were interrogated using the UCSC Genome Browser, which displays ENCODE 

data such as cell type-specific information on chromatin markings, DNAse 

hypersensitivity clusters, and TFBSs predicted by TRANSFAC and validated by ChIP-

Seq 148,189. The in silico regulatory profiles generated for each human alternative STK39 

TSS are depicted in Figures 3.9 to 3.11. The TSS of hFL-SPAK exhibited the canonical 

regulatory signatures of a promoter, including high evolutionary conservation of the non-

coding region, enrichment of a promoter-associated histone marking (tri-methylation of 

lysine 4 on histone 3, H3K4me3), enrichment of TFBSs, and enrichment of DNAse 

hypersensitivity clusters (Figure 3.9). Similarly, exon 1a of hSPAK2 and exon 7a of hKS-

SPAK both reside in close proximity to highly conserved non-coding regions (Figures 

3.10A and 3.11).  

Exon 1a of hSPAK2 harbors a TRANSFAC Matrix-predicted TATA box 

(chr2:169,078,554-169,078,568), and is also in close proximity to a region enriched with 

TFBSs and DNAse hypersensitivity (Figure 3.10A). Exon 7a of hKS-SPAK falls directly 

within an enriched region of H3K4me3 and a DNAse hypersensitivity cluster (Figure 

3.11). Therefore, based on in silico predictions, both exon 1a and exon 7a of human 

STK39 likely function as alternative promoters that drive transcription of hSPAK2 and 

hKS-SPAK mRNAs, respectively. To test this hypothesis, we tested candidate promoter 

regions from in silico predictions using an in vitro reporter gene assay for promoter 



 96

activity. Multiple regions from each candidate promoter were selected as inserts for 

directional cloning upstream of a luciferase reporter gene (Figures 3.9 to 3.11).  

 

Figure 3.9. Regulatory signatures and sequence conservation surrounding exon 1 of 

human STK39 (chr2:169,102,955-169,105,110 of GRCh37 build). Visual 

representation of human gene tracks and ENCODE-provided data on chromatin 

markings, DNAse hypersensitivity clusters, and TFBSs obtained from the UCSC Genome 

Browser 148,189. The “H3K4me3 Mark” track displays enrichment of a known promoter 

regulatory histone marking across the genome as determined by ChIP-seq assays 

conducted in 7 cell lines. Peaks within this track indicate enrichment of the H3K4me3 

marking, and are color coded by cell line. Horizontal bars indicate regions of DNAse 

hypersensitivity or TF occupancy, and the darkness of the bars is proportional to the 

extent of hypersensitivity or TF binding. The final track shows multiple alignments of 

100 vertebrate species and measurements of evolutionary conservation. Two candidate 

promoter regions for hFL-SPAK were chosen for directional cloning into pGL4.10 to 

measure in vitro promoter activity, as indicated by the horizontal lines above the figure.  
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Figure 3.9 continued 
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Figure 3.10. Regulatory signatures and sequence conservation surrounding exons 1 

and 1a (chr2:169,071,775-169,078,578 of GRCh37 build) (A) and exon 2 

(chr2:169,038,490-169,040,159 of GRCh37 build) (B) of human STK39. A full 

description of data tracks displayed is provided in Figure 3.9. Seven candidate promoter 

regions for hSPAK2 were chosen for directional cloning into pGL4.10 to measure in vitro 

promoter activity, as indicated by the horizontal lines above each figure. 
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Figure 3.11. Regulatory signatures and sequence conservation surrounding exons 7, 

7a, and 8 of human STK39 (chr2:168,994,598-168,996,898 of GRCh37 build). A full 

description of data tracks displayed is provided in Figure 3.9. Three candidate promoter 

regions for hKS-SPAK were chosen for directional cloning into pGL4.10 to measure in 

vitro promoter activity, as indicated by the horizontal lines above the figure.  
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hFL-SPAK and hKS-SPAK Transcription Start Sites Demonstrate Promoter Activity in an 

In Vitro Reporter Gene Assay   

 Two candidate regions from the hFL-SPAK promoter were assayed in HEK293A 

cells to establish a positive control for human STK39 transcriptional regulation (inserts 

hFL-SPAK.1 and hFL-SPAK.2). The hFL-SPAK.2 insert demonstrated promoter 

function, with a >10-fold increase in luciferase activity compared to empty vector (Figure 

3.12). Conversely, there was no change in luciferase activity between the hFL-SPAK.1 

insert and the empty vector. The hFL-SPAK.1 insert contains >900 nt of downstream 

sequence relative to the SPAK start codon that was absent in the hFL-SPAK.2 insert. 

This extra downstream sequence did not contribute to STK39 promoter function. 

However, the hFL-SPAK.2 insert contains >300 nt of upstream sequence not present in 

the hFL-SPAK.1 insert, which includes additional regions enriched with DNAse 

hypersensitivity and evolutionary conservation that likely contributed to the increased 

promoter activity over empty vector (Figures 3.9 and 3.12). 

 Out of the three candidate regions surrounding the hKS-SPAK TSS that were 

assayed for promoter activity (inserts hKS-SPAK.1 to hKS-SPAK.3), only the hKS-

SPAK.3 insert demonstrated significant promoter function, with a >4-fold increase in 

luciferase activity compared to empty vector (Figure 3.13). There was no change in 

luciferase activity from the hKS-SPAK.1 insert, and significantly less luciferase activity 

from the hKS-SPAK.2 insert relative to empty vector. The hKS-SPAK.2 insert likely 

introduced a shift in the luciferase open reading frame (ORF) that prevented synthesis of 

luciferase, leading to lower luciferase activity than empty vector.  
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Figure 3.12. Promoter activity of human FL-SPAK within HEK293A cells. In 

promoter construct schematics: Numbers indicate nucleotide locations within genomic 

DNA, relative to the translation start codon within exon 1 of the hFL-SPAK transcript; 

arrow indicates location of alternative translation start codon; luc2 represents luciferase 

reporter gene cassette for pGL4.10. Results are given as the mean ± SD from 3 

independent experiments. N.S., not significant vs. empty vector; **** = p < 0.001 vs. 

empty vector.  
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Figure 3.13. Promoter activity of human KS-SPAK within HEK293A cells. In 

promoter construct schematics: Numbers indicate nucleotide locations within genomic 

DNA, relative to the alternative translation start codon within exon 8 of the hKS-SPAK 

transcript; arrow indicates location of alternative translation start codon; luc2 represents 

luciferase reporter gene cassette for pGL4.10. Results are given as the mean ± SD from 3 

independent experiments. N.S., not significant vs. empty vector; **** = p < 0.001 vs. 

empty vector.  
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 Finally, for hSPAK2 promoter activity, we assayed six candidate promoter 

regions surrounding exon 1a (inserts hSPAK2.1 to hSPAK2.6), as well as one region that 

includes ~1 kb of sequence upstream of exon 2 (insert hSPAK2.7) in HEK293A cells. 

Since exon 1a resides ~39.6 kb upstream of the putative start codon in exon 2, an insert 

that includes both exon 1a and exon 2 could not be generated, so both regions were 

cloned into separate luciferase reporter constructs. All hSPAK2 inserts demonstrated 

significantly less luciferase activity compared to empty vector (Figure 3.14), suggesting 

that each insert introduced an upstream translation start site that shifted the luciferase 

ORF, where we were unable to identify a region with in vitro promoter activity. It is 

possible that additional DNA regulatory sequences located between exon 1 and exon 1a 

(~25 kb) or between exon 1a and exon 2 (~40 kb) are essential for transcription of 

hSPAK2 to occur. Likewise, excluding sequences that alter the reading frame would 

yield in vitro promoter activity, even though spurious translation start sites are difficult to 

predict. Both possibilities require further interrogation of this region to allow for future 

characterization of hSPAK2 transcriptional regulation. 
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Figure 3.14. Promoter activity of human SPAK2 within HEK293A cells. In promoter 

construct schematics: Numbers indicate nucleotide locations within genomic DNA, 

relative to the alternative translation start codon within exon 2 of the hSPAK2 transcript; 

luc2 represents luciferase reporter gene cassette for pGL4.10. Results are given as the 

mean ± SD from 3 independent experiments.  
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The promoter inserts for hFL-SPAK and hKS-SPAK that demonstrated increased 

luciferase activity in HEK293A cells (hFL-SPAK.2 and hKS-SPAK.3) were assayed in 

other human cell lines (Huh7 and Hela) to examine differential promoter activity in 

different cellular environments. Both the hFL-SPAK.2 and hKS-SPAK.3 promoter inserts 

demonstrated a 3- to 3.5-fold increase in luciferase activity over empty vector within the 

heptoma-derived cell line, Huh7 (Figure 3.15). Surprisingly, in Hela cells (cervical 

cancer-derived cell line), while the hFL-SPAK.2 insert demonstrated a >15-fold increase 

in luciferase activity over empty vector, the hKS-SPAK.3 insert demonstrated a nearly 

40-fold increase (Figure 3.16). The constructs that demonstrated no promoter activity in 

HEK293A cells also demonstrated no promoter activity in other cell types. Collectively, 

these results confirmed the presence of alternative STK39 promoters that drive 

transcription of hFL-SPAK and hKS-SPAK, and that alternative promoter activity of 

STK39 is differentially regulated within different cellular environments.  
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Figure 3.15. Promoter activity of human alternative STK39 promoters within Huh7 

cells. In promoter construct schematics: Numbers indicate nucleotide locations within 

genomic DNA, relative to alternative translation start codons within each human STK39 

alternative transcript; arrow indicates location of alternative translation start codon; luc2 

represents luciferase reporter gene cassette for pGL4.10. Results are given as the mean ± 

SD from 3 independent experiments. **** = p < 0.001 vs. empty vector.  

 

 

 

  



 107

Figure 3.16. Promoter activity of human alternative STK39 promoters within Hela 

cells. In promoter construct schematics: Numbers indicate nucleotide locations within 

genomic DNA, relative to alternative translation start codons within each human STK39 

alternative transcript; arrow indicates location of alternative translation start codon; luc2 

represents luciferase reporter gene cassette for pGL4.10. Results are given as the mean ± 

SD from 3 independent experiments. **** = p < 0.001 vs. empty vector.  
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The Human Kidney Expresses SPAK Products that are Consistent with N-terminally 

Truncated Protein Isoforms, hSPAK2 and hKS-SPAK 

 To determine whether putative SPAK protein isoforms encoded by hSPAK2 and 

hKS-SPAK are expressed in the human kidney, we used an anti-SPAK antibody that 

targets the C-terminal region of SPAK against human kidney lysate 137.  This allowed for 

the detection of all human SPAK protein isoforms with alternative N-termini, including 

those encoded by STK39 mRNA isoforms transcribed from alternative promoters (Figure 

3.17). This also allowed for the simultaneous detection of previously identified C-

terminal SPAK cleavage products, which are generated by cleavage between residues 176 

and 177 (V|LEG, ~41 kDa) and between residues 216 and 217 (F|LAT, ~36 kDa) in the 

human SPAK protein sequence (Figure 3.17) 185. 

 

Figure 3.17. Simultaneous detection of human SPAK protein isoforms derived from 

alternative promoter usage or proteolytic cleavage 185 using a C-terminal anti-SPAK 

antibody 137. 
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Western blot analysis of LLF human kidneys revealed numerous bands that are 

consistent in size with alternative human SPAK isoforms, including the full-length 

protein (hFL-SPAK, ~59 kDa) and the putative N-terminally truncated isoforms, 

hSPAK2 (~49 kDa) and hKS-SPAK (~29 kDa) (Figure 3.18A and B). All three protein 

isoforms exhibited differential expression that closely resembled relative STK39 mRNA 

levels in the human kidney, where hFL-SPAK was the most abundant isoform at both the 

mRNA and protein levels (Figures 3.7 and 3.18A and B). Furthermore, the hKS-SPAK 

protein was preferentially expressed in human medulla compared to human cortex, which 

corresponded with hKS-SPAK mRNA expression (Figures 3.8 and 3.18A and B). These 

expression patterns were observed within two LLF donor kidneys (Figure 3.18B).  

 An antibody specific for the N-terminus of human SPAK was also used against 

human kidney lysates to aid in characterizing SPAK protein expression. This antibody 

targets a part of SPAK that is not present in hKS-SPAK. Indeed, the putative hKS-SPAK 

protein was only detected using the C-terminal antibody and not the N-terminal antibody, 

lending further support for the identification of this alternative SPAK protein isoform 

(Figure 3.18C). An additional protein product < 37 kDa was detected by both the N- and  

C-terminal antibodies. Although there is a 36 kDa cleavage product previously reported 

185, the resulting peptide lacks the epitope for the N-terminal antibody and should not be 

detected. Therefore, this band was most likely the result of antibody cross-reactivity to 

another non-SPAK protein.  
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Figure 3.18. SPAK protein expression in the human kidney. (A) Representative 

western blot analysis using a C-terminal anti-SPAK antibody. Dashed outlined box 

corresponds to a region hybridized below 37 kDa in a different western blot shown in 

Figure C. LLF, Living Legacy Foundation. (B) Quantification of human SPAK protein 

isoforms in medulla and cortex. Results are given as the mean ± SD from 2 biological 

replicates of each sample. * = p < 0.05. (C) Comparison of hKS-SPAK protein 

expression using a C- vs. an N-terminal anti-SPAK antibody. For this experiment, a 

different western blot from Figure A was hybridized below 37 kDa for better resolution 

of the hKS-SPAK protein.  
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Comparison of SPAK Protein Expression amongst Different Mammalian Kidneys Reveals 

Species-Specific Expression Profiles, Suggesting Divergent Evolution of SPAK 

 Previous studies have used the same C-terminal SPAK antibody against mouse 

kidney lysates to establish the SPAK expression profile in these animals 119,120,137. Our 

western blot analysis of SPAK expression in human kidneys revealed similarities and 

differences with SPAK expression previously observed in mouse kidneys. Both species 

expressed multiple SPAK products of varying sizes in the kidney, with smaller molecular 

weight isoforms demonstrating higher expression in the medulla compared to the cortex. 

However, the SPAK protein isoforms seemed to differ in size and relative expression 

levels between humans and mice, which suggests divergent evolution of SPAK 

expression between both species.  

For a more accurate depiction of the evolution of SPAK expression throughout 

different species, we analyzed kidney cortex lysates from humans, rhesus monkeys, and 

mice on the same western blot, in which the same C-terminal SPAK antibody was used 

(Figure 3.19). This allowed for side-by-side comparisons of the SPAK expression 

profiles between humans and mammals that are either closely or distantly related, 

evolutionarily. Consistent with previous reports of SPAK protein expression in mice 

119,120, we observed two prominent clusters of SPAK isoforms in mouse kidneys, 

including a cluster of large molecular weight isoforms running between 55-60 kDa, and 

smaller molecular weight isoforms closer to 45 kDa. The assignment of specific protein 

bands to specific mouse SPAK isoforms varies from study to study, but the general 

consensus remains that the larger molecular weight isoforms correspond to catalytically 
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active SPAK, while the smaller molecular weight isoforms correspond to catalytically 

inactive SPAK in mice (Figure 3.19) 119,120,185,188.  

 

Figure 3.19. Representative comparative analysis of total SPAK protein expression 

in kidneys of multiple species. The same C-terminal anti-SPAK antibody was used 

against kidney lysates from humans, rhesus monkeys, and mice. Two biological 

replicates (1 and 2) of each species are shown. The same amount of protein lysate was 

loaded in each lane. Band intensities for actin reflect the sequence similarities between 

humans, rhesus monkeys, and mice. MW, molecular weight. 
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Notably, while the SPAK protein expression profiles differed greatly between 

human and mouse kidneys, rhesus monkeys shared certain similarities with both humans 

and mice with regards to SPAK expression in the kidney (Figure 3.19). Human and 

rhesus monkey kidneys both expressed a SPAK isoform that most closely resembled FL-

SPAK at ~60 kDa, which was larger than any of the isoforms observed in mice. Rhesus 

monkeys expressed additional SPAK isoforms just below 60 kDa that were not as 

prominent in humans, and were similar in size to the cluster of large molecular weight 

SPAK isoforms in mice. However, the cluster of small molecular weight isoforms (~45 

kDa) in mice was not as prominent in either human or rhesus monkey kidneys. Taken 

together, these results demonstrated that humans, rhesus monkeys, and mice all express 

multiple SPAK isoforms in the kidney, which points to an evolutionarily conserved 

mechanism in the transcriptional regulation of STK39. However, since primates and 

rodents diverged, humans and mice acquired species-specific TSSs for SPAK2 and KS-

SPAK, as well as species-specific transcriptional regulation that leads to starkly different 

SPAK profiles observed in the kidneys of these species.  

 

Increased Dietary K+ Alters SPAK mRNA and Protein Expression in Mice  

Previous studies in mice demonstrated an increase in total SPAK abundance in 

response to dietary K+ restriction, which is consistent with increased SPAK-mediated 

phosphorylation and activation of NCC to limit urinary K+ losses 187,188. Moreover, 

dietary K+
 restriction increases the ratio of large molecular weight SPAK-to-small 

molecular weight SPAK isoforms, consistent with higher SPAK kinase activity 187. 

Interestingly, these effects were localized to the mouse cortex, since a change in the ratio 
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of SPAK isoforms did not occur within the mouse medulla during salt challenges 119,187. 

In contrast, dietary K+ restriction did not affect OSR1 abundance in either cortex or 

medulla of these animals 187,188.  

Importantly, it is not known if the dietary K+-induced physiological regulation of 

SPAK isoforms is determined by transcriptional regulation. As such, we examined the 

physiological effects of a high K+ diet on the expression of total Stk39 mRNA in the 

mouse cortex, as well as the expression of three mouse Stk39 transcript isoforms, mFL-

SPAK, mKS-SPAK, and the uncharacterized mSPAK2 transcript identified by RNA-seq. 

Finally, we assessed total SPAK protein expression in response to increased dietary K+ to 

see if the same effects could be observed at both the protein and mRNA levels. We 

hypothesized that increased dietary K+ would have the opposite effects on SPAK 

expression compared to what was previously observed with dietary K+ restriction – 

namely, a decrease in total SPAK expression, coupled with a shift towards the inhibitory, 

smaller molecular weight SPAK isoforms.  

In this study, we exposed two groups of mice to a high K+ diet for an acute and 

chronic period, and examined total SPAK and SPAK isoform expression (at the mRNA 

and protein levels) in these mice compared to mice fed a control K+ diet (Figure 3.20). 

Primers that target constitutively expressed exons of mouse Stk39 (exons 17 and 18) were 

used for the quantification of kidney-expressed total Stk39 mRNA (Appendix 1A). 

Surprisingly, rather than the expected decrease in total Stk39 mRNA, mice fed on a high 

K+ diet for an acute and chronic period expressed significantly higher levels of total Stk39 

mRNA (~1.6-fold and ~2-fold increases, respectively) in the kidney compared to mice 

fed on a control K+ diet (Figure 3.21).  
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Figure 3.20. K+ dietary regimens in wild type C57BL6 male mice. Eighteen mice were 

equally divided into three different diet groups after a week on the control K+ diet: 1.) a 

control K+ diet for 9 days (Control K); 2.) a high K+ diet for 3 days (HK-Acute); and 3.) a 

high K+ diet for 9 days (HK-Chronic). On day 10, all eighteen mice were sacrificed and 

kidneys were harvested for total RNA and protein isolation.   

 

 

 



 116

Figure 3.21. Quantification of total Stk39 mRNA expression in mouse kidneys 

following dietary K+ manipulation. n = 6 mice for each diet group. Data were 

normalized to the Control K diet group. Results are given as the mean ± SD. * = p < 0.05 

vs. Control K; ** = p < 0.01 vs. Control K.   
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Quantification of mouse Stk39 transcript isoforms was conducted using transcript 

isoform-specific primers that target the unique 5’UTRs of mFL-SPAK, mSPAK2, and 

mKS-SPAK (Appendix 1A, Figure 3.22A). Interestingly, both HK-Acute and HK-

Chronic diet groups demonstrated a significant increase in mFL-SPAK mRNA levels 

compared to the control diet group, but increased dietary K+ had no effect on mKS-SPAK 

mRNA levels (Figure 3.22B). These results conflicted with our hypothesis that increased 

dietary K+ would lead to a preferential increase in mKS-SPAK mRNA. A slight increase 

in mSPAK2 mRNA was significant only after chronic exposure to the high K+ diet. 

Nevertheless, we demonstrated for the first time that mouse Stk39 mRNA levels are 

altered by K+ dietary manipulation, and that alternative mouse Stk39 transcripts are 

differentially regulated in response to a high K+ diet. 

Increased dietary K+ resulted in similar effects on SPAK protein abundance as 

compared to Stk39 mRNA abundance in these mice. Both HK-Acute and HK-Chronic 

diet groups demonstrated increased expression of the large molecular weight SPAK 

isoforms compared to the control diet group. Conversely, the small molecular weight 

SPAK isoforms were not affected by increased dietary K+ (Figure 3.23). Increased 

expression of catalytically active large molecular weight SPAK isoforms coincided with 

the preferential increase in mFL-SPAK mRNA expression, suggesting that physiological 

regulation of mouse SPAK in response to dietary K+ manipulation is transcriptionally 

driven.  
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Figure 3.22. Quantification of alternative Stk39 transcript isoform expression in 

mouse kidneys following dietary K+ manipulation. (A) qRT-PCR schematics: Arrows 

represent forward and reverse primers; purple boxes represent alternative exons for 

mSPAK2 and mKS-SPAK. (B) n = 6 mice for each diet group. Results are given as the 

mean ± SD. All primer sets demonstrated comparable amplification efficiencies 

(Appendix 3B). N.S., not significant vs. Control K; * = p < 0.05 vs. Control K.  
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Figure 3.23. Western blot analysis (A) and quantification (B) of alternative SPAK 

protein isoform expression in mouse kidneys following dietary K+ manipulation. (A) 

Representative western blot of total SPAK protein expression using C-terminal anti-

SPAK antibody, showing 5 biological replicates from each diet group. MW, molecular 

weight. (B) Quantitative summary of mouse SPAK isoforms represents an n = 6 mice for 

each diet group. Results are given as the mean ± SD. N.S., not significant vs. Control K; 

* = p < 0.05 vs. Control K.  
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Discussion 

 Transcriptional regulation of the mouse Stk39 gene results in alternative SPAK 

proteins with differing functions. 119,120,183. While this system has been well established 

within mouse models, the data presented in this chapter provide the first evidence of 

transcriptional regulation of this gene in humans. Transcriptomic profiling, 

complemented with 5’RACE, uncovered alternative transcripts that may encode for 

orthologous SPAK2 proteins in mice and humans as well as a kidney-specific, human 

STK39 transcript (hKS-SPAK) that could potentially encode for a protein that is the 

functional equivalent to the mKS-SPAK isoform (Figures 3.2 to 3.4).  

In this chapter, we performed functional characterization of these STK39 

transcript isoforms, further establishing their regulatory roles in the kidney. We 

demonstrated differential expression of human STK39 transcript isoforms across multiple 

human tissues, with the hKS-SPAK transcript exhibiting the same preferential expression 

in kidney medulla that was observed with the mKS-SPAK ortholog 120 (Figures 3.5 to 

3.8). The novel hKS-SPAK promoter was validated, in vitro, and demonstrated weaker 

promoter activity than the hFL-SPAK promoter (>4-fold vs. >10-fold increase in 

luciferase activity over empty vector, respectively, in HEK293A cells) (Figures 3.12 and 

3.13). These results coincided with relative hFL-SPAK and hKS-SPAK mRNA levels, in 

which the hKS-SPAK transcript had lower abundance than the hFL-SPAK transcript in 

the human kidney (Figures 3.6 and 3.7). We were unable to demonstrate alternative 

promoter activity from the hSPAK2 TSS due to disruption of the luciferase ORF in the 

cloning process (Figure 3.14). Further examination of putative regulatory sequences 

surrounding exon 1a and up to the putative start codon in exon 2, and selection of 
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promoter inserts that preserve the luciferase ORF, will establish promoter activity of the 

hSPAK2 transcript in future in vitro studies.  

Both hFL-SPAK and hKS-SPAK promoters demonstrated differential promoter 

activity in human cell lines other than HEK293A. While the hFL-SPAK promoter 

exhibited comparable promoter activity to the hKS-SPAK promoter in Huh7 cells, the 

hKS-SPAK promoter was the strongest promoter in Hela cells, exhibiting nearly 40-fold 

luciferase activity over empty vector (Figures 3.15 and 3.16). These differences in 

promoter activity across various cellular environments further demonstrated cell-type 

specific transcriptional regulation of human STK39, which was reminiscent of the 

differential mRNA expression observed across human tissues (Figure 3.7). This may be 

attributed to tissue- and cell line-specific chromatin or histone markings and expression 

of various tissue-specific transcription factors. Further examination of tissue- and cell line 

differences may provide more insight into the transcriptional regulation from alternative 

STK39 promoters.  

As demonstrated by western blot analysis of total SPAK expression, the human 

kidney expresses multiple SPAK proteins that may correspond to N-terminally truncated 

SPAK isoforms encoded by hSPAK2 and hKS-SPAK. Notably, the relative expression of 

SPAK protein isoforms was similar to relative STK39 mRNA levels observed in the 

human kidney (Figures 3.7 and 3.18A and B). For example, faint expression of an 

isoform at ~29 kDa coincided with a hKS-SPAK protein, which demonstrated the same 

preferential expression in kidney medulla that was observed at the mRNA level (Figures 

3.8 and 3.18A and B). This band was only detected with a C-terminal SPAK antibody, 

and not with an N-terminal SPAK antibody that targets an epitope not present in hKS-
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SPAK, further supporting the positive identification of a hKS-SPAK protein (Figure 

3.18C).  

As expected, comparative analysis of SPAK protein expression amongst different 

mammalian kidneys demonstrated that humans and rhesus monkeys share very similar 

SPAK expression profiles, where smaller molecular weight SPAK isoforms are 

significantly less expressed than the larger molecular weight SPAK isoforms in both 

species. Conversely, smaller molecular weight SPAK isoforms in mouse kidneys were 

more abundantly expressed compared to human and rhesus monkey kidneys (Figure 

3.19). These observations suggested that hSPAK2 and hKS-SPAK proteins might play a 

different role in regulating BP than their mouse orthologs.  

However, while humans demonstrated minimal baseline expression of smaller 

molecular weight SPAK isoforms in the kidney, it is still unclear how hSPAK2 and hKS-

SPAK expression may be physiologically regulated to maintain renal salt balance. In 

mice, it is well established that total SPAK expression increases in response to dietary K+ 

restriction, and a shift towards larger molecular weight SPAK isoforms occurs following 

dietary K+ restriction in order to maintain plasma K+ homeostasis 187,188. As such, we 

hypothesized that increased dietary K+ would have the opposite effect on SPAK 

expression in both mice and humans.  

Unexpectedly, total SPAK mRNA expression significantly increased in response 

to a high K+ diet (Figure 3.21). This increase was driven by the preferential increase in 

mFL-SPAK mRNA levels after an acute and chronic period, whereas mKS-SPAK 

mRNA remained the same (Figure 3.22). This was also observed at the protein level, in 

which increased dietary K+ resulted in significantly higher levels of larger molecular 
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weight SPAK isoforms, whereas smaller molecular weight SPAK isoforms remained the 

same (Figure 3.23).  

These observations were somewhat counterintuitive, since the physiological 

effects of increased dietary K+ on SPAK expression seemed to mimic the same effects 

from dietary K+ restriction 187,188. However, such an increase in catalytic, larger 

molecular weight SPAK isoforms might not be a primary response to increased dietary 

K+, but a secondary response to dietary K+-induced inhibition of Na+ reabsorption, which 

promotes volume contraction 193-196. This is consistent with previous findings that ECF 

volume depletion preferentially increases larger molecular weight SPAK isoforms 120. 

Furthermore, because this increase was observed at both the transcript and protein levels, 

these findings suggested involvement by a transcriptional regulator that responds to ECF 

volume depletion, such as angiotensin II (Ang II) 197. In this proposed model, increased 

dietary K+ elicits a positive feedback pathway to correct volume loss, involving increased 

volume contraction, increased production of Ang II, and preferential transcription of 

mFL-SPAK mRNA, resulting in increased expression of catalytically active SPAK and 

subsequent activation of NCC (Figure 3.24). Future studies must be conducted to 

examine the effects of Ang II and other transcriptional regulators on the transcriptional 

regulation of Stk39.  
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Figure 3.24. Proposed model for physiological regulation of mouse SPAK expression 

in response to increased dietary K+. (A) A low K+ diet results in activation of the WSN 

pathway, along with increased SPAK protein expression in the cortex, as demonstrated 

by previous studies 186-188. (B) Increased dietary K+ prevents activation of the WSN 

pathway through a previously described mechanism 186. In this study, increased dietary 

K+ resulted in increased total Stk39 mRNA and preferential increase in mFL-SPAK 

mRNA and protein. This presumably stems from a secondary response to volume 

contraction. Inhibition of the WSN pathway results in decreased Na+ reabsorption by 

NCC, which leads to ECF volume contraction, increased production of Ang II, putative 

increased Ang II-mediated transcription of the mFL-SPAK transcript, and subsequent 

increased expression of catalytically active SPAK to restore blood volume. “P” indicates 

phosphorylation/activation; upward-pointing blue arrow indicates increase in Ang II. 
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One caveat to our study is that dietary K+ manipulation was achieved through 

changing KCl composition. Castañeda-Bueno et al. exposed mice to increased dietary 

K+-citrate, and observed no changes in total SPAK protein expression in the kidney 198. 

This suggests that the accompanying anion to K+ greatly influences downstream effects 

on SPAK expression, and should therefore be accounted for in future studies of Stk39 

transcript abundance following dietary K+ manipulation. Furthermore, we only examined 

the effects of dietary K+ manipulation within the cortices of these animals. Although 

neither Grimm et al. nor Nguyen et al. observed changes to the ratio of medullary SPAK 

protein isoforms following dietary Na+ and K+ restriction, respectively 120,187, future 

studies must also examine the dietary K+-induced physiological effects of transcriptional 

changes in the renal medulla.  

It is difficult to determine whether or not the physiological response to dietary K+ 

intake may be similar between mouse and human SPAK isoforms, since the relative 

expression of these protein isoforms at baseline was starkly different between both 

species. These observations have major implications for the design and testing of novel 

SPAK-targeting antihypertensive medications. As mentioned in Chapter 1, SPAK 

represents an attractive pharmacological target for hypertensive patients, since it was 

previously demonstrated that genetically inactivating or knocking out SPAK in mice 

leads to lower BP, but relatively few side effects 70,98. Indeed, researchers have already 

begun testing the efficacy of SPAK-targeting compounds within mouse models 112. 

However, since humans and mice demonstrated species-specific regulation of SPAK, it is 

possible that SPAK-targeting compounds may produce unexpected results between both 

species. As such, researchers and pharmaceutical companies must take this into account, 



 126

and consider using other model organisms, such as non-human primates or genetically 

“humanized” mouse models, that have similar SPAK-expression profiles as humans 

when testing the therapeutic potential of SPAK-targeting compounds in the future. 
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Chapter 4: Na+-Cl- Co-Transporter Transcript Abundance is Altered by 

Downregulation of the Nonsense-Mediated mRNA Decay Pathway In 

Vitro, and Dietary K+ Manipulation In Vivo  

 

Introduction 

The Na+-Cl- co-transporter (NCC) plays an integral role in the fine-tuning of renal 

Na+ excretion by mediating 5 – 10% of overall salt reabsorption in the kidney 199. This is 

due to the specific localization of NCC in the DCT, which is the earliest part of the 

aldosterone-sensitive distal nephron (ASDN), where the salt reabsorption rate is not 

affected by the tubuloglomerular feedback mechanism 200. Thus, NCC-mediated salt 

reabsorption in the DCT greatly impacts the final concentration of salt in the urine, which 

ultimately influences ECF balance and arterial BP.  

The pathophysiological consequences of human disease mutations that affect 

NCC function or regulation further highlight the importance of NCC activity to overall 

BP control. As mentioned in Chapter 1, inactivating mutations of the SLC12A3 gene 

result in Gitelman syndrome (GS), a rare monogenic disorder characterized by 

hypokalemic metabolic alkalosis, arterial hypotension, hypocalciuria, and 

hypomagnesemia 201-203. Conversely, mutations that lead to increased NCC-mediated salt 

transport result in pseudohypoaldosteronism type II (PHAII), a monogenic disease with 

features that are opposite to the Gitelman-like phenotype, where patients experience 

hyperkalemia, hypertension, hypercalciuria, and metabolic acidosis 204. While there have 

been no PHAII-causing mutations identified within SLC12A3, PHAII-causing mutations 

have been reported within WNK1, WNK4, CUL3, and KLHL3, which are all expected to 
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upregulate NCC 41,54,55. Importantly, PHAII patients are particularly sensitive to NCC-

targeting thiazide diuretics, where 20% of the typical thiazide dosage is sufficient to 

ameliorate hypertension and other clinical features in these patients 205,206.  

These clinical observations, as well as information from different mouse models 

70,71,93-96,104-106,207, clearly demonstrate that modulation of proteins such as WNK1, 

WNK4, SPAK, OSR1, SGK1, NEDD4-2, CUL3 and KLHL3 directly affects NCC 

expression and activity through complex post-translational regulation 23,54,55,208-211. As 

outlined in Chapter 1, WNK1 phosphorylates SPAK and OSR1, which in turn 

phosphorylate NCC at threonine residues 45, 55 and 60, and Serine 91, resulting in the 

activation of NCC transporter activity 73,212. Additionally, glycosylation of NCC at 

asparagine residues 404 and 424 within the extracellular loop plays a role in trafficking of 

the NCC protein to the plasma membrane 200. WNKs also regulate NCC through an 

inhibitory cascade that affects NCC protein trafficking, in which KS-WNK1 inhibits L-

WNK1 124, L-WNK1 inhibits WNK4 213, and WNK4 targets NCC for lysosomal-

mediated degradation 88-91.  

While post-translational regulation of the NCC protein has been well studied 

using both in vitro and in vivo systems, pre-translational regulation of NCC transcript 

abundance is not as well understood. As demonstrated through our characterization of 

human and mouse STK39 transcripts in Chapter 3, WSN gene regulation must be studied 

at both the transcript and protein levels in order to fully understand how this signaling 

pathway influences overall BP control. Transcriptomic profiling conducted in Chapter 2 

revealed several alternative NCC transcript isoforms expressed within human and mouse 

kidneys. These include known human NCC transcripts derived from alternative splicing 
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within the coding region 147,149,150, along with NCC transcripts that contain 

uncharacterized 3’UTR isoforms derived from alternative polyadenylation and alternative 

splicing within humans and mice.  

 

Post-Transcriptional Regulation of Gene Expression by Nonsense-Mediated mRNA 

Decay 

Importantly, the biological significance for the post-transcriptional processing 

events in the NCC 3’UTR has never been elucidated. While the 3’UTR sequences 

between human and mouse NCC orthologs are not well conserved, the fact that both 

species undergo similar post-transcriptional processing of the NCC 3’UTR suggests a 

conserved mechanism for NCC regulation. Notably, 3’UTRs often contain multiple 

regulatory RNA sequence elements, including alternative polyadenylation signals, and 

binding sites for microRNAs (miRNAs) and RNA binding proteins (RBPs) 214. Thus, 

3’UTRs are highly recognized targets of regulatory processes that fine-tune gene 

expression.  

Moreover, processing events such as alternative polyadenylation or alternative 

splicing within the final exon could produce 3’UTR isoforms that are sensitive to 

nonsense-mediated mRNA decay (NMD). NMD is a well-established quality control 

mechanism that eliminates abnormal mRNAs (such as those containing premature 

termination codons, or PTCs) before they are translated into truncated, non-functional or 

toxic proteins. PTCs may arise from nonsense mutations, frameshift insertions/deletions, 

or from translational frameshifts derived from abnormal splicing events 215-217. However, 

recent studies uncovered a broader role for NMD function beyond quality control, in 
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which many physiological transcripts (i.e.: non-pathogenic mRNAs that encode for 

normal functioning proteins) are also recognized as NMD substrates. In fact, global gene 

expression profiling demonstrates that up to 10% of human genes have altered expression 

levels following inhibition of the NMD pathway 218,219. This suggests that many NMD 

substrates lack PTC-causing mutations, and that cells utilize the NMD machinery to not 

only downregulate abnormal transcripts containing PTCs, but also to strictly regulate 

gene expression 220-222. 

For example, alternative polyadenylation could generate longer versus shorter 

3’UTRs. On a short 3’UTR, the distance between the natural termination codon and the 

poly(A) binding protein (PABP), which is bound to the poly(A) tail, constitutes a 

favorable messenger ribonucleoprotein (mRNP) environment. During translation, the 

ribosome paused at the termination codon is in close enough proximity to the PABP, 

which allows the PABP-mediated termination-stimulating signal to reach the ribosome-

bound eukaryotic release factor (eRF3) 223-227. This interaction results in normal 

translation termination that includes fast polypeptide release, disassembly of the 

ribosomal subunits, and recycling of the ribosomal subunits to the start codon (Figure 

4.1A) 226. 

Conversely, longer 3’UTRs (in some systems, those >2 kb 228) increase the 

distance between the stopped ribosome and PABP, creating an unfavorable mRNP 

environment where eRF3 fails to receive the termination-stimulating signal (Figure 

4.1B). The cell then recognizes the natural stop codon as a “PTC,” allowing for binding 

of the essential NMD factor, up-frameshift protein 1 (UPF1), to the ribosome-bound 

eRF3 (Figure 4.1B) 226. This interaction promotes phosphorylation of UPF1 by the 
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serine/threonine kinase, SMG1, which in turn recruits and activates the SMG6 

endonuclease, the SMG5/7 complex, and other factors involved in the decapping, 

deadenylation, and subsequent degradation of the target mRNA 225,229. 

Another naturally occurring factor that could initiate NMD includes a termination 

codon that is followed by splicing of an intron within the 3’UTR 220-222,230-232. Exon 

junction complexes (EJCs) are deposited at exon-exon junctions following the removal of 

an intron on the pre-mRNA, and are normally displaced by the ribosome during the 

pioneer round of translation. When there is a distance of >50 nt between the paused 

ribosome at the termination codon and the next downstream exon-exon junction, this 

transcript is recognized as an NMD substrate, and any EJC that is not displaced will serve 

as an anchor for UPF2 and other NMD components (Figure 4.1C). UPF2 bridges the 

interaction between UPF1 (at the termination complex) and the EJC, which facilitates 

UPF1 phosphorylation and subsequent degradation of the transcript (Figure 4.1C) 226.  

UPF1 possesses evolutionarily conserved functions essential for NMD 233. The 

RNA-dependent ATPase activity of UPF1 facilitates targeted interactions with NMD 

substrates, in which ATP hydrolysis triggers the release of UPF1 from non-NMD 

substrates. Following ATP hydrolysis, the ATP-dependent helicase activity allows for 

UPF1 to translocate along the RNA in a 5’-to-3’ direction 234. Because of these functions, 

UPF1 is a prime target for small interfering RNA (siRNA)-mediated knockdown studies 

that examine regulation of genes targeted by NMD. 
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Figure 4.1. Post-transcriptional regulation of gene expression by the NMD pathway 

coupled with alternative polyadenylation and alternative splicing within the final 

exon. (A) In a favorable mRNP environment (such as with shorter 3’UTRs), PABP is in 

close proximity to the ribosome-bound eRF3, where it can signal for the proper 

termination of translation, thereby resulting in a functional protein. (B) A longer 3’UTR 

represents an unfavorable mRNP environment due to the increased distance between 

PABP and eRF3, in which eRF3 fails to receive the termination signal. The ribosome is 

now recognized as “stalled at a PTC,” where eRF3 recruits the key NMD-inducing factor, 

UPF1, thus targeting the transcript for degradation. (C) A termination codon may also be 

recognized as premature if an intron is spliced >50 nt downstream, resulting in anchoring 

of UPF2 to the EJC, recruitment of UPF1, and stimulation of NMD. 
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Characterization of Human and Mouse NCC Transcript Isoforms 

We hypothesized that post-transcriptional processing of the NCC final exon 

generates NCC mRNAs that are sensitive to NMD, which represents a novel regulatory 

mechanism that likely influences overall NCC expression. In this chapter, we tested this 

hypothesis by downregulating the NMD pathway through siRNA-mediated knockdown 

of UPF1, in vitro, and examining the effects on total human NCC mRNA abundance and 

stability. We also investigated whether downregulation of NMD specifically increases the 

abundance of NMD-sensitive 3’UTR isoforms of human NCC.  

Finally, we investigated whether orthologous NCC 3’UTR isoforms within mice 

may be physiologically regulated to control NCC gene expression in response to 

changing dietary salt reabsorptive needs. Previous studies using mouse models have 

investigated the effects of dietary K+ manipulation on NCC protein expression 

188,198,207,235. For example, Frindt and Palmer observed a decrease in the surface 

expression of NCC protein levels in wild-type mice given a high K+ diet compared to 

mice given a K+-depleted diet 235. These findings were consistent with a physiological 

need for the kidney to secrete K+ when plasma K+ levels are high, since decreased NCC 

protein expression in the DCT would increase Na+ delivery to downstream segments of 

the ASDN, allowing for effective Na+/K+ exchange to occur 207,236,237.  

Importantly, the effects of dietary K+ manipulation on NCC transcript abundance 

have never been determined. Therefore, we examined the effects of a high K+ diet on 

total NCC mRNA levels in the mouse kidney. It is well established that the relative 

abundance of fully processed mRNA isoforms may be post-transcriptionally adjusted to 

address cellular needs in response to environmental conditions, and this may be achieved 
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through strict regulation of 3’UTR processing 214. Therefore, we examined the possibility 

that processing of the mouse NCC 3’UTR may be physiologically regulated in response 

to dietary K+ manipulation. In summary, RNA-seq, RT-PCR, and 3’RACE helped 

identify uncharacterized 3’UTRs within human and mouse NCC. Functional 

characterization of these isoforms sheds new light onto the complex regulation of NCC.  

 

Materials and Methods 

Human Kidney Tissues 

 Human kidney cortex or whole kidney samples from LLF Donors 1 to 4 

(discussed in Chapter 2, Table 2.2) provided total RNA and protein for downstream qRT-

PCR and western blot analysis of human NCC, respectively.  

 

Dietary K+ Manipulation and Kidney Isolation from Mice 

 All procedures involving mice were conducted as described in Chapter 3.  

 

3’Rapid Amplification of cDNA Ends (RACE) of Mouse Kidney RNA 

 In addition to RNA-seq, 3’RACE was used to validate the expression of 

alternative 3’ ends of candidate mouse NCC transcript isoforms. 3’RACE of mouse 

kidney RNA, including cDNA synthesis, amplification, and characterization of 3’RACE 

products through molecular cloning, were conducted using the SMARTer® RACE 5’/3’ 

kit (Clontech) based on manufacturer’s instructions. A gene-specific forward primer 

specific to the final exon of mouse NCC was used in conjunction with a 3’RACE primer 
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that targets the pre-existing poly(A) tail (Appendix 1B). Non-specific primer binding was 

minimized through using a touchdown PCR program: 

Program Step Temperature (ºC) Duration Cycles 

Denaturation 94 30 s 
5 

Annealing 72 3 min 

Denaturation 94 30 s 

5 Annealing 70 30 s 

Extension 72 3 min 

Denaturation 94 30 s 

25 Annealing 68 30 s 

Extension 72 3 min 

 

3’RACE-amplified products were visualized through agarose gel electrophoresis. Novel 

3’ ends of transcripts were identified through cloning 3’RACE products into the pRACE 

(Clontech) cloning vector, and sequencing the products using gene-specific primers or 

primers off the cloning vector.  

 

Conventional and Quantitative RT-PCR  

 Expression of NCC is known to be low or undetectable in most human cell lines. 

HEK293A, HeLa, and HEK293T cells were examined for their total NCC expression as 

well for the expression of various NCC transcript isoforms. Because these transcript 

isoforms were consistently detected and quantifiable in HEK293T cells, we selected this 

model for our in vitro studies. Transcript isoform-specific forward and reverse primers 

were used for the amplification of total NCC mRNA and alternative NCC transcripts 

expressed within human and mouse kidney tissues, as well as within HEK293T cells 

(Appendix 1A). To ensure effective downregulation of NMD, a known NMD substrate, 

GAS5, was quantified as a positive control 238. Quantitative RT-PCR using the 

LightCycler® 480 SYBR Green I Master and the Probes Master protocols (Roche) was 

conducted as described in Chapter 3.  
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Cell Culture and Transfection 

 HEK293T cells (American Type Culture Collection) were seeded, cultured and 

maintained in complete medium (DMEM supplemented with 10 % fetal bovine serum), 

as described in Chapter 3. Transfections of siRNA duplexes and plasmid DNAs were 

performed in 6-well plates or 12-well plates using either Lipofectamine reagents 

(Invitrogen) or the DharmaFECT Duo reagent (Dharmacon) following manufacturer’s 

instructions. Transfections with siRNA duplexes alone were conducted using the 

Lipofectamine RNAiMax transfection reagent. Plasmid DNAs were either transfected 24 

hours after siRNA transfection using the Lipofectamine 2000 reagent, or co-transfected 

with siRNA using the DharmaFECT Duo reagent.  

 

Small Interfering RNA (siRNA)-Mediated Knockdown Studies 

 HEK293T cells were transfected with siRNA specific for human UPF1 (siUpf1) 

or with a non-targeting, negative control siRNA (siControl). The target sequence for 

siUpf1 was 5'-GAUGCAGUUCCGCUCCAUU-3' (Dharmacon). The siControl duplex 

was the Silencer® Select Negative Control siRNA #2 (Ambion). The final concentration 

of transfected siRNAs was 100 nM. To examine any off-target effects, siUpf1-transfected 

cells were also transfected with 100 ng/well or 50 ng/well (in 6-well plates or 12-well 

plates, respectively) of either empty pcDNATM 3.1/V5-His A (Invitrogen) as a control or 

pCMV-myc-UPF1R, a mutated and siRNA-resistant UPF1 expression vector that rescues 

NMD downregulation by siUpf1 (provided by Dr. Lynne Maquat) 239. Cells were 

harvested for total RNA and protein isolation 72 hours post-siRNA transfection. Where 

indicated, relative mRNA and protein abundances from cells transfected with siUpf1 
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(alone or with the rescue plasmid) were graphed in comparison to siControl-transfected 

cells (set to 1). 

 

Actinomycin D Time Course Assay 

 The decay kinetics of endogenously expressed total human NCC mRNA in 

HEK293T cells was evaluated using actinomycin D (ActD, Sigma-Aldrich) time course 

assays. Global transcription was repressed by adding ActD (5 µg/mL final concentration) 

to the growth medium 72 hours post-transfection with siControl, siUpf1, or siUpf1 co-

transfected with the siRNA-resistant rescue plasmid. After the addition of ActD, total 

RNA was purified from cells at selected time points (0, 0.5, 1, 2, 3, and 4 hours) using 

TRIzol reagent (Ambion) according to manufacturer’s instructions. Relative levels of 

endogenously expressed total NCC mRNA, as well as two known ActD-sensitive 

transcripts (PPP1R10 and PAQR8) 240, were assessed via qRT-PCR during the chase 

time, and normalized to GAPDH mRNA abundance. The data were then fitted to best-fit 

non-linear regression plots of mRNA concentration as a function of time (t), and first-

order decay constants (k) were calculated using PRISM software (v3.03), which yielded 

mRNA half-lives (t1/2) of ln2/k.  

 

Western Blot Analysis of UPF1 and Total NCC Protein Expression 

 Human and mouse kidney tissue and HEK293T cells were homogenized in RIPA 

protein lysis buffer (Teknova), and isolated protein lysates were quantified as described 

in Chapter 3. For analysis of NCC protein expression in kidney tissue and HEK293T 

cells, protein lysates were solubilized either at room temperature for 30 minutes (for total 
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NCC protein expression) or at 70º C for 10 min (for surface expression of NCC dimers) 

in 2X Laemmli Sample Buffer (BioRad). Solubilized proteins (20-25 µg) were resolved 

on SDS-PAGE, 4-15% Tris-HCl protein gels (BioRad). For analysis of UPF1 protein 

expression in HEK293T cells, protein lysates were boiled for 5 minutes in 5X Lane 

Marker Reducing Sample Buffer (ThermoFisher Scientific), and solubilized proteins (10 

µg) were resolved by size on SDS-PAGE, 10% Tris-HCl protein gels (BioRad). All 

proteins were transferred onto PVDF membranes (Fisher Scientific). After blocking in 

milk, membranes were hybridized with either an anti-UPF1 antibody (Bethyl) or an 

antibody that targets total NCC in humans and mice (Chemicon). Visualization of protein 

expression and densitometry analysis were performed as described in Chapter 3.  

 

Statistical Analysis 

 Statistical significances of differences in transcript and protein abundance were 

determined as described in Chapter 3.  

 

Results 

Detection of Uncharacterized NCC 3’UTR Isoforms in Human and Mouse Kidneys 

through RNA-seq, RT-PCR and 3’RACE 

 Our RNA-seq analysis outlined in Chapter 2 revealed uncharacterized NCC 

3’UTR isoforms expressed in humans. These include short and long 3’UTR isoforms in 

human NCC derived from alternative polyadenylation (1.1 kb vs. 2.4 kb, respectively, 

Appendix 2D), as well as novel alternative splicing occurring ~1.4 kb downstream of the 

human NCC stop codon (Figure 4.2A). This splicing event results in a novel NCC 3’UTR 
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lacking a 171 nt segment (3’UTR∆171nt, Appendix 2D). Notably, examination of FPKM 

values for the various human NCC isoforms demonstrated that transcripts which express 

the short NCC 3’UTR are more abundant than those with either the long 3’UTR or the 

novel 3’UTR∆171nt isoforms (Figure 4.2B).  

 

Figure 4.2. RNA-seq analysis of human kidneys detects known and novel alternative 

NCC transcripts with differentially expressed 3’UTR isoforms. (A) Coverage plot of 

a representative human kidney sample (from IGV). Coordinates are shown using UCSC 

Genome Browser. Description of coverage plot interpretation is provided in Chapter 3, 

Figure 3.2. In addition to the known alternative splicing events in the coding region 

(discussed in Chapter 2, Table 2.8), RNA-seq detected long and short 3’UTR isoforms 

from alternative polyadenylation (~2.4 kb and ~1.1 kb, respectively), as well as a novel 

splice junction within exon 26 following splicing of a 171 nt segment. (B) Representation 

of expression levels (in FPKM) for NCC transcripts that carry the three 3’UTR isoforms. 

Among these, the short 3’UTR isoform demonstrated higher expression in the human 

kidney. 
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 Using forward and reverse primers that amplify across the spliced region of 

3’UTR∆171nt (Appendix 1A), RT-PCR amplification revealed the intact isoform (509 nt), 

along with an unexpected shorter amplicon (223 nt) rather than the expected 338 nt 

amplicon that corresponds to 3’UTR∆171nt (Figure 4.3A). Sequencing of this PCR product 

revealed additional novel splicing of a 286 nt segment in the human NCC final exon 

(3’UTR∆286nt, Figure 4.3B and Appendix 2D), which generates a junction ~1.3 kb 

downstream of the stop codon. Both the 3’UTR∆171nt and the 3’UTR∆286nt splicing events 

use the splice donor/acceptor pairings, GC-AG and GG-AG, respectively. Both splice 

pairings are not homologous to the pairings typically observed for either the major class 

of U2-type introns (GU-AG) or the subclass of U12-type introns (AT-AC) 241. The 

3’UTR∆286nt isoform was not detected by RNA-seq, which is likely due to the presence of 

repetitive sequences surrounding this junction that hinder correct alignment and limit the 

detectability of certain transcripts 179 (Figure 4.3B).  
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Figure 4.3. Uncharacterized human NCC 3’UTR isoforms. (A) RT-PCR amplification 

across the novel spliced region of the human NCC final exon revealed an additional 

splice junction in the long 3’UTR. Agarose gel image shows the full intact 3’UTR (509 nt 

amplicon) and a smaller 3’UTR lacking a 286 nt segment (223 nt amplicon) that was not 

detected by RNA-seq (3’UTR∆286nt). The full 3’UTR is the most abundant isoform. 

Ladder is 100 bp DNA ladder from New England Biolabs. Black arrows represent 

forward and reverse primers used for amplification across spliced regions. pA, cleavage 

and polyadenylation site. (B) Partial sequence of the human NCC long 3’UTR. 

Sequencing across the splice junctions revealed that the 3’UTR∆286nt junction is 

surrounded by highly repetitive sequences (black lowercase sequence). Pink uppercase 

letters indicate splice junction for 3’UTR∆286nt. Brown uppercase letters indicate splice 

junction for 3’UTR∆171nt.  
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The RNA-seq profile of the mouse NCC gene demonstrated raw reads mapping to 

the final exon, which provided evidence for an uncharacterized long 3’UTR (Figure 4.4). 

To confirm the presence of this isoform within mice, we performed 3’RACE using a 

gene-specific primer that targets a sequence within the final exon (Appendix 1B). 

3’RACE of mouse NCC uncovered two alternative polyadenylation sites that result in the 

known short 3’UTR (258 nt) and a longer, uncharacterized 3’UTR (~1.6 kb) (Figure 

4.5A, Appendix 2E). RNA-seq reads mapping to the mouse NCC final exon also 

provided evidence of splicing (Figure 4.4). We performed RT-PCR using forward and 

reverse primers that amplify across the putative spliced region (Appendix 1A), and 

sequencing of the RT-PCR product confirmed novel alternative splicing of a 392 nt, high 

CT-rich region in the mouse NCC 3’UTR (Figure 4.5B, Appendix 2E). This splicing 

event, which also uses non-canonical splice donor/acceptor sites (CT-AC), generates a 

junction 716 nt downstream of the stop codon (3’UTR392nt). Just as with the human NCC 

3’UTR∆286nt isoform, it is likely that RNA-seq did not detect this junction due to 

ambiguous alignment of reads to highly repetitive sequences. While both humans and 

mice express long NCC 3’UTR isoforms that undergo alternative splicing, the human 

NCC 3’UTR is longer (2.4 kb in humans vs. 1.6 kb in mice) and only shares 20.8% nt 

sequence homology with the mouse NCC 3’UTR. Furthermore, splicing within the 

human NCC final exon does not involve skipping of a CT-rich region as it does in mice.  
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Figure 4.4. Sequence reads mapping to an uncharacterized long 3’UTR and 

alternative splicing in the final exon of mouse NCC. Figure displays representative 

snapshot of IGV output for Mouse Sample 1. Although a splice junction is not defined, 

the pattern of mapped reads suggests alternative splicing within this longer isoform. 
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Figure 4.5. Uncharacterized mouse NCC 3’UTR isoforms. (A) 3’RACE revealed two 

alternative polyadenylation sites within mouse NCC, which results in the known short 

3’UTR (258 nt) and a longer, uncharacterized 3’UTR (~1.6 kb). RT-PCR across the 

putative splice junction revealed novel splicing of a 392 nt segment, which occurs 716 nt 

downstream of the stop codon. pA, cleavage and polyadenylation site. (B) Partial 

sequence of the mouse NCC long 3’UTR. Sequencing across this region revealed that the 

spliced segment contains highly repetitive sequences (black lowercase sequence). Cyan 

uppercase letters indicate splice junction for 3’UTR∆392nt.  
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Human and Mouse NCC 3’UTR Isoforms are Differentially Expressed in the Kidney 

 The baseline relative abundance of each human NCC 3’UTR isoform was 

quantified within LLF donor kidneys using the same isoform-specific primers that 

validated these transcripts in Chapter 2 (Figure 4.6A, Appendix 1A). Relative mRNA 

levels were normalized to total human NCC mRNA abundance, which was amplified 

from a constitutively expressed region of the human NCC 3’UTR (Appendix 1A). RT-

PCR validation of the 3’UTR∆286nt junction was successful using a junction specific 

reverse primer and a stringent PCR condition (Chapter 2, Table 2.9). However, 

quantification of this spliced isoform via qRT-PCR was unsuccessful due to non-specific 

amplification caused by lack of unique sequences surrounding the 3’UTR∆286nt junction, 

which also likely hindered its detection by RNA-seq. 

 The expression profile of the long, short, and 3’UTR∆171nt isoforms acquired from 

qRT-PCR (Figure 4.6B) was similar to the expression profile acquired from RNA-seq 

analysis of human NCC (Figure 4.2B). Both quantification methods demonstrated that 

the short 3’UTR was the most abundant 3’UTR isoform, and the long and 3’UTR∆171nt 

isoforms were similarly expressed at a lower level. Most of the human NCC transcripts 

using the distal polyadenylation site also underwent splicing (Figure 4.6B). This result 

was unexpected, since RT-PCR amplification across the spliced region demonstrated the 

opposite effect, where the un-spliced isoform was more abundant than either the 

3’UTR∆171nt or 3’UTR∆286nt spliced isoforms (Figure 4.3A). Since primer amplification 

efficiencies between isoform-specific primer sets were not significantly different 

(Appendix 3C), reasons for this discrepancy in expression profiles remain unclear, and 

require further investigation.  



 146

Figure 4.6. qRT-PCR amplification of human alternative NCC 3’UTR isoforms in 

the kidney. (A) 3’UTR isoform-specific forward and reverse primers were used for the 

qRT-PCR amplification of human NCC 3’UTR isoforms derived from alternative 

polyadenylation and alternative splicing. Arrows represent forward and reverse primers. 

pA, cleavage and polyadenylation site. (B) qRT-PCR results are given as the mean ± SD 

from 3 biological replicates of LLF human kidney samples. All primer sets demonstrated 

comparable amplification efficiencies (Appendix 3C). LLF, Living Legacy Foundation.   
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Notably, we examined the possibility that specific human NCC transcript 

isoforms may be subjected to miRNA-mediated regulation, due to the inclusion or 

exclusion of miRNA target sequences in the 3’UTR. Specifically, an in silico-predicted 

miRNA target sequence for hsa-miR-4722-3p was detected within the segment missing in 

both the 3’UTR∆171nt and 3’UTR∆286nt spliced isoforms. Therefore, alternative splicing 

that removes this miRNA target sequence may prevent miRNA-mediated regulation of 

NCC transcripts. However, publically available transcriptomic data on small non-coding 

RNA expression in multiple human tissues revealed that hsa-miR-4722-3p was 

exclusively expressed in adipose and lung tissues, but not in the kidney 242. Furthermore, 

preliminary in vitro reporter gene assays demonstrated that a hsa-miR-4722-3p mimic did 

not significantly affect the luciferase activity in HEK293T cells co-transfected with NCC 

3’UTR reporter gene constructs that harbor the miRNA target sequence (data not shown). 

It is unclear what regulatory element is removed by these splicing events and how such 

sequences impact human NCC mRNA stability and translational efficiency.  

The mouse NCC 3’UTR isoforms were also quantified through use of isoform 

specific primers (Figure 4.7A, Appendix 1A), and were normalized to the expression of 

total mouse NCC mRNA (amplified from a constitutively expressed region of the mouse 

NCC 3’UTR, Appendix 1A). Similar to the human NCC 3’UTR∆286nt spliced isoform, the 

mouse NCC 3’UTR∆392nt spliced isoform could not be quantified through qRT-PCR due 

to non-specific amplification from the lack of unique sequences surrounding the splice 

junction. Just as in humans, the short 3’UTR of mouse NCC was significantly more 

abundant than the long 3’UTR but the differences are far less than what was observed in 

humans (Figure 4.7B). Interestingly, unlike what was observed in humans, the un-spliced 
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3’UTR in mouse NCC was the most abundant isoform in the mouse kidney. These 

observations point to species-specific post-transcriptional regulation of NCC 3’UTR 

isoform abundance between humans and mice.  

 

Figure 4.7. qRT-PCR amplification of mouse alternative NCC 3’UTR isoforms in 

the kidney. (A) 3’UTR isoform-specific forward and reverse primers were used for the 

qRT-PCR amplification of mouse NCC 3’UTR isoforms derived from alternative 

polyadenylation and alternative splicing. Arrows represent forward and reverse primers. 

pA, cleavage and polyadenylation site. (B) qRT-PCR results are given as the mean ± SD 

from 6 biological replicates of mouse kidney samples. All primer sets demonstrated 

comparable amplification efficiencies (Appendix 3D). * = p < 0.05 vs. long 3’UTR; *** 

= p < 0.005 vs. long 3’UTR; # = p < 0.05 vs. short 3’UTR. 
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Downregulation and Rescue of the NMD Pathway Alters Endogenous Total Human NCC 

mRNA in HEK293T Cells 

 As mentioned previously, longer 3’UTRs (>2 kb in some systems) and 3’UTRs 

harboring exon-exon junctions >50 nt downstream of the termination codon can initiate 

NMD. To examine whether total human NCC transcript levels may be partially regulated 

by the NMD pathway, we investigated the effects of a downregulated NMD pathway on 

the steady-state abundance of endogenous total human NCC mRNA. We downregulated 

the NMD pathway within HEK293T cells by siRNA-mediated suppression of the key 

NMD factor, UPF1, where ~68% and ~84% reduction of UPF1 was achieved at the 

transcript and protein levels, respectively (Figure 4.8A to C). To demonstrate that any 

downstream effects on transcript abundance were specific to UPF1 knockdown, we also 

co-transfected siUpf1-transfected cells with a modified Myc-tagged UPF1 expression 

vector, in which UPF1 harbors silent mutations in the siRNA target sequence and is, 

therefore, siRNA-resistant (MycUPF1 239, Figure 4.9A). As a positive control for our 

siRNA-mediated UPF1 knockdown studies, we also assessed the abundance of growth 

arrest-specific 5 (GAS5), a non-coding RNA expressed in HEK293T cells, and a known 

NMD substrate 238.  
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Figure 4.8. Relative abundance of UPF1 mRNA and protein following siRNA-

mediated UPF1 knockdown in HEK293T cells. (A) qRT-PCR amplification of UPF1 

revealed ~64% knockdown in UPF1 mRNA levels compared to siControl-transfected 

cells. n = 3 independent transfections. (B) Representative western blot analysis showing 2 

technical replicates for each condition. (C) Averaged densitometry analysis from 2 

independent transfections demonstrated ~84% knockdown in UPF1 protein levels 

compared to siControl-transfected cells. Results are given as the mean ± SD. *** = p < 

0.005 vs. siControl.  
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Figure 4.9. UPF1 knockdown and rescue with a siRNA-resistant UPF1 protein alters 

transcript levels for GAS5 (positive control) and total human NCC. (A) 

Representative western blot analysis showing 3 technical replicates for each condition. 

The panel on the right demonstrates 10, 5, and 2.5 µg of total protein loaded to ensure 

correct quantification of UPF1 protein. (B) qRT-PCR amplification of GAS5 mRNA (n = 

3 independent transfections) and total NCC mRNA (n = 2 independent transfections). 

Results are given as the mean ± SD. * = p < 0.05 vs. siControl; N.S., not significant vs. 

siControl.  

 

 

 

As expected, we observed a significant increase (~1.8-fold) in GAS5 mRNA 

levels in siUpf1-transfected cells relative to siControl-transfected cells. UPF1 knockdown 

also resulted in ~1.6-fold increase in endogenously expressed total NCC mRNA in 

HEK293T cells (Figure 4.9B). Furthermore, addition of MycUPF1 proteins fully restored 
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NMD regulation of both GAS5 and total NCC mRNAs in siUpf1-transfected HEK293T 

cells, to the level of siControl-trasfection (Figure 4.9B). These results demonstrated that 

increased expression of total NCC mRNA was indeed due to siRNA-mediated 

knockdown of UPF1 and not due to off-targeting effects, and more importantly, NCC 

transcript abundance is regulated by NMD.  

 

Downregulation of the NMD Pathway Specifically Increases the Long 3’UTR Isoform of 

Endogenous Human NCC in HEK293T Cells 

 We hypothesized that the increase in total human NCC mRNA in response to 

UPF1 knockdown may be driven by the preferential increase in predicted NMD-sensitive 

transcripts in UPF1-depleted HEK293T cells. As expected, UPF1 knockdown resulted in 

~9-fold increase in the long 3’UTR isoform of human NCC relative to control cells. 

Conversely, UPF1 knockdown did not yield any significant differences in the expression 

of the short 3’UTR isoform, which is not a predicted NMD substrate (Figure 4.10). These 

results suggested that alternative polyadenylation of the human NCC pre-mRNA 

generates transcripts that differ in 3’UTR length and the longer 3’UTR is sensitive to 

NMD. Therefore, total NCC gene expression is partially regulated through action of the 

NMD pathway. The un-spliced 3’UTR, which is not a predicted NMD substrate, was also 

unaffected by UPF1 depletion. However, the 3’UTR∆171nt spliced isoform was also 

unaffected by UPF1 depletion, which suggested that either the presence of an exon-exon 

junction within human NCC mRNA does not initiate the NMD pathway as predicted, or 

the change in transcript abundance is too small to detect (Figure 4.10). 
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Figure 4.10. qRT-PCR amplification of human alternative NCC 3’UTR isoforms in 

HEK293T cells following UPF1 knockdown. The same 3’UTR isoform-specific 

forward and reverse primers used for qRT-PCR amplification of human NCC 3’UTR 

isoforms in the human kidney were used for amplification in HEK293T cells. Similar 

mRNA expression levels for each 3’UTR isoform were observed in two independent 

siRNA transfections. Figure displays representative distribution from one siRNA 

transfection. Results are given as the mean ± SD from triplicate qRT-PCR results. All 

primer sets demonstrated comparable amplification efficiencies (Appendix 3C) *** = p < 

0.005 vs. siControl; N.S., not significant vs. siControl. 
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Changes to Endogenous Total NCC mRNA Stability are Not Detected During Global 

Transcriptional Inhibition in HEK293T Cells 

Transcript abundances are determined by a combination of new mRNA synthesis, 

mRNA processing, and mRNA degradation. Thus, we examined whether NMD regulates 

the steady-state levels of total human NCC mRNA through modulating NCC mRNA 

turnover kinetics by inhibiting global transcription in an ActD time course assay. As 

positive controls for measuring mRNA stability, we examined the decay rates of two 

previously established ActD-sensitive mRNAs that are endogenously expressed within 

HEK293T cells (PPP1R10 and PAQR8) 240. As expected, both PPP1R10 and PAQR8 

mRNAs rapidly decayed during the time course, exhibiting half-lives similar to what was 

previously reported (2.2 hours and 2.5 hours, respectively, Figure 4.11A) 240. However, 

we did not observe destabilization of endogenous total NCC mRNA during the time 

course, where NCC mRNA levels remained constant in all three siRNA-treated 

conditions (siControl, siUpf1, siUpf1 + rescue, Figure 4.11B). Possible explanations for 

this unexpected finding are discussed in the Discussion section of this chapter (pages 165 

to 166).  
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Figure 4.11. Measure of mRNA decay kinetics for positive control transcripts (A) 

and total human NCC mRNA (B) following ActD treatment in HEK293T cells. 

Degradation of mRNAs was measured by qRT-PCR. Percent mRNA remaining 

following ActD transcriptional silencing at indicated times is shown. n = 2 independent 

time courses. Results are given as the mean ± SD. t1/2, half-life.  
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Changes to NCC Protein Abundance Following NMD Downregulation are Not Detected 

in HEK293T Cells  

 We examined if the changes to human NCC mRNA abundance following UPF1 

knockdown could also be observed at the protein level. There were no significant changes 

in the human monomeric NCC protein following UPF1 knockdown or co-transfection 

with the siUpf1-resistant rescue plasmid in HEK293T cells (Figure 4.12A). However, this 

finding might not reflect NMD-mediated regulation of NCC in vivo, because there is less 

NCC in HEK293T cells compared to human kidneys. Additionally, monomeric as well as 

dimeric NCC protein complexes are found in human kidneys, whereas HEK293T cells 

solely express monomeric NCC (Figure 4.12B). Therefore, we suspected that, although 

HEK293T cells produce enough endogenous NCC mRNA to study pre-translational 

regulation of specific mRNA isoforms, this in vitro system is not suitable for studying 

differences in fully-modified NCC protein abundance, since NCC proteins do not 

undergo proper post-translational regulation (i.e.: protein modification and trafficking) in 

HEK293T cells as in human kidneys. Therefore, the effects of NMD regulation on fully 

modified NCC protein levels in human kidneys are unknown.  
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Figure 4.12. Human NCC protein expression in HEK293T cells and human kidneys. 

(A) Representative western blot analysis and densitometry of human NCC protein 

expression following UPF1 knockdown and rescue in HEK293T cells. n = 2 independent 

transfections. N.S., not significant vs. siControl. (B) Comparison of NCC protein 

expression between LLF human kidneys and HEK293T cells. Two biological replicates 

(1 and 2) are shown. 
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Chronically Increased Dietary K+ in Mice Alters NCC Transcript Abundance and 

Membrane-Associated NCC Protein  

 We examined the physiological effects of increased dietary K+ on total mouse 

NCC mRNA and protein expression and on the regulation of orthologous mouse NCC 

3’UTR isoforms. The same groups of mice (Control K, HK-Acute, HK-Chronic) used for 

studying SPAK expression in Chapter 3 were also used for our characterization of NCC 

in the mouse kidney. Total mouse NCC mRNA abundance did not significantly change in 

the HK-Acute diet group, but the HK-Chronic diet group demonstrated a significant 

increase (~1.7-fold) in total mouse NCC mRNA abundance compared to the control 

group (Figure 4.13A). 

 Furthermore, the HK-Chronic, but not HK-Acute diet group demonstrated 

increased abundance of the short and un-spliced 3’UTR isoforms of mouse NCC, while 

the abundance of the long 3’UTR of mouse NCC was not significantly changed in either 

HK-Chronic or HK-Acute diet groups (Figure 4.13B). As previously mentioned (page 

147), the mouse NCC 3’UTR∆392nt spliced isoform could not be quantified via qRT-PCR, 

so quantification of this isoform in response to increased dietary K+ was conducted via 

semi-quantitative RT-PCR. During logarithmic amplification (30 cycles), the mouse 

NCC 3’UTR∆392nt transcript did not demonstrate a difference in abundance in either the 

HK-Acute or HK-Chronic diet groups (Figure 4.14). In summary, increased dietary K+ 

for a chronic, but not acute period, differentially regulates mouse NCC 3’UTR isoform 

abundance by increasing only those isoforms that are not predicted NMD substrates 

(short and un-spliced), while the predicted NMD substrates (long and 3’UTR∆392nt) 

remain unchanged.  
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Figure 4.13. Quantification of total NCC (A) and NCC 3’UTR isoform (B) 

expression in mouse kidneys following dietary K+ manipulation. n = 6 mice for each 

diet group. Data were normalized to the Control K diet group in Figure A. Results are 

given as the mean ± SD. All primer sets demonstrated comparable amplification 

efficiencies (Appendix 3D). * = p < 0.05 vs. Control K; N.S., not significant vs. Control 

K. 
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Figure 4.14. Semi-quantitative RT-PCR amplification of the mouse NCC 

3’UTR∆392nt spliced isoform in mouse kidneys following dietary K+ manipulation. 
(A) In RT-PCR schematic: Black arrows represent forward and reverse primers. pA, 

cleavage and polyadenylation site. In agarose gel images: Ladder is 100 bp DNA ladder 

from New England Biolabs; RT(-) refers to no RT control. Amplification of 3 biological 

replicates from each diet group is shown. Amplification of a housekeeping gene 

(cyclophilin B) is displayed below. (B) Densitometry of bands after 30 PCR cycles 

(logarithmic amplification). Data were normalized to the Control K diet group. Results 

are given as the mean ± SD from 3 biological replicates. N.S., not significant vs. Control 

K.  
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 Previous studies have reported only moderate, insignificant changes to total NCC 

protein abundance in response to increased dietary K+, but a significant decrease in the 

surface expression of NCC (predominantly NCC dimers) in mice fed a high K+ diet 

compared to a low K+ diet for 6 – 8 days 207,235. In our model, total NCC protein was not 

affected by acute or chronic exposure to a high K+ diet (Figure 4.15A and B). When 

mouse kidney protein was solubilized to specifically examine the surface fraction of 

NCC, we observed a significant decrease (~33% decrease compared to Control K) in 

membrane-associated NCC within the HK-Chronic, but not the HK-Acute diet group 

(Figure 4.16A and B).  These findings corroborated the findings by Frindt and Palmer 235. 

Since total NCC transcript abundance increased after chronic exposure to a high K+ diet, 

these results in mice demonstrated that post-translational regulation of NCC protein 

abundance in the mouse kidney dominates any transcriptional or post-transcriptional 

regulation of NCC mRNA levels.   
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Figure 4.15. Western blot analysis (A) and quantification (B) of total NCC protein 

expression in mouse kidneys following dietary K+ manipulation. (A) Representative 

western blot analysis showing 3 biological replicates for each diet group. (B) Quantitative 

summary represents an n = 5 mice for each diet group. Data were normalized to the 

Control K diet group. Results are given as the mean ± SD. N.S., not significant vs. 

Control K. 

 

 

 
   



 163

Figure 4.16. Western blot analysis of the surface fraction of mouse NCC following 

dietary K+ manipulation. A) Representative western blot analysis showing 2 biological 

replicates for each diet group. (B) Quantitative summary represents an n = 5 mice for 

each diet group. Data were normalized to the Control K diet group. Results are given as 

the mean ± SD. ** = p < 0.01 vs. Control K; N.S., not significant vs. Control K. 
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Discussion 

 Post-translational regulation of the NCC protein by well-established mechanisms 

significantly fine-tunes renal salt reabsorption and overall BP control 23,54,55,208-211. 

Previous studies of human NCC regulation at the transcript level have mainly focused on 

transcriptional regulation 243,244 or alternative splicing within the coding region 147,149,150, 

leaving post-transcriptional regulation within the 3’UTR largely unexplored. 

Transcriptomic profiling, complemented with 3’RACE and RT-PCR, uncovered 

uncharacterized NCC 3’UTR isoforms derived from alternative polyadenylation and 

alternative splicing within human and mouse kidneys (Figures 4.2 to 4.5).  

In this chapter, we characterized the differential expression and regulation of the 

NCC 3’UTR isoforms within both species. In humans, the short 3’UTR that uses the first 

poly(A) site was the most abundantly expressed isoform, while the un-spliced 3’UTR 

was the least expressed (Figures 4.2B and 4.6B). In contrast, the un-spliced long 3’UTR 

was the most abundant isoform in mice (Figure 4.7B), which highlights species-specific 

post-transcriptional regulation of NCC transcript abundance. The relative abundances of 

the human 3’UTR∆286nt isoform and the mouse 3’UTR∆392nt isoform could not be 

quantified due to spurious amplification by junction-specific primers. Thus, further 

optimization of qRT-PCR amplification conditions for both 3’UTR∆286nt and 3’UTR∆392nt 

isoforms must be met in order to accurately determine their relative abundances in human 

and mouse kidneys, respectively. 

We hypothesized that the NCC 3’UTR may contribute to overall NCC transcript 

abundance through initiating the NMD pathway, and tested this theory through siRNA-

mediated knockdown of UPF1 in HEK293T cells, thus downregulating NMD (Figure 
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4.8A to C).  In this system, only long 3’UTR isoforms, which are predicted to have an 

unfavorable mRNP environment and are sensitive to NMD, increased in abundance 

(Figures 4.1B and 4.10). The abundances of other isoforms did not change significantly, 

either because they are not NMD substrates (short 3’UTR and long un-spliced 3’UTR) or 

because the changes were too small to detect (3’UTR∆171nt, Figure 4.10). These results 

explain why the short 3’UTR isoform (which is not a predicted NMD substrate) is more 

abundantly expressed than the long 3’UTR isoform within human kidneys, but leaves the 

question of the regulatory significance for alternative splicing past the stop codon of 

human NCC. Further studies are required to establish a functional role for both the 

3’UTR∆171nt and the 3’UTR∆286nt spliced isoforms of human NCC, and how they may 

contribute to overall NCC transcript abundance. Still, these results demonstrated, for the 

first time, NMD regulation of human NCC mRNA abundance via alternative 

polyadenylation of the NCC 3’UTR.  

We did not observe changes in the stability of endogenous total NCC mRNA 

when NMD downregulation was coupled with global transcriptional repression (Figure 

4.11B). Therefore, it is not confirmed if the changes in NCC mRNA abundances were 

due to stabilization of transcripts that are normally targeted for NMD. Several different 

issues complicate these experiments. First of all, the UPF1 knockdown efficiency within 

the ActD time course assays was suboptimal compared to previous experiments in which 

we only altered the levels of UPF1. This was indicated by modest differences in total 

NCC mRNA observed between siControl- and siUpf1-transfected samples at 0 hours 

post-ActD treatment, which could explain why there were no observable differences in 

total NCC mRNA decay kinetics amongst the siRNA-treated conditions. 
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Second, we speculated that endogenous NCC mRNA levels might be too lowly 

expressed in our in vitro system and fall below the sensitivity of the ActD time course 

assay, where changes to mRNA stability are undetectable. In fact, HEK293T cells 

express very low levels of NCC mRNA, and we observed a high degree of variance 

between technical replicates of individual ActD time points for total NCC mRNA 

amplification, which further indicates that total NCC mRNA cannot be accurately 

quantified following ActD treatment in HEK293T cells. Therefore, future studies must 

explore alternative means for assessing the effects of the NCC 3’UTR on overall 

transcript stability in human cell lines. For example, the differential stability of human 

NCC 3’UTR isoforms due to NMD can be studied in the context of a reporter gene assay, 

in which constructs that harbor the long or the short 3’UTR of human NCC downstream 

of a reporter gene can be co-transfected into HEK293T cells along with siUpf1.  

A third explanation for our findings is that global transcriptional inhibitors (such 

as ActD) profoundly impact cellular physiology and may actually alter the stability of 

many endogenous mRNAs 245-249. As such, it is possible that ActD may influence 

endogenous total NCC mRNA stability in our in vitro system, which complicates the 

interpretation of our results. To address this issue in future studies, alternative 

compounds, such as α-Amanitin, can be used in order to identify a means of inhibiting 

transcription without affecting the stability of total NCC mRNA.     

 UPF1 knockdown and rescue yielded no significant changes to NCC protein 

abundance within HEK293T cells (Figure 4.12A). However, NCC protein expression 

differs greatly between HEK293T cells and human kidneys, both in total abundance and 

in distribution of monomers versus dimers (Figure 4.12B). Since the predominant form of 
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membrane-associated active NCC exists as dimers 250,251, we speculated that the effects of 

NMD downregulation on fully modified NCC protein abundance cannot be adequately 

determined within HEK293T cells. Indeed, HEK293T cells do not represent true kidney 

epithelial cells since they exhibit characteristics of multiple cell types, but no such human 

kidney-derived cell line with DCT-like signatures exists for studying NCC expression 

and regulation. The mDCT15 cell line developed by Ko and colleagues represents a more 

ideal model for the mammalian DCT because it exhibits robust expression of dimeric 

NCC complexes 252. Although mDCT15 cells are derived from mice and not humans, this 

cell line is better suited for studying regulatory mechanisms that control NCC transcript 

and protein abundance, in vitro. However, mDCT15 cells are not commercially available 

and we are in the process of obtaining them from other labs. Future studies on NMD 

regulation of mouse NCC transcript orthologs will be conducted in mDCT15 cells once 

they are available to us.   

 Finally, we observed changes in mouse kidney-expressed NCC transcript and 

protein levels in response to increased dietary K+. Mice fed a high K+ diet for a chronic, 

but not acute period exhibited increased levels of total NCC mRNA (Figure 4.13A). This 

increase seemed to be driven by the specific increase in the short and un-spliced mouse 

NCC 3’UTR isoforms that are not predicted NMD substrates (Figure 4.13B). Conversely, 

the expression of both predicted NMD substrates (mouse long and 3’UTR∆392nt) remained 

unchanged (Figures 4.13B and 4.14A and B). Thus, chronic, but not acute exposure to a 

high K+ diet, elicits a transcriptional program that preferentially increases the expression 

of NMD-resistant 3’UTR isoforms, which drives the increased expression of total NCC 
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mRNA. Other physiological conditions that increase the expression of the NMD-sensitive 

versus NMD-resistant transcripts remain to be determined.  

In Chapter 3, increased levels of FL-SPAK mRNA and protein also occurred as a 

result of increased dietary K+, presumably through a secondary response to ECF volume 

contraction (Figure 3.24). Volume contraction stimulates production of angiotensin II 

(Ang II), which is a known transcriptional regulator 197. Thus, increased dietary K+ could 

potentially induce transcriptional changes to different components of the WSN pathway, 

including STK39 and NCC, by engaging volume contraction and subsequent Ang II 

regulation. As mentioned in Chapter 3, further studies must be conducted to assess the 

transcriptional regulation of both STK39 and NCC by Ang II, and other potential 

transcriptional regulators that respond to ECF volume contraction.  

 While an increase in the amount of total NCC protein was not observed in these 

mice following increased dietary K+ (Figure 4.15A and B), we did observe an expected 

235 significant decrease in the surface expression of NCC (primarily dimers) after chronic 

exposure to the high K+ diet (Figure 4.16A and B). As mentioned previously in Chapter 

1, increased dietary K+ results in increased expression of KS-WNK1, which inhibits L-

WNK1-mediated inhibition of WNK4 126. WNK4 is therefore left uninhibited to promote 

the trafficking of NCC protein into lysosomes for degradation, which is consistent with 

the decreased membrane-associated NCC that we observed in our mice fed a high K+ 

diet.  

These results demonstrated, at least under a high K+ diet, that post-translational 

regulation of NCC protein dominates over transcriptional and post-transcriptional 

regulation of NCC mRNA abundance in these animals. Importantly, the kidney 
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stimulates renal K+ secretion during a hyperkalemic state in order to restore serum K+ 

concentrations to normal levels, and at the same time, maintains Na+ balance by 

downregulating NCC-mediated Na+ retention 253. Therefore, while we observed an 

increase in NCC mRNA levels following increased dietary K+, the physiological need for 

the kidney to maintain Na+ balance in a hyperkalemic state could explain the opposite 

effects observed with membrane-associated NCC protein.  

In conclusion, our in vitro findings within HEK293T cells highlighted novel post-

transcriptional regulation of human NCC transcript abundance, involving the generation 

of an NMD-sensitive long 3’UTR isoform by alternative polyadenylation. Additionally, 

our in vivo findings within mice highlighted transcriptional regulation of mouse NCC 

after chronic exposure to a high K+ diet, but post-translational regulation of membrane-

associated NCC dominated changes made at the transcript level. These findings provide 

further insight into the complex regulation of NCC at both the transcript and protein 

levels, and raise additional questions that lay the groundwork for future studies of NCC.  
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Chapter 5: Discussion 
 

Summary 

 The overall goal of this thesis was to establish a comprehensive catalog of 

alternative transcripts derived from genes actively expressed in the human kidney, 

specifically those involved in BP regulation. In the process, we elucidated novel 

transcriptional and post-transcriptional mechanisms that regulate the expression of two 

specific BP-regulating genes: STK39 (encodes for SPAK) and SLC12A3 (encodes for 

NCC). Both genes are involved in the WSN signaling network of serine/threonine kinases 

and ion co-transporters, which have all been extensively linked to the regulation of renal 

salt balance and BP control. However, functional characterization of these genes and their 

alternative isoforms have mainly occurred in mouse models, as is the case with SPAK, 

KS-SPAK, and SPAK2 119,120. The existence of orthologous KS-SPAK and SPAK2 

isoforms in the human kidney has never before been confirmed, which limits our 

understanding of how SPAK regulates BP within humans, thus hindering the 

development of SPAK-targeting therapeutic compounds. Additionally, while post-

translational regulation of the NCC protein has been extensively studied, many 

alternative NCC transcripts have yet to be functionally characterized in either human or 

mouse kidneys.  

 The work accomplished in this thesis uncovered novel alternative transcripts in 

both human and mouse kidneys to include in the expanding repertoire of WSN isoforms, 

providing deeper insights for the fine-tuning of BP control in the kidney. The 

characterization of alternative STK39 and NCC transcripts (including their expression and 
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regulation in the kidney) was accomplished through the completion of two specific aims, 

the results of which are summarized below.  

 

Specific Aim 1: Characterize the expression and transcriptional regulation of novel 

alternative STK39 transcripts derived from alternative promoter usage in the 

kidney. 

 Humans express two alternative STK39 transcripts (hSPAK2 and hKS-SPAK) 

that encode for N-terminally truncated SPAK proteins that are homologous to the 

inhibitory isoforms in mice (mSPAK2 and mKS-SPAK). Along with the mKS-SPAK 

transcripts, mice also express a Stk39 transcript with a novel first exon, which potentially 

encodes for the mSPAK2 protein. To our knowledge, we are the first to characterize the 

expression and regulation of these alternative STK39 transcripts within human and mouse 

kidneys (Chapter 3). At the mRNA level, we demonstrated that hFL-SPAK is ubiquitous 

and the most abundant transcript in all human tissues, hSPAK2 exhibits low and variable 

expression, and hKS-SPAK is predominantly expressed in the human kidney, with 

preferential expression in the medulla compared to the cortex. We are also the first to 

establish alternative promoter usage of the human STK39 gene with an in vitro reporter 

gene assay, in which alternative promoters drive the transcription of hFL-SPAK and 

hKS-SPAK alternative transcripts.  

 Comparison of SPAK protein expression amongst human, rhesus monkey, and 

mouse kidneys highlights species-specific SPAK expression profiles. Human and rhesus 

monkey kidneys express very low levels of lower molecular weight SPAK compared to 

higher molecular weight SPAK isoforms. Mice express much higher levels of lower 
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molecular weight SPAK isoforms in their kidneys compared to humans and rhesus 

monkeys. Overall, these results suggested that humans, rhesus monkeys, and mice 

independently developed regulatory machinery, such as tissue-specific promoters, to 

generate smaller molecular weight SPAK isoforms after primates and rodents diverged, 

but these isoforms may have more of a functional significance within mice.  

 Finally, we investigated the physiological regulation of alternative Stk39 

transcript levels in the kidneys of mice exposed to increased dietary K+ for an acute and 

chronic period of time (3 days and 9 days, respectively). We demonstrated, for the first 

time, that a high K+ diet increases the levels of total SPAK mRNA and protein in the 

kidney, particularly the mFL-SPAK isoform (after acute and chronic periods), mSPAK2 

(after a chronic period), but not mKS-SPAK. Thus, physiological regulation of SPAK 

protein expression following increased dietary K+ is transcriptionally driven. A 

preferential increase in catalytically active SPAK isoforms would increase renal salt 

reabsorption, presumably to restore blood volume following volume contraction caused 

by increased dietary K+ and decreased salt reabsorption.  

 

Specific Aim 2: Characterize the expression and post-transcriptional regulation of 

novel alternative NCC transcripts in the kidney. 

 While the human and mouse NCC 3’UTRs demonstrate poor sequence homology, 

both species exhibit alternative polyadenylation and alternative splicing within the NCC 

final exon, generating long, short, un-spliced, and spliced NCC 3’UTR isoforms. Our 

characterization of these previously unknown isoforms in Chapter 4 demonstrated that in 

humans, the short NCC 3’UTR is the most abundant isoform, whereas the most abundant 
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isoform in mice is the un-spliced 3’UTR, which demonstrates species-specific regulation 

of NCC transcript abundance. To explain some of this differential expression, we 

confirmed novel post-transcriptional regulation of human NCC mRNA by the NMD 

pathway, in which siRNA-mediated knockdown of UPF1 (and subsequent NMD 

downregulation) increased endogenous total human NCC mRNA abundance within 

HEK293T cells. This increase was driven by the specific increase of the long 3’UTR of 

human NCC, indicating that NCC transcripts with the long 3’UTR have an unfavorable 

mRNP environment, which initiates the NMD pathway.  

 Similar to Specific Aim 1, we investigated the physiological regulation of 

alternative mouse NCC 3’UTRs in mice fed a high K+ diet. Increased dietary K+ for a 

chronic, but not acute period, resulted in a significant increase in total mouse NCC 

mRNA abundance and a specific increase in the expression of the short and un-spliced 

3’UTR isoforms of mouse NCC, which are not predicted NMD substrates. Conversely, 

the expression of the predicted NMD substrates (long and 3’UTR∆392nt) remained 

unchanged following increased dietary K+, which highlights differential regulation of 

mouse NCC 3’UTR isoform expression following chronic exposure to increased dietary 

K+. The preferential increase in the NMD-resistant 3’UTR isoforms drove the increase of 

total NCC mRNA expression in these animals, and was presumably in response to 

volume contraction as proposed in Chapter 3.  

 Unlike what was observed with SPAK, the increase in mouse NCC mRNA in 

response to increased dietary K+ was not observed at the protein level. In fact, while total 

mouse NCC protein expression was not affected by the high K+ diet, the abundance of 

membrane-associated NCC (dimers) significantly decreased after chronic, but not acute 
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exposure to the high K+ diet. These results suggested that post-translational regulation of 

membrane-associated NCC protein levels counteracted the increase in total NCC mRNA 

following a high K+ diet, possibly due to the physiological need to maintain Na+ balance 

in a hyperkalemic state.  

 

Potential Impact and Future Directions 

 Essential hypertension (EH) affects more than 25% of adults worldwide, which 

equates to 970 million people, including 60 million Americans 7,254. Despite the wide 

variety of commonly used antihypertensive drugs (Table 1.2), the prevalence of EH is 

steadily increasing due to ineffective, untailored treatments and increased environmental 

risk factors 27. This hinders the normalization of BP in hypertensive patients, which 

necessitates continued treatment and follow-up, thus contributing to the global healthcare 

expenditure 7,254. As such, understanding individual patient’s unique mixture of genetic 

susceptibility and environmental factors can significantly improve BP control and 

decrease the risk of dangerous side effects. In addition, the search for new BP-lowering 

drug targets increases the need to better understand the molecular pathways involved in 

controlling BP, such as the WSN pathway.    

While high quality human kidneys are rarely available for research, our 

collaborative efforts with tissue banks, renal surgeons, and transplantation coordination 

centers such as the Living Legacy Foundation provided high quality human kidneys for 

our study. High quality transcriptomic profiling of human and mouse kidneys yielded 

sufficient coverage to uncover novel and low abundant mRNAs. Our findings begin to fill 

gaps in our knowledge of the pre-translational regulation of the WSN pathway, and 
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unveil other molecular components that may be integral for fine-tuning salt reabsorption 

and BP regulation. Importantly, the results of our transcriptomic analysis were made 

publically available on the GEO database (Series number = GSE106548 for both human 

and mouse datasets), so other investigators who are interested in studying the pre-

translational regulation of the WSN genes, along with other genes expressed in the 

kidney, can mine our RNA-seq datasets.  

 Our characterization of human SPAK mRNA and protein isoforms unveiled 

human-specific regulation of SPAK expression in the kidney. Since mice express 

inhibitory SPAK isoforms at much higher levels in their kidneys compared to humans, 

the use of mouse models during pre-clinical trials of SPAK-targeting medications may 

yield confounding results than in humans. Thus, our findings stress the need for 

alternative model organisms (i.e.: rhesus monkeys) in the pre-clinical testing of SPAK-

targeting therapeutic compounds. Alternatively, SPAK-targeting drugs can be tested in 

humanized mouse models that express a human-like SPAK profile. In fact, a previous 

study successfully demonstrated positive effects of gene therapy in a humanized mouse 

model of Familial Hyperchoelsterolemia 255, which highlights the utility of this approach.  

 Alternative polyadenylation greatly contributes to 3’UTR length heterogeneity, 

where 30 – 70% of human genes generate alternative transcripts with variable 3’UTR 

lengths that likely influence mRNA stability 256. Our characterization of human NCC 

transcripts revealed functional significance for the short and long 3’UTR isoforms of 

NCC, where the long 3’UTR induces NMD of NCC pre-mRNA, thus decreasing NCC 

mRNA levels. Therefore, alternative polyadenylation coupled with NMD represents a 

novel mechanism for the post-transcriptional regulation of NCC gene expression in the 
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human kidney that likely contributes to the fine-tuning of salt reabsorption. Importantly, 

some human diseases, including cancer, have been associated with global dysregulated 

gene expression due to abnormal polyadenylation and subsequently abnormal 3’UTR 

length, highlighting the physiological importance of this mechanism for gene regulation 

223,257.  

 Aside from the alternative STK39 and NCC transcripts that were extensively 

characterized in this thesis, our transcriptomic analysis identified additional WSN 

transcripts that were left uncharacterized (due to time constraints) and require further 

investigation (Table 2.9). For example, in-frame alternative splicing of exon 13 in human 

STK39 (SPAK∆E13) could potentially result in an alternative SPAK protein isoform with 

unknown functional significance. Likewise, in-frame alternative splicing of exon 21 in 

mouse Wnk1 (mWNK1∆E21) may also encode for a functionally distinct mouse WNK1 

protein that requires further characterization. Interestingly, quantification of alternatively 

spliced mouse Wnk1 transcripts within animals from the K+ diet study demonstrated that 

a high K+ diet for a chronic, but not acute period, resulted in the preferential increase in 

Wnk1 transcripts that contain exon 21, whereas mWNK∆E21 transcript abundance 

remained the same (data not shown). These observations demonstrated that additional 

uncharacterized transcripts from the WSN pathway provide interesting regulatory 

profiles, and warrant further characterization in future studies.  

 Increased dietary K+ in mice clearly had an impact on SPAK and NCC at both the 

mRNA and protein levels. Future studies must examine the regulatory mechanisms that 

drive the increased abundance of SPAK and NCC mRNAs in the mouse kidney, and 

whether or not transcriptional regulators such as Ang II are involved. It would be 
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interesting to examine the effects of other dietary manipulations or altered physiological 

states on these isoforms as well. For instance, decreased dietary K+, manipulation of 

dietary K+-citrate, as well as dietary Na+ manipulation may have profound effects on 

SPAK and NCC mRNA levels that are worth exploring.  

  Finally, our transcriptomic profiling of the human kidney highlights previously 

unexplored regulatory sequences that may harbor novel disease-causing mutations. For 

example, there is only one reported missense mutation in STK39, A399T, which is 

relatively common in the population and assumed to be functionally neutral (rs56031549, 

minor allele frequency in the Amish = ~0.03). Many patients with Gitelman syndrome do 

not have mutations in NCC-encoding SLC12A3 258, so STK39 is a logical candidate to 

search for disease-causing mutations. However, no protein-coding STK39 mutations have 

been identified for monogenic forms of hyper- or hypotension when only the known 

exons are sequenced. With novel promoters, 5’UTRs, and 3’UTRs identified, patients 

without coding mutations identified in STK39 and SLC12A3 should have non-coding 

regions re-examined to determine if mutations in these regions alter gene expression. 

 In conclusion, complex pre- and post-translational regulation of the WSN 

pathway significantly influences overall BP control. Knowing all the molecular 

components that exist at both the mRNA and protein levels, and understanding how they 

are regulated within the kidney, is crucial for future advancements in antihypertensive 

drug development research. The work presented in this dissertation sheds light on 

previously uncharacterized isoforms of the WSN pathway, and provides a foundation for 

future characterization studies to understand this complex cascade of highly regulated 

and interacting kinases and transporters.   
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Appendices 
 

Appendix 1. List of Forward and Reverse Primers. 
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Appendix 2. Nucleotide Sequences of Uncharacterized 5’ and 3’UTRs from STK39 and 

NCC, Respectively.  

 

Appendix 2A. Human STK39 Exon 1a Nucleotide Sequence. 
 
CAAATACACTACTCTATAAACATGCCTGTCATCTCCTGGCTGGTAGTTCAAGGTGCCAT
GTGGGTTAGGAAAGTTCTTCCTTCCATGTTAGAGAAAGTGGAACCATACTTATTAAATC
GTGAAACAGGGTGGGAAGAGTGGAGAGTCTATTCTTTAGAAAGACCTGAGCAACTGTGA
GCTGGCTGAAGGTCAGAATTTAAATCTCCCTGCTTTTTCTTGATCAGACGATGGGTTAA
TTATCCTCCATCTCTTTATTCGGTCTTTGTTGCGCCCCGGTGAGTGCCAGCGTTGCTAC
ATCTTGGTGATCCAAAGAAGAAGTGCCCTTTACGGTCTGACCTTGAGGAACTTGGAAAG
TCTGCAGGAGAGAAACAAACAGGGAAATGATTATACCCTTTGAG 
 
 

Appendix 2B. Mouse Stk39 Exon 1a Nucleotide Sequence. 
 
AATAGAGCAGAGTGAACTGGGGAGAGAGGGCTGGAAGAAAGCACTTGAGCCAAAGCCAT
TTGTTTTGTGTACTGTATACTCCACATGCCAACACTTCTATAACGAAAACCTGAGATGG
CTCCGGACTGTACTCACTGGCAGA 
 
 

Appendix 2C. Human STK39 Exon 7a Nucleotide Sequence. 

 
GTACACGAGCCAGTTCCCAGAAAGCTCTGTCCGGGATCATTCTTAACACATAGAGCAAG
TTTT 
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Appendix 2D. Human NCC 3’UTR Nucleotide Sequence. | = alternative cleavage and 

polyadenylation site for short 3’UTR; bold lowercase letters = novel spliced region; G/G 

= 3’UTR∆286nt splice junction; G/C = 3’UTR∆171nt splice junction. 

 
CTCCAGGCTTTGACATCCCTGTCCACAGCTCTGAGTGTGTGGGATAAGTTGGAACTTGA
TTGCCTCTAGTCCACAGGGATGAGACTCATGTTCTGTTGCACTTTAAGTGGCAGCATCT
GATGATCTCACCGAAAAAGATGGTAGATTTCCAAATCTGGCTGGACTCCACTTCCATGG
GACACATTCCCTGGGTCTTGTGTTTATAGGCTAGAGAAATAGCAGATGGAGCTGCAAGG
AAAACTCTCTAAAGCATCCTATTCCTTTTAAAGGATTTCTTTTGATTTTGATGACCATT
AATTAAGAGTTCAGTCTTTGATTTGTATGCAAATTGGAGTCCCAATGCTGGGCGTGAAT
CTTGACAGTTTCTACAGACCTTCCTGGGTGAAAGTTCCTAAATCATGCCCTGCTTCCTC
CAATAGGAGAATGGGAGCCTCACCTGTAGGACCTACAGGCTCTCTAAGGAATGCAGGTC
TCTCTCTGAGCCTCCACAGCCAGGCAAATACATATATATATATTTTTTTTTTAGATGAA
GTTTTTTCTCTTGTTGCCCAGGCTAGGGTGTAATGGCATGATCTCAGGTCACTGCAACC
TCCTCCCGGGTTCAAGCATTTCTTCTGTCTCAGCCTCCCGAATAGCTGGGATTACAGGC
ACCTGCCATCACACGAGCTAATTTTTGTATTTTTAGTAGAGATGGGGTTTCACCATGTT
GACCAGGCTGGTGTTGAGCTCCTGACCTCAGGTGATCCACCCACCTCGGTCTCCCAAAG
TGCTGGGGTTACAGGCCTGAGCCACTGCGCCCGGCCCAGGCAAATTTCTTGAACCACTT
CTCACTCCCGTCACTTTCAATAAGGGGTCTTTGATGTCTTCACTGGTTCTTTGGACGAG
GGACTTTTCGAACTTTTTTGGTTGCAACACACAGTAAGAAATATACTTCACACTGAGAC
TTGCAGCGCACACACACGGAAACGACCAAAACAAAAATGTCACAAAACAATACTTACCC
TTCCCTGGGGGACGTCCTCCAGTATGTTCTGTTCTGTTTATTTTTCACTGTTGGTTGCA
ATCCAATAAAATGACTTTGGGATCCACTCATGGGTGGGGACCCAC|ACATTTGAAAGGC
ATGGCCACCTTTCTGTTGTGCCTTGCATTTGTCCACACACAGGGAGTCTGGCTGAGCTG
GGGAAAGGCCACGGCTGGGTGTCATTGCCATTTTCCCAGCTCATCTCACCGGGAAGAAA
AGCAGATTGACAGAACACGTGAGGAGGGGTATTGATGGCAGGAGAGTCAAAAAAGAGTT
TTAAAGAAGgggcaaggttgaaggagtctagtggcaagggtaagatttcaggcatggtt
aagaacagacgacaaggatgtcaggaatgaagatgtggagaggggtgtagagatGgcaa
ggttggcaaggaacagataggcaggagcaggtccaagccaagcctagcccaagaccagg
tgaaaggagaggggaggaggagccacctgcaagagatggaaagagcaggcggcagaggg
ggctggcagggaggggctgttaagagtggggttggaggtgggagagaagCtaggacaag
GGAGATGGAGAAAGGACCTATACCTGGCTCACGGAAGGCCTTCAGGTCACTACACGTTG
AACATCCCCAGTGTTTGAGCCCCCAAAGCTAGGGTGCAAGAGCACTGCCATCGAATGCC
AGTGGGTGAGGCCAAGTGAGGGTATTTGCAGCTCTAGACATAACCAAGAAGCGTAAAGG
TGAGTTGTTTGGTGGTACGACTGCCTGTGCCTTCTTCCGATGGCACTGGGGTGGCTGAA
GGAACAGACATCTTTGGGTTTCATCAGCCTCCTCCAAGACTGCTGCAGTGCCTACACTT
TAGACTTCAGAAGGAGACTAAAGACTTCTAGAATTTAGAAGGAGATCTGAAGTCTCCTT
TCTGGAGTTACAACCCAAAGGATGTTAGCATTTCTCAGGTCATCCCACTGCAAAGCCCA
GAAGGCTTGGGGCTCCCAGGCTGCTCTGAAGCCCCACTGTCTGACCGCCTCAGGGCTTG
CTACGAGGGACTGGGGCACGGCCAAGCTGACTAGGAACAGCTCTCGTGCTCCTGAGGGA
CCTGGAGGATGGGCCTGCCTCCCAGCCATTGAGCTGGATTCTGGGATAATTCTTAACTC
GAAATAAGGGGAAGCATCCATCAGGGAATGCTGGCCTTTCTAGAGCCACGTAGAAAACA
ATTTTCTGGTTCTTCAAACCTCAAAGAGTCCTTGGTCCAAAAAACAGAATGTTTTGGCT
TCGGGTGTCAAAAAAAAAATTTTCACGATGTCAGAAATAGTATGTTTTTAACAATAGTA
ATAGCTTTGTAAAAAAATAAAAAGCTTTAACAGCGAGGCCATAAACAATGAAATGAATA
AAAACGGTGGTCATTCAGTCAACGGAA 
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Appendix 2E. Mouse NCC 3’UTR Nucleotide Sequence. | = alternative cleavage and 

polyadenylation site for short 3’UTR; bold lowercase letters = novel spliced region; C/C 

= 3’UTR∆392nt splice junction. 

 
TGCCTGGGGTGACGGGAACCGCCACCCAGAACCCCAAAGCTGAGGGCTTGGGATAGAGT
CAGAACGCACCCTCTCCAGCTGGAGAAGAGGCTTCAAGTTCTACTGTATCATCCCATCC
ATCAGCGCCTATGCAGAAGATGGGGTTTCCCGGCTGACTGAACCCCCATCAGACACACT
TTCTGGACCTTGAAGTTGCATGGAAAAGTCTCTGGAAGAGTCTATCTCTTTTTAAAAAA
GCTTTTATTTGTCTTGATGACC|AAAGTATTAGTCATTGATTCAGTCTTTGATTTGTAT
ACAAATTGAGTCCCAGCACTGGGTATGCAACTTGGCAGTTTCTCTCAGGACCATCCCTA
TAACCACCCCCAAAGCTGTCTTATCCCCCCACCATCCCTATAACCACCCCCAAAGCTGT
CTTATCCCCCCCCCCCAGACGGAGATCAGGAGCCCATCCTGAGGACCCATGCAGAGTTC
TGATGACCACAGTGTCCTCTGAGCTGCACAGTAACACACATTTTTTCATCCCCAACTCC
TGTGGCTTTTCAGTGATGGCTCCTGGGTGTTCTTGTTATTTAGACCAGGGGTCCTCTGG
GTTCTTTGATTACAAATTCTATAGTTTCCCCCAGAGATTCAGGACACACAGAACAACGC
AGGGAAGCATCACAAAATGGTACTTACTCTAGAGTGTGCCCTCCAGTATTTTCTGTTCT
GCTTCTCCctctccctcccttcttttccctcttcttcgctccttccttccttccttcct
tccttccttccttccttccttccttccttccttccttccttccctccttcccttccctt
cccttcccttcccttcccttcccttcccttcccttcccttcccttccctccctccctcc
ctccctccctccctctttcgttctttctgacagagtattgtatagcctaggctggcctt
gaacttgctctgtagccaaaaatagcttcaaacttctgacctccctgactctactacaa
agtactgggattccgggcaatgccagtaggcatgttttacgtggtgctagagaatcaaa
cctatgggtttatgggtaccaacaagcactctgccaactatgctacCCCTGCCCAGTCT
CTATTCTTCTACTTTTTAAGTTGATTGCAACCTACTAAGTGATTTTTCAGACCCACTCA
TGTGCAGTGATCCATGATCCATGCTTTGGAAAACAGGTTTAATTTCTGCAGGTTGTGCA
TTGGTCTGTGGCTGGTTAGTTTCTTTGTTGTTCAGGAATTTTGTTTTGTCAACTTGACA
GGAGCTAGGGCCATCTAAGCAGAAGGCACCTCAATTGACAAAATGCCCCCCTCTGATTG
GTCTATAACGATTGATGGGGTAGAGGCTAGCCCTCTTTGTTGCAGCACCAGCATGAGCA
GGTGGTCCTGGGGTGTATAAGAAAGCAGGCTGAGCAAGCCATGGGAGCAAGCCAGTAAG
AAATGTACCTCCATGGCTTCTGCTTCGGTTCCTGCCCGGAGTTCCTTCCCTGACTTCTC
TTCATTATGAACTGTAAGCTATAAGATAAAATAAACCCTTTTCTCCCC 
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Appendix 3. Amplification Efficiencies for Transcript Isoform-Specific Primers used in 

Quantitative RT-PCR Experiments. Two-fold serial dilutions of cDNA template yielded 

average threshold cycle (Cp) values using SYBR Green (Roche). Average Cp vs. log10 of 

the dilution factor was plotted for each primer set, and data were fitted to a straight line. 

Amplification efficiencies were calculated from the slope using the following equation:  

Amplification Efficiency = 10-(1/slope) 

 

 

 

Appendix 3A. Amplification Efficiencies of Human STK39 Transcript Isoform-

Specific Primer Sets.  
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Appendix 3B. Amplification Efficiencies of Mouse Stk39 Transcript Isoform-

Specific Primer Sets. 
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Appendix 3C. Amplification Efficiencies of Human NCC Transcript Isoform-

Specific Primer Sets. 
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Appendix 3D. Amplification Efficiencies of Mouse NCC Transcript Isoform-Specific 

Primer Sets. 
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