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ABSTRACT 

Background  

Abnormal kidney development can have lifelong consequences that predispose one to increased 

risk of kidney disease and its associated morbidity and mortality. Evidence suggests that reduced 

nephron endowment at birth may be a contributing factor in the pathogenesis of renal disease. 

Studying the development of the embryonic kidney can lead to understanding one of the 

processes that may lead to congenitally-associated kidney disease.  

 

Our lab previously identified a heritable mutation in the Brachyrrhine (Br) mouse that displays a 

severe renal hypoplasia phenotype and thus can provide a model of abnormal kidney 

development. It was found that the Br mouse carries a mutation affecting the embryonic 

expression of the gene sine oculis 2 (six2) indicating the critical role of six2 in renal 

morphogenesis. By studying the Br mouse, more can be learned about renal development. In this 

thesis work, RNAi directed towards six2 expression was used to knockdown six2 expression to 

determine what the role of six2 is in renal organogenesis. Although it is known that six2 plays a 

role in development of the renal organs in the embryo, it is unknown what the specific 

mechanisms and molecular players are in this process.  

 

Objective  

The present study was designed to identify cellular mechanisms that drive successful nephron 

differentiation and to examine the genetic basis of reduced nephron endowment, particularly 

with respect to six2 expression. The specific aims of this study are (1) to develop an organotypic 

kidney explant culture system that facilitates the study of renal organogenesis ex vivo and (2) to 

examine the effects on UB branching caused by reduced expression of six2 in the Br mouse  (3) 

to utilize RNAi technology to knockdown six2 expression in order to examine the consequences 

on UB branching in the developing embryonic kidney. I hypothesize that siRNA-induced 

knockdown of six2 in kidney explant culture system would produce effects similar to those seen 

in the Br kidneys including a reduced level of six2 expression, renal hypoplasia and a reduced 

number of ureteric buds (UB) when compared to untreated wildtype controls. 
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Methods  

(1) Embryonic E12.5 and E13.5 kidney explants were cultured and stained in a variety of ways to 

determine the optimal growing conditions for the developing kidney. (2) Following development 

of a successful organ culture, wild-type kidney explants as well as organs from Br animals were 

allowed to grow for 72h. Explants were then either stained for six2 and calbindin and examined 

for UB branching or evaluated for six2 expression using qRT-PCR (3) In the subsequent 

experiment, gene silencing technology via siRNA was used to inhibit the expression of six2 

transcription early in the developing kidney culture. The effect of siRNA to six2 on UB 

branching was determined using immunohistochemistry or qRT-PCR. Explants were incubated 

with vehicle or 2-3µM of siRNA oligos selective to six2. After 72h explants were either 

processed and stained for six2 and calbindin and UB tips were counted or explants were 

harvested and processed for quantitative PCR analysis to determine the level of six2 mRNA 

expression.  

 

Results  

(1) Explants grown in the developed culture system were able to grow in a comparable way to 

explants dissected and immediately processed and stained for UB branching at the same age. 

During time course trials, left and right kidneys from the same animal exhibited growth from 0h 

thru 72h in the culture system. (2) Cultured kidney rudiments prepared from the Br/+ and Br/Br 

animals were substantially smaller in size and exhibited fewer UB tips compared to those from 

the wild-type explants suggesting a disruption of kidney development in the absence of six2 

expression. In the wild-type tissue, six2 was expressed predominantly in the metanephric 

mesenchyme along the nephrogenic zone, typical of the developing kidney. The expression of 

six2 corresponds well with the branching pattern and number of UB tips, indicating successful 

kidney development in our preparation. In contrast, six2 expression was markedly reduced in 

Br/+ explants and absent from Br/Br kidneys. Correspondingly, the number of UB tips decreases 

significantly in the Br/+ and are least amongst Br/Br kidneys. (3) Explants that were treated with 

exogenous six2-siRNA oligos exhibit a significant decrease in six2-positive cells, relative to the 

non-siRNA controls. There was a significant amount of depletion in UB tips and reduction in 

six2 transcript level in response to the siRNA treatment.  
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Conclusions  

Because the degree of UB branching during nephrogenesis could determine nephron endowment 

for life, it is crucial that the embryonic kidney develops enough buds during embryogenesis to 

function properly in the adult. Based on the pattern of six2 expression and the number of UB tips 

observed among the wild-type, the heterozygous Br/+, and the homozygous Br/Br kidneys, results 

indicate that reduced six2 expression is associated with reduced UB branching and thus the 

deficient nephron number in the developing kidney. This is further supported by the knockdown of 

six2 transcription by siRNA, leading to a significant reduction in the amount of six2-expressing 

cells and the number of UB tips and branching morphogenesis. Although incubation with siRNA 

to six2 provided for these results, using non-targeting siRNA or siRNA to other genes produced 

results similar to what is observed in siRNA to six2. I believe the down-regulation in six2 

expression observed was unlikely due to apoptotic cell death because TUNEL staining was not 

observed in explants treated with siRNA reagents, but my experiments cannot account for the 

reduction of six2 expression seen in explants treated with siRNA not specific to six2.  

 

In summary, this study suggests that six2 functions to influence embryonic renal development and 

that its absence leads to reduced UB numbers and impaired nephron differentiation. Our results 

strongly implicate the role of six2 in early nephrogenesis and suggest that six2 may constitute as 

the genetic basis for renal nephron endowment. 
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CHAPTER 1. INTRODUCTION 

During normal kidney development, there exists a balance between progenitor cell proliferation 

and differentiation. The survival, proliferation and differentiation of a population of kidney 

progenitor cells called the metanephric mesenchyme (MM) was found to be controlled by signals 

from the embryonic ureteric bud (UB) (Brodbeck and Englert 2004; Self, Lagutin et al. 2006). The 

UB also causes a subset of the progenitors to differentiate into a renal vesicle which eventually 

forms the nephrons of the kidney.  

 

A reduction in nephron endowment at birth has been associated with renal aplasia, hypoplasia, 

chronic hypertension, , and chronic renal failure (Brenner, Garcia et al. 1988; Clark and Bertram 

1999; Fogelgren, Kuroyama et al. 2008; Fogelgren, Yang et al. 2009; Moritz, Singh et al. 2009; 

Puddu, Fanos et al. 2009). According to the 2011 national U.S. Renal Data System and other 

studies, the prevalence of Chronic Kidney Disease (CKD) and End-Stage Renal Disease (ESRD) 

in the United States has been rising in the past 10 years and has become a major public health 

concern due to its excessive costs, and its associated morbidity and mortality. (Coresh, Selvin et al. 

2007; Health 2010) It is interesting to note that there are ethnical differences in the prevalence, 

morbidity and mortality related to CKD and ESRD. It was found that the greatest rise in the 

incidence of ESRD in the US was in the Asian American and Pacific Islanders ethnic category. 

In addition to Hawaii having a large Asian and Pacific-based population, it was also found that 

the occurrence of chronic kidney disease in Hawai'i is significantly greater than the general US 

population (Mau, West et al. 2003; Mau, West et al. 2007).  

 

Although it is commonly known that lifestyle factors play an important role in renal disease, a low 

nephron endowment at birth may potentially be an  underlying mechanism contributing to the 

onset of CKD and ESRD (Luyckx and Brenner 2005; Gubhaju, Sutherland et al. 2011; Puelles, 

Hoy et al. 2011). Therefore, abnormal kidney development in utero leading to a low nephron 

endowment can have lifelong consequences that predispose one to an increased risk of kidney 

disease and disorders. The current treatment for ESRD includes dialysis or kidney transplantation 

which is highly invasive and expensive (Gonzalez-Perez, Vale et al. 2005; Asgeirsdottir, 
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Asmundsdottir et al. 2009; Health 2010). In order to understand the pathogenesis of renal disease 

and disorders and to develop better treatment, research must be done on both the lifestyle factors 

and congenital predispositions that may affect the kidneys. There have been countless studies of 

how diet and exercise have a role in the development of renal disease, but more should be done to 

decipher the role genetics and organogenesis plays (Clements and Ashurst 2006; Tuttle, Sunwold 

et al. 2009; 2010; Bohm, Ho et al. 2010; Chrysohoou, Panagiotakos et al. 2010; Mensah and Bakris 

2010). An elucidation of the genetic pathways central to renal development is a crucial step toward 

this understanding. Developmental research may lead to advanced treatment for renal disease 

through preventative techniques, the revelation of potential targets for gene therapy or mechanisms 

regulating regenerative pathways in the kidney. 
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Image from Developmental Biology, Seventh Edition by Scott F. Gilbert 

Figure 1: Schematic of the development of the mammalian kidney  

Three overlapping kidney systems are formed (A) The pronephros is induced from the nephrogenic 

mesenchyme by the pronephric duct (Day 22 in Humans and E8.0 in mice) (B) The pronephros is 

rudimentary and non functional and disappears. The mesonephric kidneys form (Day 25 humans 

and E9.0 in mice). (C) Metanephros development is initiated (E10.5 in mice and day 26 in humans) 

when GDNF is secreted from the metanephric mesenchyme which induces the UB to invade the 

metanephric mesenchyme. The mesonephros eventually degenerates (beginning at E14.5 in the 

mouse) (D) Photograph of the intermediate mesoderm of an E13.0 mouse embryo showing 

growing metanephric kidney while the mesonephros is still present (Gilbert 2003). 
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Development of the Kidney 

Kidneys function to regulate body fluid composition and to excrete waste products. Its components 

include an inner medullary region which include the collecting ducts and long loops of Henle, and 

outer medullary region which include short Loops of Henle and collecting ducts, and a cortical 

region. The filtering unit of the kidney is the nephron, with the glomerulus at the proximal end of 

the nephron filtering the blood and passing the filtrate to a tubular epithelium that modifies it 

before delivering the urine to the collecting duct for disposal. (Sadler 2010) 

 

Mammalian renal development proceeds through a series of three slightly overlapping phases, in a 

cranial-to-caudal fashion, each marked by the formation of a more complex pair of kidneys. These 

kidney systems, which are called the pronephros, mesonephros, and metanephros, develop from 

intermediate mesoderm along the posterior wall of the abdominal cavity. The pronephros and 

mesonephros are transient embryonic kidneys that subsequently degenerate and have little or no 

functionality whereas the metanephros persists as the definitive adult kidney and is characterized 

by an extensively branched collecting duct system and a large number of nephrons with about 

11,000 in the mouse and 300,000–1 million in humans (Davidson 2009; Sadler 2010).  

 

Nephric Duct Formation 

Mouse kidney development begins at E8.5 with the formation of the nephric duct primordium from 

the nephrogenic cord (Figure 1a). The nephric duct induces the formation of mesonephric tubules 

in the adjacent nephrogenic cord as it grows down the trunk and fuses with the urogenital sinus. 

Rostral nephric duct precursors undergo apoptosis while caudal cells grow towards the cloaca. 

Only the rostral mesonephric tubules become joined to the nephric duct. (Bouchard, Souabni et al. 

2002) 

 

Mesonephros Formation 

Mesonephros formation begins at E9.0 in the mouse when condensations of nephrogenic cord cells 

undergo mesenchymal-to-epithelial transition, initially forming a renal vesicle and then elongating 

rapidly into a S-shaped loop, and acquire a clump of capillaries that form the glomerulus 

(Davidson 2008). Tubules around the glomerulus form a Bowmans capsule and together constitute 
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a renal corpuscle (Sadler 2010). The mesonephros eventually consists of about 18 pairs of tubules 

(Figure 1c) that can be divided into cranial and caudal sets. The cranial set develops rudimentary 

glomeruli that join with the nephric ducts. The mesonephros mostly consists of the caudal sets that 

come from the nephric cord and do not connect with the nephric duct. The mesonephros starts to 

degenerate and within 24 hours the tubules undergo apoptosis and disintegrate in a caudal-to-

cranial direction. 

 

Metanephros Formation 

Glial-derived growth factor (GDNF), secreted from a unique population of nephrogenic cells called 

the metanephric mesenchyme (MM), induces an outgrowth from the nephric duct called the 

ureteric bud (UB) that then invades the MM. At E10.5 in the mouse, expression of Gdnf is 

restricted to the MM and reciprocal interactive signaling between the cap mesenchyme and ureteric 

bud, as well as signals coming from stromal cells, by transcription factors, secreted factors, and 

inhibitors, sustains expression of c-Ret receptor tyrosine kinase (Durbec, Marcos-Gutierrez et al. 

1996) in the UB tips and Gdnf in the cap mesenchyme (Sariola and Saarma 1999). GDNF works 

by binding the Ret receptor and promotes the formation of UB (Airaksinen and Saarma 2002). The 

UB then grows into a specialized population of nephrogenic cord cells called the MM. At E11.5 

The ureteric bud then branches, forming a T-shaped structure with each UB tip bordered by a cap 

of condensed MM. The UB then undergoes about 11 cycles of branching and elongation to 

generate the metanephric collecting duct system (Cebrian et al., 2004). Nephrons are thus derived 

from cap mesenchyme cells that form pretubular aggregates which convert into epithelial renal 

vesicles on both sides of the UB tip. The transcription factor six2 is expressed in the nephrogenic 

zone MM and is required to suppress the mesenchymal-to-epithelial transition initiated by the 

ureteric bud in order to maintain an adequate pool of available progenitor cells for proper 

nephrogenesis and prevents ectopic nephron formation of pretubular aggregates on the distal side 

of the UB tip (Self, Lagutin et al. 2006; Kobayashi, Valerius et al. 2008; Michos 2009).   

 

six2 

The MM of the kidney expresses a large number of regulatory genes, including the transcriptional 

regulators Pax2, Wt1, Eya1, Six1, Six2, Osr1, and Hox11. These factors function as controllers of 
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the formation, proliferation, and survival of the MM and/or as upstream activators of Gdnf 

(Davidson 2008). Research suggests that Hox11 paralogous proteins form a complex with Pax2 

and Eya1 to directly activate expression of Six2 and Gdnf in the MM. (Gong, Yallowitz et al. 2007; 

Mugford, Sipila et al. 2008).  

 

UB branching into the MM represents a critical step during early renal development and it is 

regulated by the corporative action of a complex gene network where six2 is an important player. 

(Brodbeck and Englert 2004; Self, Lagutin et al. 2006; Fogelgren, Kuroyama et al. 2008; Weber, 

Taylor et al. 2008; Fogelgren, Yang et al. 2009) Six2 is a homeodomain transcriptional regulator 

expressed in a variety of developing tissues. It is found in a specific region of the MM of the 

kidney where its expression is maintained throughout organogenesis. There is no expression of 

six2 detected in the adult kidneys (Humphreys, Valerius et al. 2008). Six2-expressing cells were 

found to represent a self-renewing, multipotent nephron progenitor population throughout kidney 

organogenesis, and six2 acts cell-autonomously to maintain a progenitor state which enables a 

continuous branching growth of the UB. Six2 was also found to oppose Wnt4-mediated 

epithelialization which suppresses the mesenchymal-to-epithelial transition initiated by the UB 

thus maintaining an adequate pool of available progenitor cells for continuous branching of the UB 

and proper nephron formation. (Self, Lagutin et al. 2006; Kobayashi, Valerius et al. 2008).  

 

Br as a Model for Kidney Development 

Our lab maintains a mouse colony which displays a heritable and severe renal hypoplasia 

phenotype at birth (Fogelgren, Kuroyama et al. 2008). The Brachyrrhine (Br) semidominant mouse 

mutant was induced using x-ray irradiation of a 3H1 strain and linkage analysis has mapped the Br 

mutation on a 171 kb region on murine chromosome 17 (D17Mit76), which only contains one 

known gene, the transcription factor six2. Sequence analysis of the six2 gene and its promoter did 

not reveal the Br mutation but Br animals were found to exhibit a decrease in six2 expression in a 

haploinsufficient manner (Fogelgren, Kuroyama et al. 2008). Embryonic Br/+ kidneys were found 

to be significantly smaller than wild-type kidneys, have a smaller nephrogenic zone, abnormal 

surface arteries, and distended collecting tubules. A deficiency in Six2 in the embryonic kidney 

was specifically found to be associated with CRF, reduced nephron number, and hypertension in 
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the adult Br/+ mouse (Fogelgren, Yang et al. 2009). Furthermore, preliminary studies have 

demonstrated that Br/+ mice had a significant increase in their plasma sodium and blood urea 

nitrogen levels under salt stress when compared with wildtype controls, which suggests impaired 

osmoregulatory processes in these animals (Somponpun et al., submitted for publication). The Br 

mouse can be used as a valuable tool to assess the genetic pathways central to renal development 

and the pathophysiology leading to a reduced nephron endowment which is associated with disease 

like renal hypoplasia, CRF, and hypertension. 

 

RNAi Techniques/Approach 

RNA interference (RNAi) is an RNA-dependent gene silencing process that is controlled by the 

RNA-induced silencing complex (RISC) and is initiated by short double-stranded RNA molecules 

in a cell's cytoplasm, where they interact with the catalytic RISC component argonaute. The RNA 

is imported directly into the cytoplasm and cleaved to short fragments by the enzyme Dicer, which 

binds and cleaves double-stranded RNAs (dsRNAs) to produce short double-stranded fragments 

called small interfering RNAs (siRNAs). These siRNAs are then separated into single strands and 

integrated into an active RISC complex. After integration into the RISC, siRNAs base-pair to their 

target mRNA and induce cleavage of the mRNA, thereby preventing it from being used as a 

translation template (Song, Yan et al. 2006; Sioud 2011). RNAi can be used to down-regulate the 

expression of specific genes and the effects of this reduction can be studied.  

 

Significance 

Abnormal kidney development in utero with a reduced nephron endowment can predispose one to 

increased risk of hypertension, cardiovascular and metabolic disease.  Therefore, a comprehensive 

understanding of the genetic pathways central to renal development will provide understanding of 

the pathogenesis of renal disease and disorders. Further investigation of the molecular regulation of 

kidney development may lead to advanced treatment for renal disease through the elucidation of 

potential targets for gene therapy or mechanisms to induce regenerative pathways in the kidney. 

Understanding of the developmental mechanisms underlying kidney organogenesis has advanced 

significantly over the last two decades (Davidson 2009)  but, little research has been done on the 

transcription factor six2 and its role in nephron endowment. Our lab has the unique Br mouse as a 

http://en.wikipedia.org/wiki/Dicer
http://en.wikipedia.org/wiki/SiRNA
http://en.wikipedia.org/wiki/Translation_(genetics)
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model which will facilitate the study of the intricate roles of six2 in the embryonic kidney. The 

present study examines the developmental roles of six2 and determines whether six2 is involved in 

the establishment of nephron number during kidney organogenesis.  

 

Specific Aims 

The specific aims of this study are (1) to develop an organotypic kidney explant culture system that 

facilitates the study of renal organogenesis ex vivo and (2) to examine the effects on UB branching 

caused by a reduced expression of six2 in the Br mouse  (3) to utilize RNAi technology to 

knockdown six2 expression in order to examine the consequences UB branching in the developing 

embryonic kidney. I hypothesize that siRNA-induced knockdown of six2 in kidney explant culture 

system would produce effects similar to those seen in the Br kidneys including a reduced level of 

six2 expression, renal hypoplasia and a reduced number of ureteric buds (UB) when compared to 

untreated wildtype controls. 
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CHAPTER 2. MATERIALS AND METHODS 

Animals 

All procedures were carried out in accordance with IACUC specifications and were approved by 

the Laboratory Animal Services, University of Hawaii. Adult mice were housed under standard 

conditions with a 12-hour light cycle, supplied with tap water and Purina Mouse Chow ad libitum. 

Pairs of inbred 3H1 wild type (+/+), and heterozygous mutant 3H1 X BALB (Br/+) were put 

together in the evening and checked for a vaginal plug at about 9:00 am daily. The day on which a 

vaginal plug was observed was designated as embryonic day E0.5.  

 

Dissection 

Gestational females were euthanized with an overdose of isoflurane inhalants, embryos were 

obtained via Caesarian section and the uterus was excised. Using fine forceps, the muscular wall of 

the uterus and Reichart’s membrane were removed and the placenta was detached. The visceral 

yolk sac was also removed from the embryo. The head and upper torso was cut and the embryo 

was opened like a book to reveal the liver, intestines, lungs, and other organs which were removed. 

The nephric duct was peeled away carefully and the retroperitoneally embedded kidneys were 

delicately cut away from the rest of the body (Figure 2). 
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Figure 2: Dissection method  

(A) Gestational females were euthanized with an overdose of isoflurane inhalants, an incision was 

made in the lower abdomen and peritoneal fat was removed to reveal the uterus (B) embryos were 

obtained via Caesarian section and the uterus was excised and washed in PBS (C) Using fine 

forceps, the muscular wall of the uterus and Reichart’s membrane were removed. (D) The placenta 

(PL)  was detached (E-F) the visceral yolk sac was also removed from the embryo. (G) The head 

and upper torso was cut (H) the embryo was opened like a book and the liver, intestines, lungs, and 

most other organs were removed (I) the nephric duct was peeled away carefully (J) the 

retroperitonealy embedded kidneys were delicately cut away from the rest of the body. [Figures C-

F were taken from (Medvinsky, Taoudi et al. 2008)] 
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Organotypic Kidney Explant Culture  

Explants were placed on Nuclepore polycarbonate Track-Etched membrane (Whatman) in 4-well 

plates filled with 400µl of sterile 1X PBS, then the PBS was replaced with Dulbecco's Modified 

Eagle Medium: Nutrient Mixture (GIBCO) media supplemented with 10µg/mL transferrin (Sigma) 

for 24h - 72h incubated at 37˚C with 5% CO2.  

 

Immunohistochemical Staining 

After 72h of culture, explants were processed and stained for six2 and Calbindin expression. 

Calbindin-D28k is a calcium-binding protein present in the ureteric bud and tubules during 

embryonic development of the nephron and can be used to visualize epithelia of the UB. Explants 

were fixed rinsed with Phosphate buffered solution (PBS) and fixed with cold 4% 

paraformaldehyde solution on a rocker for 20 minutes. Explants were then rinsed and incubated 

with 0.2% Triton-X in solution for 10 minutes at room temperature. Explants were rinsed again 

and incubated for 24 hours with antibody to six2 (1:2000 dilution in PBS, Purified Rabbit Anti 

human PolyClonal antibody; Protein Tech Group) and Calbindin (1:2000 dilution in PBS, 

Calbindin D28K Goat Polyclonal IgG). Explants were then rinsed and secondary antibody was 

added (1:600 DyLight 488-conjugated AffiniPure F(ab’)2 Fragment Donkey Anti-Rabbit IgG and 

DyLight 549-conjugated Fragment Donkey Anti-Goat IgG; Jackson ImmunoResearch) protected 

from light for 2 hours. Tissue and filter was then rinsed and mounted on slides with Glycerol for 

viewing. Visualization was carried out under fluorescent microscopy with an Olympus BX-41 

Microscope and photographed with an Olympus DR-11 photographic module.  

 

Genotyping 

The reciprocal mating of the Br/+ mouse produces +/+, Br/+, and Br/Br animals. DNA was 

extracted from embryonic tissue and amplified by PCR (microsatellite marker D17Mit76 on 

chromosome 17) using a Thermo Electron Thermocycler with a PRC profile consisting of an initial 

denaturation at 94°C for 4 min, then 40 cycles of 30 sec at 94°C (denaturation), 30 sec at 55°C 

(annealing), and 30 sec at 72°C (extension), with a final elongation at 72°C for 4 min. Primers 

were previously designed in our lab when linkage analysis mapped the Br mutation on a 171 kb 

region on murine chromosome 17 (D17Mit76), which only contains one gene, the transcription 



12 
 

factor six2. The PCR products were separated by electrophoresis using a 4% agarose gel stained 

with ethidium bromide. Because the six2 mutation is on the 3H1 background, determining the 

presence of the 3H1/Balb band allows for genotypic identification of +/+, Br/+, and Br/Br animals. 

 

RNAi - Six2 mRNA Knockdown  

Gene silencing technology via siRNA was used to inhibit the expression of six2 transcription in the 

developing kidney ex vivo. The siRNA from Dharmaon (Thermo Scientific Dharmacon Accell 

siRNA) is a mixture of pooled siRNAs designed to silence specific target genes. The Accell Set of 

4 siRNAs - which are individual siRNAs from corresponding SMARTpool reagent, are annealed 

double-stranded RNA oligonucleotides with 3’-UU overhangs and 5’-Phosphate on antisense 

strand (Table 1). The Thermo Scientific Dharmacon Accell siRNA Delivery Protocol was followed 

which states that the Accell siRNA is specially modified for use without a transfection reagent, but 

how the siRNA is modified for delivery or the specific delivery method is proprietary and not 

revealed. Delivery conditions need to be serum-free. siRNA delivery media was prepared by 

adding Buffer solution (150mL RNase-free water, 2.24g potassium chloride, 0.72g HEPES-free 

acid, 0.02g magnesium chloride) to the desired concentration of siRNA to make the stock siRNA 

delivery mix. To prepare a 1µM concentration of siRNA for incubation, 3µL of 100µM stock 

siRNA was mixed with 300µL DMEM. 2µM and 3µM preparations were made in the same way 

with their corresponding proportions. E12.5 and E13.5 kidney explants were incubated for 72h 

with siRNA buffer (no treatment) or exposed to a 1-3µM concentration of siRNA oligos selective 

to six2.Explants were then processed for staining or for qRT-PCR.  

 

Table 1: Accell SMARTpool E-042261-00-0020, Mouse SIX2, NM_011380, 20 nmol 

 Target Sequence Molecular Wt Ext. Coeff. 

A-042261-13, SIX2 CUUUCGAGUUUAUUUCAUU 13,519.9 (g/mol) 369,528 (L/molXcm) 

A-042261-14, SIX2 GUGUCAUCUAUUUGAGUUC 13,557.1 362,230 

A-042261-15, SIX2 CUUCGGUCCUCAAAGACAU 13,544.6 350,126 

A-042261-16, SIX2 CCCUCCUUUAUAAAUAUCU 13,587.3 375,936 

  

Apoptosis Assay  

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is a method for detecting 

DNA fragmentation found in apoptosis by labeling the terminal end of nucleic acids. We used the 
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In Situ Cell Death Detection Kit, TMR red by Roche for detection and quantification of apoptosis 

at a single cell level in tissues. Using this TUNEL technology, we labeled DNA strand breaks and 

analyzed results using fluorescence microscopy. Explants were grown for 48 – 72h as described 

above. Explants were then washed in 1X PBS and fixed with 4% PFA for 15 minutes, then rinsed 

again. Explants were then rinsed in 1X PBS with a 0.2% Triton-X solution to increase the 

permeabilisation of the cells. Explants were then either treated with DNase buffer (for negative 

control) or with 1000µ/mL of DNase I enzyme solution (for positive control) diluted in DNase 

buffer for 15 or 30 minutes at room temperature. Explants were next rinsed and then treated with 

170µL of TUNEL label solution incubated at 37° for 1h. The explants were then rinsed and 

mounted for viewing. TUNEL assay was used as a marker for cellular apoptosis in our cultured 

explants exposed to siRNA. After culture, explants w were then washed in 1X PBS and fixed with 

4% PFA for 15 minutes, then rinsed again. Explants were then rinsed in 1X PBS with a 0.2% 

Triton-X solution to increase the permeabilisation of the cells. Explants were next rinsed and then 

treated with 170µL of TUNEL label solution incubated at 37° for 1h. The explants were then 

rinsed again and mounted for viewing. 

 

qRT-PCR  

After 72h of culture, explants were either processed and stained for six2 and calbindin or harvested 

and processed for qRT-PCR analysis to determine the level of six2 mRNA expression. 

Immunoreactivity for six2 was visually assessed and the number of UB tips was counted using 

stereological methods.  

 

RNA Extraction 

RNA from the kidney explants was either preserved in RNAlater or immediately extracted using 

the RNeasy Mini Kit by Qiagen. Extracted tissue was disrupted and homogenizied in Buffer RLT 

using a needle and syringe. Lysate was then centrifuged for 3 minutes at full speed and the 

supernatant was carefully removed by pipetting and transferred to a new tube. One volume of 70% 

ethanol was added to the cleared lysate and mixed by pipetting and added to a spin column that 

would filter the lysate. The sample was then centrifuged   for 15s at 9000 rpm and the flow-through 

was discarded. Next, 700µL of Buffer RW1 was added to the spin column and centrifuged again at 
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9000 rpm for 15s and flow-through was discarded. 500µL of Buffer RPE was added and 

centrifuged for 2m at 9000 rpm and flow-through was discarded. Lastly, 30µL of RNase-free water 

was added directly to the spin column membrane, centrifuged for 1m at 9000 rpm to elute the 

RNA. 

 

cDNA synthesis 

RNA was be quantified using absorption of light at 260 and 280nm and total RNA was reverse 

transcribed to cDNA using the iScript cDNA Synthesis Kit by Bio-Rad. 4μl of 5x iScript reaction 

mix and 1 μl of iScript reverse transcriptase was added to Nuclease-free water and RNA template 

(100fg to 1μg total RNA) to make a total volume of 20μl per reaction mix. The reaction mix was 

then incubated at 5 minutes at 25ºC, 30 minutes at 42ºC, 5 minutes at 85ºC. 

 

Qualitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

25 μl qRT-PCR reactions was done in triple replicates with 1μl of cDNA, 1μl of each primer, 

and 12.5μl of IQ SYBR Green Supermix with the MyiQ iCycler thermocycler and single color 

real-time PCR detection system by Bio-Rad. Primers to amplify six2 (six2-F short: 5’-

CTCACCACCACGCAAGTCAGCAAC-3’; and six2-R: 5’-

CACCGACTTGCCACTGCCATTGAG-3’) and Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) (GAPDH#1 F: 5’-TGCACCACCAACTGCTTAGC-3’; and GAPDH#1 R: 5’-

GGCATGGACTGTGGTCATGAG-3’), and Beta Actin (F 5’-ATATCGCTGCGCTGGTCGTC-

3’; and R 5’-GCTGCCTCAACACCTCAACC-3’) were used. The thermocycle profile used was 

an initial denaturation at 94°C for 2m, 35 cycles of 94°C for 15c (denaturation), 59°C for 30s 

(annealing), 72°C for 1m (extension) 79°C for 6s (GAPDH quantification of fluorescence) and 

84°C for 6s (Beta-Actin quantification of fluorescence) and 85°C for 6s (six2 quantification of 

fluorescence). Product-specific amplication of six2, GAPDH, and Beta-Actin was determined by 

melting curv analysis. The threshold sysle, C(t) was established at the linear portion of the log 

scale curve and the ration of gene expression was calculated using the 2
-Δ ΔC(t)

 method (Livak and 

Schmittgen 2001). 
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Counting Ureteric Bud Tips  

Tessellation software (SURFTess 1.2.2 ©2006 Mike Farrell) was used to count the number of 

ureteric bud tips in each experiment. Tessellation software which allows visualization and analysis 

of bounded 2D voronoi tessellations. In mathematics, a Voronoi diagram is a special kind of 

decomposition of a metric space determined by distances to a specified discrete set of objects in the 

space, e.g., by a discrete set of points. This program SURFtess generates these diagrams in 2 

dimensions and allows the user to statistically analyze their properties. Although more information 

can be gathered from using this program, my experiments only utilized the number of UB tips 

counted in my analysis. 
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CHAPTER 3. RESULTS 

  

Specific Aim 1:  Optimization Of Explant Culture System And Visualization Of Explants 

The development of a system to manipulate the embryonic kidney ex vivo was crucial to allow us 

to study the effects of different molecular factors on the developing kidney.  The first step was to 

perform staining optimization trials that included testing parameters such as the fixative used, the 

primary antibody concentrations used, and which company’s chemicals worked best for our 

purposes.  

 

Fixative Optimization: 4% PFA provided for the best visualization of explants  

After dissection whole kidneys were fixed with either methanol or 4% paraformaldehyde (PFA) 

and varied concentrations of primary antibodies to six2 and Calbindin. Using kidneys from E12.5 

and E16.5 embryos, I fixed 21 kidneys with PFA and 21 with MeOH and discovered that fixing 

with 4% PFA provided for more regular results than when using MeOH as a fixative (Figure 3). 
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Figure 3: Fixative method trials  

After dissection, whole E12.5 kidneys were fixed with either methanol (A – C) or 4% 

paraformaldehyde (PFA) (D – F). Using PFA allowed for better visualization of six2 and calbindin 

staining (D & E). When kidneys were fixed with 4% PFA, visualization of six2 and Calbindin 

staining was better than when kidneys were fixed with methanol. 
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Visualization of UB branching: Calbindin or Wnt-4 can be used to visualize UB epithelia  

Aim two specifically deals with examining six2 expression and effects of UB bud proliferation in 

the developing embryonic kidney therefore I optimized the staining for six2. Besides six2 

expression, visualizing mesoderm of the kidney was needed in order to evaluate how six2 

expression ureteric bud proliferation. A good candidate marker for mesoderm visualization in the 

developing kidney is Calbindin-D28K as it is expressed in the renal tubule and collecting ducts. 

Calbindin is a calcium-binding protein; it functions as a buffer for cytoplasmic calcium and is 

found in the brain, kidney, gut and pancreatic islets (Hemmingsen 2000). In the kidney, this protein 

is exclusively localized in the distal tubule and in the proximal part of the collecting ducts 

therefore, I also optimized staining for Calbindin expression as a marker for UB visualization. 

After dissection and fixation with 4% PFA, all explants were then incubated with Calbindin and 

six2 primary antibody in varying concentrations. It was found that concentrations of 1 part primary 

antibody to 2000 parts 1X Phosphate Buffer Solution (PBS) (1:2000) allowed for optimal 

visualization (Figure 4).  

 

Another candidate that would aid in UB visualization is Wnt-4, a secreted signaling molecule 

controlling the development of several organs, such as the kidney, adrenal gland, ovary, mammary 

gland and pituitary gland (Shan, Jokela et al. 2010). It is thought to act in the embryonic kidney as 

an auto-inducer of nephrogenesis controlling mesenchyme-to-epithelium transition, and Wnt4-

deficient mice die soon after birth, probably of kidney failure (Shan, Jokela et al. 2010).  Pretubular 

aggregates of the E14.5 embryonic kidney normally express Wnt-4 and thus staining for this 

protein allows for the study of the developing tubule segments. A total of 30 kidneys were fixed 

and stained for Wnt-4 at varying concentrations but results were inconsistent. It was concluded that 

using Calbindin to stain for the UB epithelia provided for better and more consistent results than 

using Wnt-4. 

 

Visualization of UB branching: six2 made by PTG provided for the best results 

Lastly, I tested primary antibody from different companies to determine which chemicals were the 

best to use. Calbindin primary from Santa Cruz and six2 primary from Protein Tech Group worked 

well with our techniques (Figure 5). 
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Figure 4: Primary antibody concentration trials  

After fixing with PFA, I varied concentrations of primary antibodies to six2 and Calbindin. It was 

found that a concentration of 1:2000 of primary antibody was the best concentration to use to 

visualize six2 and Calbindin staining compared with other tested concentrations (B & E). A 

concentration of 1:100 (A & D) produced too much background staining for six2 (D) and not as 

good a stain for calbindin (A). A concentration of 1:10,000 did not allow for clear visualization of 

Calbindin or six2 staining (C & F).  
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Figure 5: Primary antibody manufacturer trials  

The calbindin from SantaCruz (A) worked well for visualization of the UB branching. For six2-

expressing cells, it was found that six2 antibody from Protein Tech Group (B) provided for specific 

and bright staining when compared to antibodies from SantaCruz or CeMines (C & D). 
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Culturing Optimization: Development of an improved ex vivo culturing system 

After optimization of immunohistochemical staining of the excised explants, I performed 

experiments to develop our ex vivo culture system for use in studying the effects of siRNA to six2. 

Experiments were designed to assess the growth of kidney explants in our culture system (ex vivo) 

compared with kidney growth in vivo, and to determine if the left and right kidneys grew at the 

same rate. I also examined the addition or subtraction of media supplements including FBS and 

Transferrin in our incubation of explants. 

 

Time Course Experiments: Kidney explants grew in a consistent manner during culture 

To establish that the kidney explants grew in a consistent manner during culture, experiments were 

done to examine the growth of the explants at different time intervals. E11.5, E12.5, E13.5 and 

E16.5 explants were excised and either immediately fixed and stained, or cultured for 0, 3, 6, 10, 

12, 24, 48, or 72h then fixed and stained. I stained for Calbindin expression and qualitatively 

concluded that the kidney was growing from 0h – 72h in our culture system (Figure 6). In order to 

have an unbiased conclusion of the effects of the siRNA on our explants, I also needed to prove 

that the anatomical right and left kidneys are comparable in size and UB branching. Extracting data 

from the above experiments showed that the left and right embryonic kidneys were comparable 

(Figure 6). I also observed that cultured kidneys at crucial time points were comparable in size and 

UB branching to kidneys taken out at the corresponding age. (Figure 7) 
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Figure 6: Timecourse trials – growth in culture system and comparison of left and right 

kidneys 

Kidneys were stained for Calbindin to visualize the UB branching epithelia. E13.5 kidneys were 

removed and immediately stained at different intervals to observe the growth of the kidney in the 

developed culturing system. When examining explants grown from 0h to 72h it is clear that the 

kidney has grown in size and increased the number of UB branching. Comparing time period for 

differences in the right and left kidney revealed that there were no significant differences between 

the right and left kidneys dissected immediately and stained or dissected and grown in culture. 
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Figure 7: Timecourse trials – growth in culture system compared to growth in vivo  

Kidneys at different ages were stained for Calbindin. Explants growth in the culture system were 

compared to kidneys that were not cultured but dissected and immediately fixed and stained. (A) A 

E11.5 kidney that was immediately fixed and stained with Calbindin. (B) a E12.5 kidney that was 

immediately fixed and stained (C) E11.5 kidney cultured for 24 hours to be, in effect, E12.5. 

Pictures C and D are comparable in size and in the number of ureteric bud branching. (D) 

Dissected E13.5 kidney that was immediately fixed and stained (E) E12.5 kidney cultured for 24 

hours which is comparable in size and ureteric bud branching and thus looks to be E13.5 in age 

when compared to picture D. (F) an E13.5 kidney cultured for 24h is comparable to (G) an E12.5 

kidney cultured for 48h. (H) an E13.5 kidney grown for 48h looks similar to (I) an E12.5 kidney 

cultured for 72h. These pictures show that size and UB growth in my developed ex vivo culturing 

system is comparable in development to growth in vivo.  
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Fetal bovine serum (FBS): Explants can grow well in the absence of serum 

FBS is a commonly used serum supplement for cell cultures and contains a very low level of 

antibodies and contains numerous growth factors. Initially explants were successfully grown 

when incubated in DMEM  with 10% FBS . In order to use the delivery technique that was 

chosen (see below), I had to establish that the kidney explants in our cell culture system would 

survive when supplied with the special serum free (0% FBS) Accell Delivery Media or in serum 

free (0% FBS) DMEM media or in 2% FBS DMEM media as the Accell protocol calls for. 

Using homozygotic Br/Br, heterozygotic Br/+, and +/+ animals, I tested the explants vitality 

when incubated in 0% FBS and 2% FBS solutions for either 24h, 48or 72h. Results showed that 

the kidney from all Br genotypes could successfully grow in 0% or 2%  FBS media. for 25h, 48h 

and 72h when compared to previous incubations in 10% FBS  and I could proceed to use the 

Accell siRNA in serum-free media. (Figure 8)  
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Figure 8: FBS trials 

Experiments were done to test if explants can grow in the serum-free (0% FBS) or 2% FBS 

environment that the Accell siRNA protocol calls for. It was found that the explants of all 

genotypes survived well in serum-free media, thus experiments using Accell siRNA could begin 

with confidence that the explants would survive in culture.  
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Transferrin: Adding transferrin in the serum-free culture allowed for more normal growth 

of explants 

 

Thesleff et al. (1984) suggested that supplementation with transferrin could help the kidney grow 

better in serum-free culture. Transferrin is a iron-binding blood plasma glycoprotein that facilitates 

extracellular iron storage and transport. It is an important extracellular antioxidant as transferrin 

binds iron so tightly under physiological conditions that virtually no free iron exists to catalyze the 

production of free radicals. (Thesleff and Ekblom 1984; Huebers and Finch 1987)  We tested 

whether transferrin would augment our kidney explants in our serum-free culture by excising 

kidneys and culturing for 72h in varying concentrations of Transferrin glycoprotein. It was found 

that media supplemented with 10µg/mL transferrin provided UB growth comparable to kidneys in 

vivo when compared to explants grown without transferrin or at 5µg/mL transferrin. Adding 

25µg/mL and 50µg/mL did not significantly increase the number of UB branching and also 

seemed to cause the kidney to deviate slightly from the normal morphology when compared to 

wild-type kidneys. It was concluded that using a concentration of 10µg/mL of transferring in the 

serum-free system provided for the best serum-free culturing conditions (Figure 9).  
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Figure 9: Supplementation with transferrin in a serum-free culture  

Explants grown in a serum-free media was subjected to transferrin in varying concentrations. It 

was found that transferrin increased the number of UB branching in a dose-dependent manner from 

5 - 10µg/mL (A & B). Adding 25µg/mL and 50µg/mL of transferrin  (C & D) did not significantly 

increase the UB branching and also caused the kidney to deviate from the normal morphology 

when compared to wild-type kidneys. It was decided that using a concentration of 10µg/mL of 

transferrin in the serum-free system provided for the best culturing conditions. 
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Staining in Conjunction with Culturing: Staining following culturing was successful 

I applied our results from the staining trials to the cultured explants and confirmed that I obtained 

the same effects when I stained following culture of the explants using a primary antibody 

concentration of 1:2000 and using 4% PFA as a fixative.  

 

By establishing an organotypic kidney explant culture system that facilitates the study of renal 

organogenesis ex vivo, we were now equipped to experimentally manipulate our explants in the 

culture system.  Aim 2 of the project was to use the Br mice that had decreased six2 expression to 

examine the consequences on ureteric bud proliferation in the developing embryonic kidney. 

 

Specific Aim 2: Examination of Br Kidneys 

I examined Br kidneys to ascertain the effects of down-regulation of six2 in Br animals. E13.5 

kidneys were excised and the left kidneys were immediately stained and the right kidneys were 

processed for qRT-PCR. As seen in figure 10, kidneys from Br/+ animals exhibit less UB 

branching and have less six2 expressing cells than the wild-type. Br/Br animals have an even 

further reduction in UB branching and no six2-positive cells when compared to the +/+ and Br/+ 

animals. The morphology of the Br/+ and Br/Br kidneys not only show reduced UB branching and 

expression of six2, but they also exhibit malformations not seen in any stage of the wild-type 

kidneys (Figure 10). Qualitative RT-PCR analysis revealed that Br/+ kidneys show approximately 

50% reduction of six2 and almost no expression of six2 was found in the Br/Br kidneys (Figure 

11).   
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Figure 10: Comparing kidneys from +/+, Br/+, and Br/Br animals  

E13.5 kidneys were excised and the left kidneys were immediately stained and the right kidneys 

were processed for qRT-PCR. Kidneys from Br/+ animals exhibit less UB branching (E) and have 

less six2 expressing cells (B) than the wild-type (A). Br/Br animals have an even further reduction 

in UB branching and irregular morphology (F) and no six2-positive cells (C) when compared to the 

+/+ and Br/+ animals.  
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Figure 11: Quantitative RT-PCR showing six2 expression  

Results comparing genotypes demonstrate renal six2 expression is haploinsufficient in E13.5 

embryos as Br/+ kidneys show approximately 50% reduction of six2 and relatively no expression 

of six2 was found in the Br/Br kidneys.  
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Specific Aim 3:  RNAi Knockdown Of Six2 Expression Was Achieved 

In the final set of experiments we attempted to develop an in vitro model kidney development in Br 

-/- mice by knocking down six2 expression in normal embryonic kidney explants.  To reach the 

second aim of this project a method of RNAi had to be chosen. Synthetic siRNA introduced into 

cells can induce suppression of the six2 gene, allowing us to examine the consequences on ureteric 

bud proliferation. Conventional lipid transfection reagents are known to cause nonspecific effects 

that result in cellular inflammation and toxicity and cell death. Literature review revealed a method 

of siRNA introduction that eliminated the need for use of a transfection reagent. The passive nature 

of Dharmacon Accell siRNA delivery claims to avoid adverse cellular responses that may interfere 

with analysis of target gene knockdown.  

 

Untreated Control 

All experiments were performed with untreated kidney explants that were subject to the same 

conditions as experimental incubations except for incubation with siRNA.  

 

Transfection Control: Accell Red non-targeting siRNA shows successful uptake of siRNA 

To achieve successful gene silencing, efficient siRNA delivery into cells is vital and the first step 

was to determine if the siRNA could successfully be transfected into the cells of our explants in 

culture. I used Accell Red non-targeting siRNA for transfection control to evaluate cytoplasmic 

localization of the tranfected siRNA and to determine optimal delivery conditions. Accell Red non-

targeting siRNA is labeled with a fluorophore (DY-547) and the fluorescent signal localizes to the 

nucleus as a signal of efficient uptake. Kidneys were excised and incubated with a 0.5µM 

concentration of the siRNA for 24h, 48h, and 72h. There was strong fluorescence in the tubule area 

of the explants with significant fluorescence in the surrounding MM area. Results correlate to 

optimal siRNA uptake conditions in our culture system. (Figure 12) 
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Figure 12: Transfection control  

Kidneys were excised and incubated with a 0.5µM concentration of  siRNA for 24h, 48h, and 72h. 

For the explants subjected to a 0.5µM concentration of the siRNA for 72h there was strong 

fluorescence in the tubule area of the explants with significant fluorescence in the surrounding MM 

area (arrows). (A) 10X (B) 40X  
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RNAi: siRNA to six2 

Confident that the siRNA was delivered successfully into my explants in culture, I attempted to 

knockdown the expression of six2 using my system. Embryonic kidneys at various stages were 

removed and cultured in the presence of 1-3µM concentrations of siRNA to six2 for 72h.  

 

RNAi: siRNA to six2 caused a reduction in six2 staining and UB buds 

Explants were then stained for six2 and Calbindin expression and the numbers of UB tips were 

counted using a tessellation analysis program. 24 pairs of E12.5 kidneys and 24 pairs of E13.5 

were dissected. Of the E12.5 explants, 10 pairs were examined for differences in the number of UB 

tip counts. It was found that the number of UB buds were reduced in the explants treated with 

1.5µM, 2µM, and 3µM solutions of siRNA to six2. (Figure 13). In addition, assessing the six2 

staining qualitatively shows that there is a reduction in the amount of six2 expression in explants 

treated with 1.5µM, 2µM, and 3µM solutions of siRNA to six2. Of the 24 E13.5 explants, 13 were 

examined for differences in the number of UB tip counts.  There was no reduction of UB buds 

found in the explants treated with 1µM, but there were dramatic reductions when explants were 

incubated with 2µM and 3µM or siRNA to six2 when compared with untreated controls (Figure 

14), and qualitative analysis of the six2 staining shows a corresponding reduction when staining for 

the protein (Figure 15). 
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Figure 13: Comparing UB branching in E12.5 explants treated with siRNA to six2  

E12.5 Embryonic kidneys were removed and cultured in the presence of 1-3µM concentrations of 

siRNA to six2 for 72h. Explants were then stained for six2 and Calbindin expression and the 

number of UB tips were counted. It was found that the number of UB buds were reduced in the 

explants treated with 1.5µM, 2µM, and 3µM solutions of siRNA to six2. 
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Figure 14: Comparing UB branching in E13.5 explants treated with siRNA to six2  

Embryonic kidneys were removed and cultured in the presence of 1-3µM concentrations of siRNA 

to six2 for 72h. There was no reduction or UB bud tips found in the explants treated with 1µM, but 

there were dramatic reductions in the UB buds when explants were incubated with 2µM and 3µM 

or siRNA to six when compared with untreated controls.  
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Figure 15: Comparing kidneys in E13.5 explants treated with siRNA to six2 

E13.5 embryos were excised and cultured with a 2µM concentration of siRNA to six2 for 72h. 

Explants were then stained for six2 and Calbindin expression. Explants exhibited a reduction in 

organ size and six2 staining (B and D), and the number of ureteric buds (F) when compared to 

untreated non-siRNA control (A, C, and E).  



37 
 

RNAi: siRNA to six2 caused a reduction in six2 expression 

In the next experiment, embryonic kidneys at various stages were removed and cultured in the 

presence of 1-3µM concentrations of siRNA to six2 for 72h. Explants were then collected and 

processed for qRT-PCR. The relative percent of six2 expression was determined, a figure which 

was normalized to the housekeeping genes GAPDH or β-actin. E12.5 explants treated with 1µM 

did not have a reduction in the percent of six2 expression but when the concentration increased to 

2µM, there was a dramatic reduction in the amount of six2 expressed when compared to untreated 

controls. E13.5 explants showed reductions of six2 expression at both 1µM and 3µM siRNA 

concentrations. E14.5 and E16.5 kidneys did not show any reduction in the amount of six2 

expression when exposed to a 1µM concentration of siRNA to six2 (Figure 16) 
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Figure 16: siRNA to six2 qualitative RT-PCR  

Embryonic kidneys were cultured in the presence of 1-3µM concentrations of siRNA to six2 for 

72h. Explants were then collected and processed for qRT-PCR. E12.5 explants treated with 1µM 

did not have a reduction in the percent of six2 expression but when the concentration increased to 

2µM, there was a dramatic reduction in the amount of six2 expressed when compared to untreated 

controls. E13.5 explants showed reductions of six2 expression at both 1µM and 3µM siRNA 

concentrations. E14.5 and E16.5 kidneys did not show any reduction in the amount of six2 

expression when exposed to a 1µM concentration of siRNA to six2. 
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Positive Control: siRNA to GAPDH caused reduction in GAPDH and six2 expression 

GAPDH or Glyceraldehyde 3-phosphate dehydrogenase is an enzyme that catalyzes the sixth 

step of glycolysis and thus is constitutively and abundantly expressed in a wide variety of cell 

types. Using siRNA to GAPDH I attempted to downregulate the housekeeping gene in our 

explant culture system. Silencing should not affect cell viability or phenotype and reduction of 

GAPDH expression should not interfere with the expression of other genes including six2. E12.5 

kidneys were excised and cultured for 72h with 1µM or 2µM of siRNA to GAPDH. When 

staining for GAPDH and six2 expression, staining for GAPDH expression was inconclusive but 

it appears that there was a reduction of six2 expression in explants treated with siRNA to 

GAPDH (Figure 17). Using qRT-PCR techniques, I observed a 37.1% reduction in GAPDH 

expression when explants were incubated with 1µM of siRNA to GAPDH and a 28.0% reduction 

in explants treated with 2µM of siRNA compared to untreated controls. Also, there was a 

significant drop in the level of six2 expression with a 83.6% reduction when explants were 

incubated with 1µM of siRNA to GAPDH and a 86.9% reduction in explants treated with 2µM 

of siRNA compared to untreated controls (Figure 18). 
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Figure 17: Treatment with siRNA to GAPDH  

Explants were treated with 1µM of siRNA to GAPDH for 72h and stained for GAPDH and six2 

expression. The kidneys treated with siRNA to GAPDH showed a decrease in six2 expression 

when compared to non-siRNA controls. The level of GAPDH staining appears inconclusive.  
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Figure 18: siRNA to GAPDH  

Using qRT-PCR techniques, I observed a 37.1% reduction in GAPDH expression when explants 

were incubated with 1µM of siRNA to GAPDH and a 28.0% reduction in explants treated with 

2µM of siRNA compared to untreated controls. Also, there was a significant drop in the level of 

six2 expression with a 83.6% reduction when explants were incubated with 1µM of siRNA to 

GAPDH and a 86.9% reduction in explants treated with 2µM of siRNA compared to untreated 

controls.
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Negative Control: Non-Targeting siRNA 

To determine whether our observations were sequence-specific silencing or caused by non-

specific effects, I performed experiments using Non-Targeting siRNA controls. I used Accell 

Non-targeting Pool, which is a negative control pool of four siRNAs that claimed to have at least 

four mismatches to any human, mouse, or rat gene. A BLAST search was done on the sequences 

and it was found that there were no sequence matches to the mouse genome (Table 2). 

(http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=10090  

 

Kidneys were excised and incubated with 1µM and 3µM concentrations of the Non-Targeting 

siRNA Pool. Tissue was then stained for six2 and Calbindin expression. It was found that the 

Non-targeting siRNA pool reduced the number of UBs as well as the number of six2-positive 

cells when compared to controls which was similar to results we get with siRNA to six2 and 

siRNA to GAPDH. (Figure 19) 

 

Table 2: Accell Non-targeting pool sequences 

Pool Catalog # Name 19-mer target MW ε260 

D-001910-10 

Accell  Non-targeting siRNA #1 UGGUUUACAUGUCGACUAA 13,552 369,350 

Accell  Non-targeting siRNA #2 UGGUUUACAUGUUUUCUGA 13,560 370,596 

Accell  Non-targeting siRNA #3 UGGUUUACAUGUUUUCCUA 13,572 372,020 

Accell  Non-targeting siRNA #4 UGGUUUACAUGUUGUGUGA 13,552 366,502 

 

http://www.ncbi.nlm.nih.gov/genome/seq/BlastGen/BlastGen.cgi?taxid=10090
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Figure 19: Non-Targeting siRNA  

Kidneys were excised and incubated with 1µM and 3µM concentrations of the Non-Targeting 

siRNA Pool. Tissue was then stained for six2 and Calbindin expression. It was found that the 

Non-targeting siRNA pool at both concentrations reduced the number of UBs as well as the 

number of six2-positive cells when compared to controls which was similar to results we get 

with siRNA to six2 and siRNA to GAPDH.  
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Negative Control: siRNA to V2R and eGFP exhibits effects similar to siRNA to six2 

To further test if our results show non-specific effects of the siRNA reagent, I incubated kidneys 

with 1µM and 3µM concentrations of siRNA to V2R and siRNA to eGFP. siRNA to V2R was 

used as a negative control because it is not expressed in early stages of the developing kidney 

and eGFP was used for control because it has no significant homology to any known gene 

sequences from mouse, rat, or human genomes. Kidneys were excised and incubated with 1µM 

or 3µM concentrations of siRNA to V2R and eGFP. Kidneys were then stained for six2 and 

Calbindin expression. It was found that the siRNA to V2R (Figure 20) and siRNA to eGFP 

(Figure 21) both reduced the number of UBs as well as the number of six2 staining when 

compared to controls which was similar to results we get with siRNA to six2, GAPDH and the 

Non-Targeting siRNA Pool.  
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Figure 20: siRNA to V2R  

E12.5 Kidneys were incubated with 1µM and 3µM concentrations of siRNA to V2R. The left 

kidneys were kept for non-treatment control and the right kidneys were exposed to a 1µM or 3µM 

concentrations of siRNA to V2R. When incubated with a 1µM concentration, the size of the 

kidney is smaller and there is less UB branching when compared with controls. When incubated 

with a 3µM concentration, the morphology of the UB branching is severely deformed when 

compared with controls and exhibits less UB branching as well. 
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Figure 21: siRNA to eGFP E12.5 Kidneys were incubated with 1µM and 3µM concentrations of 

siRNA to eGFP. the left kidneys were kept for non-treatment control and the right kidneys were 

exposed to a 1µM and 3µM concentrations of siRNA. When incubated with a 1µM concentration, 

there is less UB branching when compared with controls. When incubated with a 3µM 

concentration (D), the morphology of the UB branching is severely deformed when compared with 

controls and exhibits less UB branching as well. 
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Cell viability: Apoptosis experiments using TUNEL staining 

For detection and quantification of apoptosis (programmed cell death) in our explants, TUNEL 

staining was used to label DNA strand breaks. Cleavage of genomic DNA during apoptosis may 

yield double stranded as well as single strand breaks (“nicks”), which can be identified by labeling 

free 3’-OH terminal with modified nucleotides in an enzymatic reaction. E12.5 explants were 

cultured for 72h. Kidneys incubated only with vehicle and treated with DNAse show positive 

control for apoptosis, whereas kidneys incubated only with vehicle were used as negative control. 

Kidneys incubated with 3µM siRNA to six2 exhibited TUNEL staining comparative to the 

negative control indicating no positive result for apoptosis when compared to control (Figure 21).  
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Figure 22: Tests for Apoptosis E12.5 explants were cultured for 72h. Kidneys incubated only 

with vehicle and treated with DNAse show positive control for apoptosis (A), whereas kidneys 

incubated only with vehicle were used as negative control (B). Kidneys incubated with 3µM 

siRNA to six2 (C) exhibited TUNEL staining comparative to the negative control indicating no 

positive result for apoptosis when compared to control. 
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CHAPTER 4. DISCUSSION AND CONCLUSIONS 

 

In this study, I was able to successfully culture whole embryonic kidneys for 72h while seemingly 

retaining the natural characteristics of the organ. The dissection technique and culturing protocol in 

place when first starting did not produce consistent results. Firstly, I believe that the explants were 

dying while exposed to the air or while not bathed in media. Previously, the explants were allowed 

to dry on the filter in order to let “adhere” to the filter so it wouldn’t float around which increased 

the media deprivation to the explants and allowed for desiccation. Also, explants that were not 

being dissected were put on ice with the old protocol which is different from the normal warm in 

vivo environment or culturing conditions. I left the animals in the mother’s uterus, with placenta 

and yolk sac attached until the last minute before the dissection was done which I believe helped to 

mimic the in vivo environment more than dissecting all of the embryos and keeping on ice or in air. 

Lastly, I learned to dissect very quickly in order to minimize the amount of time the embryos were 

away from nutrients and heat. The previous dissection technique cut off all of the arm and leg buds 

which made it harder to hold and manipulate the embryo and excising the kidneys was very 

difficult without the arms and legs to provide purchase.  

 

By optimizing protocols previously used by our lab, I was able to increase the viability of the 

explanted kidneys and to increase the observed number of UB branching in the culture to produce 

UB tips at levels comparable to what is observed in the wild-type animal at each stage. Using this 

system, I can predict the complex behavior of the embryonic mouse kidney when exposed to 

experimental manipulation. Optimizing a whole- organ ex vivo culture system may result in more 

realistic conclusions on the effects of siRNA on embryonic kidneys in vivo. An explant culture 

system permits cells to grow in a three-dimensional (3D) environment which is much more similar 

to actual cells in the living mouse versus the single layer of cells grown in 2D. Namely, the cells in 

a 2D culture adopt unnatural characteristics in the shape and behavior, and are surrounded in an 

environment very different from cells in a natural environment. In a 3D culture system, the shape 

of cells is ellipsoidal with bigger dimensions than in 2D cell culture which is more flattened. 

Further, it has been found that cells grown in 2D show differences in cell behavior, specifically 

drug metabolism, gene expression, morphology, differentiation, proliferation, response to stimuli, 
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viability, and other cell functions when compared with 3D cultures. (Griffith and Swartz 2006; Liu 

and Chen 2007; Maltman and Przyborski 2010) Lastly, the cell environment in a 3D culture system 

have most of their surface area exposed to other cells or matrix, whereas in 2D systems cells 

instead have a large proportion of their surface area exposed to the culture surface and fluid. 

 

Examining the effects on UB branching caused by misexpression of six2 in the Br mouse shows 

that in the absence of six2 expression, UB branching does not happen in a normal fashion. Based 

on the pattern of six2 expression and the number of UB tips observed among the wild-type, the 

heterozygous Br/+, and the homozygous Br/Br kidneys, results indicate that reduced six2 

expression is associated with reduced UB branching and eventually a deficient nephron number in 

the developing kidney. In the wild-type tissue, six2 was expressed predominantly in the 

metanephric mesenchyme along the nephrogenic zone, typical of the developing kidney. In 

contrast, six2 expression was markedly reduced in Br/+ explants and expression was almost absent 

from Br/Br kidneys. There was also a significant decrease in number of UB tips in the Br/+ and a 

further reduction in the Br/Br kidneys relative to controls. Put together, these results strongly 

suggest that reduced six2 expression is associated with reduced UB branching and consequently 

leads to a deficiency of nephrons in the developing kidney.  

 

Our results made sense in terms of my expectations as expressed in my hypothesis. I theorized that 

an siRNA-induced knockdown of six2 in our kidney explant culture system will produce effects 

similar to those seen in the Br kidneys including renal hypoplasia and a reduced number of UB 

branching when compared to untreated wildtype controls. Kidney explants from Br animals were 

found to be phenotypically similar to results seen in the siRNA preparation. I was able to show that 

a reduction in six2 expression in explants treated with siRNA to six2 is correlated with a reduced 

number of UB branching in the embryonic kidney. Our results show that incubation with siRNA to 

six2 caused a knockdown of six2 transcription and was associated with a significant reduction in 

the amount of six2-expressing cells and the number of UB tips counted. The down-regulation in 

six2 expression was unlikely due to apoptotic cell death because TUNEL staining was not 

observed in explants treated with siRNA reagents, but experiments cannot account for the 

reduction of six2 expression seen in explants treated with non-targeting siRNA or siRNA to 
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GAPDH, eGFP, or V2R. I propose that the silencing of six2 transcription seen in all siRNA 

treatments in this study could be caused by a shift in the delicate balance of molecular regulators 

causing any addition of siRNA to affect UB formation and six2 expression. The environment 

surrounding the developing embryonic kidney could be very sensitive to any changes in RNA 

levels and cause the disruption of UB branching morphogenesis and/or six2 expression.  

 

The limitations of this study included a small sample size due to the limited availability of 

embryonic tissue and due to the expense of siRNA reagent. A more comprehensive study including 

an increased end-number or kidneys and more qRT-PCR trials would provide for more solid 

conclusions.  

 

As a future aim, it would be interesting to take a look at what other molecules are affected when 

using siRNA to six2. Preliminary experiments have shown that kidneys treated with siRNA to six2 

exhibit some differential gene expression when looking at Pax2, Cited1 and WT1. Performing 

microarray analysis of differential gene expression can allow for a more thorough investigation of 

genes involved in regulation of the developing kidney. Also, siRNA could be used in vivo to 

examine affects in the whole, living animal. Another interesting project that could stem from this 

research is to search for a renal stem cell. Six2-expressing mesenchymal cells in the embryo have 

hallmark stem cell traits but stem cells have not been found in adult kidney tissue. Researchers 

could harness stem cells for possible nephron restoration approaches in adult diseased kidneys 

utilizing six2 as a morphogen to stimulate production of new nephrons in adult tissue which could 

lead to better therapies for CKD and ESRD.  
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