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Abstract
The mammalian kidney is an essential organ for the maintenance of body homeostasis by
controlling water and salt balance and excreting waste products. Nephrons are the functional units
of the kidney and are found within the medulla and cortex. Congenital anomalies of the kidney
and urinary tract (CAKUT) are the most common cause of childhood end-stage renal disease.
Wilms’ tumor is one form of CAKUT and inactivating or loss of function mutations in the WT1
gene are found in ~15% of cases of Wilms’ tumor. Members of the Sry-Related HMG Box-C
(SoxC) subfamily of genes are the transcriptional target of WT1 during kidney development
including Sox4 and the closely-related Sox11. SoxC genes play overlapping and essential roles in
controlling progenitor cell fate during organogenesis in vivo. Previous research has demonstrated
that genetic in vivo ablation of Sox4 in murine nephron progenitor cells (NPC) results in an endstage renal failure by five months of age. NPC are a mesenchymal cell population which has selfrenewal and self-differentiation capacity, and formation of NPC is one of the earliest stage of
nephrogenesis. The combined role of Sox4 and Sox11 has not been previously studied in NPC. The
focus of this research was to investigate the role of Sox11 alone, and combined Sox4 and Sox11
function during kidney development in vivo using conditional Sox11 and Sox4/Sox11 knockout
mouse models. Sox11 deletion in the NPC had no apparent effect and mice were healthy at ten
months of age when the long-term study was terminated. Remarkably loss of both Sox4 and Sox11
resulted in a very severe renal phenotype. These mice died on post-natal day one due to renal
failure, characterized by widespread cystic renal dysplasia. Therefore, this work demonstrated a
novel, crucial role of combined Sox4 and Sox11 in the developing kidney. This research lays the
foundation for future work that will provide critical new insights into the pathological, cellular,
and molecular mechanisms underlying congenital renal malformations.
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1. General Introduction
The mammalian urinary system is composed of two kidneys, two ureters, the bladder and the
urethra (Chai et al., 2013). The kidney is a vital organ of the urinary system, whose primary
function is to maintain homeostasis by excreting metabolic waste products and excess water from
the blood in order to maintain pH, water, and salt balance (Davidson, 2009; Little and McMahon,
2012).
The kidneys play a central role in the homeostasis of Calcium and Phosphates ions. Both of these
ions are responsible for the mineralisation of the bone matrix and are reabsorbed in different
tubular segments of the kidney’s functional unit, the nephron (Reviewed by Wei et al., 2016;
Blaine et al., 2015). The kidney also regulates bone health by synthesizing activated vitamin D
(1,25 dihydroxyvitamin D3) in the proximal part of the tubule (Blaine et al., 2015; Hoenderop et
al., 2005; Anderson et al., 2003). The activated form of Vitamin D promotes the absorption and
reabsorption of calcium and phosphates in the kidney and the intestine (Hoenderop et al., 2005).
The kidneys also regulate blood pressure and fluid balance through the renin-angiotensin system
(RAS) (Reviewed by Carey and Siragi, 2003). Specialized cells, juxtaglomerular cells present in
the afferent arteriole sense decrease in blood pressure and low levels of sodium levels in the filtrate
is sensed by macula densa (distal tubule cells) (Mullins et al., 2006; Schweda and Kurtz, 2004).
Juxtaglomerular cells release renin. Renin is an enzyme that converts angiotensinogen, which is
secreted in the liver, to the hormone angiotensin I, and then to angiotensin II (Schweda and Kurtz,
2004). Angiotensin II is responsible for the constriction of the blood vessels that causes blood
pressure to increase (Carey and Siragi, 2003).
In addition to the above function, Angiotensin II induces excretion of aldosterone from the adrenal
glands; aldosterone induces the tubular parts of the nephron to retain more sodium, water and
excrete potassium. This increases the volume of fluid in the body and also increase the blood
1

pressure (Wadei and Textor, 2012).
The kidney is one of the essential organs of the human body. When its functions are affected by
injury or disease, the impact on the health and quality of life of the individual are significant. The
failure of properly functioning kidneys results in the accumulation of waste products to toxic levels
in the body, causing illness and death. Chronic kidney disease (CKD) is characterised by the
gradual loss of kidney function over time without necessarily specifying the etiology (Levey and
Coresh, 2012). The determination of the glomerular filtration rate (GFR) and the urinary albuminto-creatinine ratio are used to evaluate the function of the kidney. The recommended threshold for
normal kidney function is based on guidelines from Kidney Disease Improving Global Outcome
(KDIGO) (KDIGO, 2012). These guidelines are based on epidemiological studies. For a healthy
functioning kidney, a GFR above 90ml/min/1.73m2 is considered good. A persistent GFR less than
60ml/min/1.73m2 for three months, along with the presence of proteins in the urine is considered
as a sign of CKD (KDIGO, 2012).
Diabetes and hypertension are the major risk factors associated with CKD (Anand et al., 2014;
Kearney et al., 2005; Wild et al., 2004). High blood pressure results in thickened and narrowed
blood vessels, which can cause damage to the blood vessels of the kidney, resulting in damage to
the glomerular filtration barrier. Diabetes causes damage to the glomerular filtration barrier
resulting in the presence of proteins in the urine (Mogensen and Christensen, 1984; Viberti et al.,
1982). End Stage Renal Disease (ESRD) is the final stage of CKD, where kidneys are completely
nonfunctional, and a kidney transplant or dialysis are the only two treatment options available.
Chronic kidney disease and consequent ESRD are primary causes of public health concern
worldwide (Ayodele and Alebiosu, 2010). In 2013 it was reported that ~200 million individuals
suffered from ESRD globally with a growth rate of ~7% annually, which is more than the annual
population growth rate worldwide (Roggeri et al., 2014). According to the Canadian Institute for
Health Information (CIHI), more than 37,000 Canadians (excluding Quebec) were living with
2

ESRD in 2017, 61.70% of those patients were also diagnosed with diabetes (CIHI, 2017). Every
year this number is increasing, which is alarming and provides a justification for further research
towards our understanding of kidney disease and development. The five-year survival rate for
patients with ESRD on dialysis in Canada is not encouraging, with the survival rate being very
low for older patients with diabetes. (Table 1.1) (CIHI, 2017).
Table 1.1: 5-year survival rate in end-stage kidney disease patients on dialysis in Canada.
Data is from 2008-2017 (Excluding Quebec, Data from Quebec is not included due to
significant under-reporting between 2011 and 2017) (Source: CIHI 2017 report)
Age

Survival rate

18-64 (No diabetes)

73.4%

18-64 (Diabetes)

52.8%

65+ (No diabetes)

38.6%

65+ (Diabetes)

36.1%

The financial burden due to ESRD on the Canadian healthcare system is very high (~$100,000 per
year for each patient) (Manns et al., 2007). This data indicates that hemodialysis costs ~ CAD 2.5
billion/year to the Canadian healthcare system in order to treat 0.06% of the Canadian population
(Manns et al., 2007). Data from the 2004 survey report suggests that hemodialysis is the most
common treatment available worldwide (89% of all dialysis patients), and ~11% of all dialysis
patients undergo peritoneal dialysis (Grassmann et al., 2005).
The World Health Organisation (WHO) concluded that kidney diseases were responsible for ~39
million deaths between 2000-2016, which represents 1.5% of the total number of global deaths
during that same period (World Health Organization, 2016). The WHO also ranked kidney
diseases 18th on the list of diseases associated with a total number of global deaths (World Health
Organization, 2016). Hemodialysis and peritoneal dialysis have a significant economic burden on
the healthcare system and are a recognised psychological burden for patients (Manns et al., 2007).
Dialysis procedures take several hours (sometimes daily) and affect the overall working capacity
and quality of life of those affected individuals and their families. If left untreated ESRD can lead
3

to coma, seizure and death. In developed countries, ESRD treatment accounts for ~2-3% of the
total healthcare expenditures; but ESRD patients comprise only 0.02-0.03% of the total population
(Manns et al., 2007).
Congenital anomalies of the kidney and urinary tract (CAKUT) are the most common cause of
childhood ESRD and comprise approximately 23% of all prenatally diagnosed malformations and
50% of ESRD in children (Loane et al., 2011). Most of the CAKUT are variable in phenotype and
can affect the kidney alone or involve the lower urinary tract. There are different types of
developmental abnormalities ranging from renal agenesis (complete absence of kidneys), renal
hypoplasia (abnormally small kidneys with a low number of nephrons) and renal dysplasia
(maldifferentiation of renal tissue) each associated with a decrease in nephron number. CAKUT
are the most important causes of renal failure in children, resulting from defects in kidney
development. As up to 80% of CAKUT cases currently have no known molecular basis, there is
an urgent need of understanding the molecular pathogenesis of CAKUT (Nicolaou et al., 2015).
Many forms of CKD begin early in life, resulting from some defects in developmental
programming. Epidemiological and experimental studies have shown that environmental insults
(maternal undernutrition, high salt or low salt intake, ethanol consumption, drug use during
pregnancy, diabetes) interfere with the development of kidney and makes the subject vulnerable
to CKD (Reviewed in Tain and Hsu, 2017; White et al., 2009).
Nephron endowment is dependent on branching morphogenesis in the kidney, and any defect due
to environmental insults in this process may lead to low nephron endowment. CAKUT are
characterized by low nephron endowment (Tain et al., 2016). Low nephron endowment leads to
hypertension, and then a vicious cycle of further nephron loss continues (Bertram et al., 2011),
which leads to CAKUT. CAKUT is a significant cause of CKD in children (Ingelfinger et al.,
2011).
Researchers are now focusing on these early life insults and reprogramming strategies as
4

therapeutic approaches in CKD treatment (Reviewed in Tain and Hsu, 2017). However, in order
to use reprogramming strategies, a better understanding of the mechanism in the kidney
development that leads to kidney diseases is essential. This knowledge of faulty programming
mechanisms will help in developing early interventions which aim to prevent CKD.
Neither dialysis nor kidney transplant focuses on repairing kidney damage; instead, these
treatments focus on improving the quality of life of patients by restoring kidney function. Taken
together, these facts emphasize the need to continue to expand our understanding of normal kidney
development, which may lead towards alternative approaches that will someday focus on repairing
kidney damage.
1.1. The structure and function of the kidney
The kidney is composed of epithelial, stromal and mesangial cells (Little and McMahon, 2012).
Structurally, within the fibrous renal capsule outer layer, the kidney is divided into two parts; the
peripheral cortex, and the innermost medulla (Figure 1.1) (Davidson, 2009).

Figure 1.1: The mammalian kidney (Davidson, 2009; used with permission),
The human kidney is composed of three layers: the outer fibrous renal capsule, the
peripheral renal cortex and the innermost renal medulla. The medulla is arranged in
5

multiple pyramidal structures which when combined with renal cortex forms renal lobes
(red box). The nephrons which are functional units of the kidney are found within the renal
cortex and renal medulla. Urine is collected from each pyramid tip and enters a calyx that
empties into the renal pelvis. The nephron is composed of a glomerulus enclosed in a
Bowman's capsule; the glomerulus is composed of different cell types including podocytes,
(shown in green). Podocytes and other components of the glomerulus selectively retain large
macromolecules in the blood. The filtrate is then passed through the tubular part of the
nephron, where other components of the filtrate such as water, minerals and vitamins are
reabsorbed into the blood. Finally, urine is formed from the remaining filtrate, and emptied
into the renal pelvis via the collecting duct. (Adapted from Davidson, 2009).
The functional unit of the kidney is the nephron (Chai et al., 2013; McMahon, 2016). The human
kidney is comprised of ~200,000 –1.8 million nephrons (Bertram et al., 2011; Hughson et al.,
2003), and the mouse kidney is comprised of ~ 7000 – 20,000 nephrons (Cebrian et al., 2004;
Zhong et al., 2012).
The nephron is composed of a renal corpuscle (a tuft of capillaries called the glomerulus enclosed
within Bowman’s capsule) and a renal tubule (Davidson, 2009). The renal tubule consists of six
different sub-parts which participate in the reabsorption of essential components (e.g. glucose,
amino acids, and vitamins) from the glomerular ultrafiltrate back into the bloodstream. These six
parts are; the proximal convoluted tubule, the proximal straight tubule, the loop of Henle, the distal
straight tubule, the distal convoluted tubule and the connecting tubule (Davidson, 2009) (Figure
1.1). An essential function of the kidney is to excrete metabolic waste from the body in the form
of urine. Urine is liquid metabolic waste formed in the kidney consisting primarily of water, salts
and urea. Filtration, reabsorption and secretion are three steps through which urine is formed, and
metabolic waste is removed from the blood. Failure to eliminate metabolic waste from the blood
results in accumulation to toxic levels, which can result in illness and ultimately death.
Each nephron has a proximal and a distal end. The glomerular filtration barrier (GFB) present at
the proximal end of the nephron acts as the first point of blood filtration. The GFB is composed of
6

a very specialised set of cells, which maintains considerable size and charge selectivity for proteins
and large molecules. Damage to the GFB results in the presence of proteins in the urine
(proteinuria), which is a indication of kidney disease. The barrier is composed of fenestrated
endothelial cells, the glomerular basement membrane (GBM) and the slit diaphragms that extend
between podocyte foot processes. Podocytes are specialised epithelial cells, which cover
capillaries with their interdigitated foot processes to form filtration slits. Filtration slits are covered
by a unique type of membrane called a slit diaphragm (Quaggin and Kreidberg, 2008). The slit
diaphragms and podocyte foot processes form the final barrier for filtration of macromolecules.
The GFB is the place where critical components (mostly high molecular weight proteins such as
globulin) are retained in the blood, while small solutes such as calcium, phosphorous and
metabolic waste are filtered from the blood to form the ultrafiltrate.
Reabsorption from the ultrafiltrate occurs as the fluid passes into the tubular parts of the nephron,
where essential small molecules such as water and vitamins are reabsorbed into the blood.
Retention of small molecules is necessary for the maintenance of homeostasis. The renal tubules
are responsible for reabsorbing ~99% of the glomerular ultrafiltrate including electrolytes and
water. The final step in urine formation involves secretion, in which any other substances not
absorbed from the ultrafiltrate are transferred to the collecting duct such as hydrogen ions,
creatinine, and urea. The urine that is formed then passes from the collecting duct into the renal
pelvis and ureters to the bladder (Davidson, 2009). Normal functioning of the nephron is necessary
to maintain homeostasis; abrogation of this function results in various kidney disorders.
The progression of kidney damage is marked by the rise of two compounds in the blood, which
are creatinine and urea (Zuo et al., 2008; Miller et al., 2005; Rosner and Bolton, 2006). Creatinine
is a waste product generated from normal muscle activity (Zuo et al., 2008), and urea is metabolic
waste produced from the breakdown of proteins (Miller et al., 2005). Both of these waste products
are removed from the blood by the kidney. However, kidney disease results in the inability of the
7

kidney to filter them out, and creatinine and urea levels in the blood increase. Elevated levels of
creatinine and urea in the serum are considered one of the indications of kidney disease (Reviewed
in Gowda et al., 2010).
The nephron is an essential component of the kidney, and many diseases of the kidney involve an
abnormal development or dysfunction of this filtration barrier, resulting in proteinuria (Barratt and
Topham, 2007; Miner, 2011; Peterson et al., 1995). Proteinuria is either due to inherited or
acquired causes. A greater understanding of the process of nephron formation during kidney
development is therefore vital in the context of understanding kidney diseases.
Even small deviations during kidney development, which is a complicated and tightly regulated
process, can result in various kidney diseases. There remain knowledge gaps in these tightly
regulated processes. Addressing these knowledge gaps in kidney development will provide a
foundation for researchers to design potential therapies (e.g. kidney stem cell-based research) and
identify potential therapeutic targets for future kidney disease treatments.
1.2. Kidney development
Much of what we know about mammalian kidney development has been studied using transgenic
animal models (McMahon, 2016). Even though most of the major events involved in generating a
fully functional kidney are now known, the scientific community continues to work toward
identifying the intricacies of the molecular pathways and cellular networks involved in kidney
development.
Developmentally, kidneys and the reproductive tract are formed from the intermediate mesoderm
(IM). Signalling mechanisms from the paraxial and lateral plate mesoderm begin the process of
kidney development by inducing a region of the intermediate mesoderm to express kidney-specific
markers such as Lim1 and Pax2 (Dressler, 2006; Kuure et al., 2000). Kidney development proceeds
through three stages; of which the first two (pronephros and mesonephros) are transitory, giving
rise to the third stage, the metanephros, which is the permanent kidney (Davidson, 2009). The
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earliest stage of kidney development, i.e. formation of the pronephros along with its duct, starts
approximately on a gestational day (GD) 22 in humans, and embryonic day 11 (E11) in the rat and
E8 in the mouse (Davidson, 2009; Kuure et al., 2000). In humans, metanephric kidney
development commences at ~5 to 6 weeks after fertilization (~E10.5 in mice), and nephrogenesis
finishes by ~36 weeks of gestation (postnatal day 7-10 in mice) (Seely, 2017). Once nephrogenesis
is complete new nephrons are not added to the kidney; for this reason, a better understanding of
embryonic kidney development is critical in the context of CKD. CAKUT are characterized by
defects in nephrogenesis which also leads low nephron endowment and defects in ureteric bud
branching. Recent developments in molecular biology techniques have allowed us to increase our
understanding of the molecular pathways involved in kidney development. Still, the exact
molecular pathogeneses involved in CAKUT are not completely understood. Therefore, there is a
continued need for fundamental research to better understand nephrogenesis and kidney
development.
1.2.1. Pronephros and Mesonephros
The first stage of mammalian kidney development (i.e. pronephros) begins at E8 in mice when the
nephric/Wolffian duct forms from the nephrogenic cord (Dressler, 2006; Kuure et al., 2000; Mauch
et al., 2000). The nephric duct grows caudally towards the cloaca, and the anterior region of the
nephric duct induces the adjacent nephrogenic cord to form the pronephric tubules (Bouchard et
al., 2000). The pronephros degrades when the mesonephros, which is the second stage of kidney
development, starts to form (Figure 1.2).
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Figure 1.2: Two temporary structures, the pronephros and the mesonephros, give rise to
the metanephros, which will form the mature kidney (Gilbert, 2000; used with permission).
The pronephros is the earliest structure to form when the nephric duct forms from the
nephrogenic cord. The nephric duct grows caudally towards the cloaca and induces cells of
the nephrogenic cord to form the pronephros. The pronephros and mesonephros degenerate
and ultimately the metanephric mesenchyme remains (shown as the population of red cells).
The metanephric mesenchyme is invaded by the ureteric bud, and the final stage of kidney
development begins. (Adapted from Gilbert, 2000).

The next stage is the formation of the mesonephric tubule from the mesenchyme adjacent to the
nephric duct. These mesonephric tubules differentiate into nascent filtration structures (Dressler,
2006; Sainio and Raatikainen-Ahokas, 1999). Once the final process of kidney development
begins, the mesonephros degenerates (Gilbert, 2000).
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1.2.2. Metanephros and sequential steps of glomerular development
Metanephric kidney development begins at ~E10.5 in mice. On this day outgrowth of the Wolffian
duct (WD) begins as a ureteric bud (UB) which invades a surrounding population of metanephric
mesenchyme (MM) cells. Further development of a kidney involves reciprocal inductive
interactions between UB and MM. These interactions involve different secreted signals and the
induction of transcription factors. Glial cell derived neurotrophic factor (GDNF) signalling from
the MM results in UB branching which undergoes an initial bifurcation followed by iterative
branching and elongation events as it invades the surrounding mesenchyme (Costantini and
Shakya, 2006). These branching processes ultimately form the collecting duct system of the
kidney. In parallel to these events, mesenchymal cells condense and differentiate to form nephron
progenitor cells (NPC) around the tips of newly formed UB branches (Kobayashi et al., 2008;
Kobayashi et al., 2014). These NPC express cell-specific markers such as Six2 (Kobayashi et al.,
2008). With the condensation of the MM, the renal vesicle (RV) is formed, representing the earliest
epithelial structure of the future nephron (Figure 1.3). The inductive signals from the UB not only
lead to a morphological change in the MM but also activates mesenchymal to epithelial transition
(MET) (Dressler, 2006) in the MM. MET results in the formation of the RV from the MM. After
the initial condensation of the RV, the comma-shaped body is formed (not shown in Figure 1.3).
The formation of a cleft in the more distal part of the comma-shaped body leads to the formation
of the next stage of development, the S-shaped body (Dressler, 2006), and ultimately forming the
mature nephron (Figure 1.3).
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Figure 1.3: Sequential steps of nephrogenesis (Dressler, 2006; used with permission)
Ureteric bud invades a population of mesenchymal cells and induces MM cells. This
induction leads to the aggregation of condensed mesenchyme cells around the UB tips (shown
as the population of green cells). These aggregates of cells undergo MET under the signalling
mechanism from the UB and form RV. UB undergoes iterative branching and at each branch
tip point aggregates of condensed mesenchyme cells form. The unpolarized population of
stromal cells migrate into the interior part of the developing kidney. After RV formation the
next stages of nephrogenesis begin. As S-shaped bodies are formed, the proximal and distal
part of the nephrons are defined. Invasion of endothelial cells begins at this stage, which
marks the beginning of glomerulogenesis. (Adapted from Dressler, 2006).

Cells directly adjacent to the cleft of the S-shaped body are specified toward the podocyte
population, whereas cells in the more distal region of the S-shaped body will give rise to the
proximal tubule. At this stage of glomerular development, paracrine signalling is critical: vascular
endothelial growth factor (VEGF) secreted by immature podocytes attract endothelial cell
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progenitors to migrate into the S-shaped body cleft (Kitamoto et al., 1997; Tufro et al., 1999).
These endothelial cells form the glomerular tuft.

Figure 1.4: Sequential steps of glomerular development (Dressler, 2006; used with
permission)
Different stages of glomerular development are depicted in this figure. a) After endothelial
cells migrate to S-shaped bodies, a vascular tuft is formed. b) Podocytes precursors (also
called visceral epithelial cells) contact the endothelial cells, and they start to differentiate. c)
The GBM formed at the boundary of podocytes and endothelial cells. d) The mature
glomerulus cross section depicting capillary endothelial cells, mesangial cells, GBM and
podocytes. High magnification electron micrograph of a cross-section through the GBM
(right) depicting interdigitated podocytes foot processes. (Adapted from Dressler, 2006).

Signalling between podocytes and endothelial cells leads to the formation of the GBM, which is a
highly specialized extracellular matrix (ECM) support structure that is part of the glomerular
filtration barrier (Chai et al., 2013). The GBM is a very dynamic structure composed of four
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macromolecules: laminin, collagen type IV, nidogen and heparan sulphate. Although the primary
function of the GBM is to give structural support to the cells of the glomerulus, it also plays a role
in cell signalling.
Ongoing maturation finally leads to the fully developed glomerulus, consisting of four highly
specified cell populations represented by the fenestrated endothelium, mesangial cells, podocytes
and the parietal epithelial cells of Bowman’s capsule (Figure 1.4) (Dressler, 2006). The glomerulus
acts as a highly developed vascular bed that functions in filtration (Quaggin and Kreidberg, 2008).
The capillary endothelial cells form a fenestrated capillary tuft, which can allow proteins and fluid
to pass through the endothelial wall (Quaggin and Kreidberg, 2008). The glomerular tuft is
structurally supported by mesangial cells, which provide elasticity to the capillary tuft and secrete
extracellular matrix (Dressler, 2006). Mesangial cells also regulate blood flow by dilating or
constricting capillaries (Fogo and Kon, 2010). The GBM separates the endothelial and mesangial
cells from the urinary space. The GFB maintains normal renal function by regulating a specific
pore size so that molecules smaller than 5000 daltons can pass through the filtration barrier
entering the urinary space as ultrafiltrate (Fogo and Kon, 2010; Quaggin and Kreidberg, 2008).
Damage to the glomerular filtration barrier can ultimately lead to acute or chronic renal failure
(Quaggin and Kreidberg, 2008).
Many markers are known to identify each stage of nephrogenesis. MM cells have self-renewal as
well as differentiation capacity; therefore, fate specification occurs in MM cells characterized by
a division into either Foxd1 or mainly Six2 positive progenitors (Figure 1.5) (Little and McMahon,
2012). The Six2 positive population of cells from the cap mesenchyme forms the mature nephron.
Therefore an understanding of the signalling mechanism and fate specification happening in the
cap mesenchyme is vital regarding nephrogenesis. Foxd1 positive populations will give rise to
several different cell types such as pericytes, mesangial cells or renal interstitium cells (Little and
McMahon, 2012). Importantly, all epithelial cell types of the nephron are formed from the Six2
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positive nephron progenitor population (Faa et al., 2012; Little and McMahon, 2012).

Figure 1.5: Lineage relationship during sequential steps of glomerular development
(Adapted from Little and McMahon, 2012).
The nephric duct (epithelial structure) and metanephric mesenchyme (mesenchymal
structure are derived from the intermediate mesoderm population. The Uretreric bud
derived from nephric duct forms the collecting system of the kidney Condensation of Cap
mesenchyme cells around UB is one of the earliest stage of the nephrogenesis; these cells
specifically express Six2. (Adapted from Little and McMahon, 2012).
1.3. Diseases of the kidney
1.3.1. Congenital anomalies of the kidney and urinary tract (CAKUT)
Congenital anomalies of the kidney and urinary tract (CAKUT) are the most common cause of
childhood ESRD. Defects in nephrogenesis and ureteric branching result in CAKUT. CAKUT’s
are characterized by a decrease in nephron number. According to Brenner’s hypothesis, a decrease
in nephron number is associated with adult hypertension (Brenner et al., 1988). This hypothesis is
15

based on a reduced number of nephrons due to a defect in nephrogenesis and this is associated
with later onset of hypertension in adults. Adult hypertension, which affects 73 million North
Americans, is a primary cause of chronic kidney disease (Keller et al., 2003; Reyes and Manalich,
2005). Renal dysplasia, defined as abnormal development of a kidney, can be diffuse, segmental
or focal (Bonsib, 2010). Renal dysplasia is diagnosed during prenatal or childhood years and has
an occurrence of 1 in 1000 (Winyard and Chitty, 2008). There are many forms of CAKUT, but
three congenital anomalies, Denys-Drash syndrome, Frasier syndrome, and WAGR (Wilms’
tumor, Aniridia, Genitourinary abnormalities and mental Retardation) syndrome, are linked to
mutations in the Wilms’ Tumor Suppressor-1 (WT1) gene (Diniz, 2016; Niaudet and Gubler, 2006).
The WT1 gene expresses a transcription factor that has been shown to control the expression of
numerous genes involved in kidney development (Guo et al., 2002; Hartwig et al., 2010; Kann et
al., 2015; Kreidberg and Hartwig, 2008). Mutations in the WT1 gene have been associated with
some forms of Wilms’ tumor, and this gene is expressed throughout kidney development.
1.3.1.1. Denys-Drash syndrome (DDS)
Denys-Drash syndrome is associated with genital and urinary anomalies associated with mutations
in the DNA recognition site of the WT1 gene (Denys et al., 1967; Drash et al., 1970; Zhang et al.,
2018). This mutation results in the formation of Wilms’ tumor, or nephroblastoma, unilaterally or
bilaterally and ultimately results in ESRD by four years of age. The only treatment currently
available is nephrectomy (removal of the kidney) to prevent further development of Wilms’ tumor
( Hu et al., 2004).
1.3.1.2. Frasier syndrome
Frasier syndrome is associated with a heterozygous mutation in intron 9 of WT1 (Niaudet and
Gubler, 2006). It results in a slow progression of glomerulopathy, leading to proteinuria and
nephric syndrome in the second decade of life followed by ESRD (Niaudet and Gubler, 2006).
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Unlike Denys-Drash syndrome, in which Wilms’ tumor develops by the age of one, Frasier
syndrome begins early in childhood and the growth of the tumor progressively increases with age
throughout adulthood (Guaragna et al., 2012). In some cases, male to female sex reversal occurs
in pediatric Frasier syndrome patients with the 46, XY karyotype (Guaragna et al., 2012).
Currently, the only treatment available for Frasier syndrome is gonadectomy at an early age to
prevent tumor development (Guaragna et al., 2012; Lee et al., 1999). Genetic screening is also
another option for an early diagnosis.
1.3.1.3. WAGR and Wilms’ tumor
Mutations in the WT1 gene are associated with WAGR syndrome (Call et al., 1990; Gessler et al.,
1990). Renal tumors comprise 7-8 % of all tumors diagnosed in the first 15 years of life, with
~85% of them are Wilms’ tumor (Breslow et al., 1993). Approximately 95% of cases of WAGR
syndrome develop into Wilms’ tumor (Birch and Breslow, 1995). It is characterized by abnormal
development of the renal tissue and associated with undifferentiated metanephric precursors
(Diniz, 2016). The occurrence of Wilms’ tumor is one in 10000 children (Breslow et al., 1993).
1.4. Research on the WT1 gene
The WT1 gene was first identified in 1990, using deletion analysis of the genetic loci in Wilms’
tumor patients (Haber et al., 1990). Since then, numerous studies have been published to evaluate
the role of WT1 in Wilms’ tumor pathogenesis. Germline or somatic mutations in WT1 were found
in ~15% of cases of Wilms’ tumor patients (Charlton and Pritchard-Jones, 2016). The WT1
transcription factor encoded from the WT1 gene is required for normal genitourinary system
development and has a vital role in the differentiation of NPC population (Huff, 1998). Structural
similarity of zinc finger domains with the early growth response gene family (EGRF) indicates
that WT1 has a similar function as a transcriptional activator and regulator (Chau and Hastie, 2012).
Various kidney diseases arising through WT1 mutations, including those described above indicate
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an essential role of WT1 in kidney development and tissue homeostasis. Therefore, it has been
proposed that Wilms’ tumor pathogenesis may be due to defects in the signalling pathway for MM
survival and differentiation (Motamedi et al., 2014). In some cases, WT1 mutations give rise to
glomerulosclerosis which suggests a possible role in the differentiation and maintenance of
specialised kidney cells such as podocytes (Benetti et al., 2010). The exact role of WT1 in Wilms’
tumor is unknown as WT1 gene expression varies throughout kidney development. WT1 is
expressed at a low level in the initial phase of kidney development when mesenchyme is
undifferentiated, and its level increases during MET, when mesenchymal cells condense around
the UB (Hastie, 2017). WT1 is expressed in the later stages of the nephrogenesis.
This WT1 expression correlates with the known functional requirements of WT1 in the kidney. In
humans and mice, WT1 plays an essential role in controlling multiple events during nephrogenesis,
including nephron progenitor survival (Donovan et al., 1999), nephron differentiation and nephron
endowment (Guo et al., 2002; Hu et al., 2011). Homozygous deletion of WT1 in mice results in
complete renal agenesis because the ureteric bud fails to invade the metanephric mesenchyme
(Kreidberg et al., 1993). In order to understand the role of the WT1 transcription factor, Hartwig
et al. (2010) conducted a Chromatin immunoprecipitation (ChIP) coupled to mouse promoter
microarrays (ChIP-chip) experiment to identify functional targets of this gene. From this study,
1663 candidate genes were found which are potential WT1 target genes involved in kidney
development (Hartwig et al., 2010). These include some of the vital genes known to be required
for normal kidney development including Pax2, Sal1, and Bmp7.
1.4.1. Sox4 and Sox11 are WT1 gene targets in the developing kidney
Importantly, these same genome-wide chromatin immunoprecipitation (ChIP) experiments by
Hartwig et al. identified Sry-related high mobility group (HMG) Box (Sox)-4, Sox11 and Sox12 as
WT1 target genes in the developing kidney (Hartwig et al., 2010). Sox4, Sox11, and Sox12
comprise the three members of the SoxC subgroup. SOX transcription factors have critical
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regulatory roles in different developmental processes, such as stemness (Avilion et al., 2003),
neurogenesis (Bergsland et al., 2006; Bhattaram et al., 2010; Cheung et al., 2005; Mu et al., 2017;
Shim et al., 2012), male differentiation (Chaboissier et al., 2004; Koopman et al., 1991; Wegner,
1999), chondrogenesis (Basu-Roy et al., 2010; Nissen-Meyer et al., 2007; Sock et al., 2003;
Wagner et al., 1994), gliogenesis (Episkopou, 2005; Pevny and Placzek, 2005), as well as
development of the neural crest (Hong and Saint-Jeannet, 2005), spinal cord (Thein et al., 2010),
heart (Schilham et al., 1996) and renal collecting duct system (Reginensi et al., 2011).
SOX genes are categorized into subgroups A-H (Schepers et al., 2002) based on the homology of
their DNA-binding domains (Figure 1.6) (Bowles et al., 2000). SOX proteins from different
subgroups share partial identity (< 46%) in their DNA-binding domain (Huang et al., 2013). In
contrast, members from the same subgroup share a high degree of identity (70-95%) both within
and outside their DNA-binding domains (Schepers et al., 2002), thus often exhibiting functional
redundancy in tissues where they are co-expressed.
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Figure 1.6: Division of human SOX proteins in 8 subgroups (Group A-H).
(Castillo et al., 2012; used with permission)
SOX proteins are categorized based on the homology of their DNA binding site (shown as
HMG in the figure). SOXC subgroups (SOX4, SOX11, SOX12) share homology in their DNA
binding region (shown in the red box). The various regions and functional domains are
indicated. CC: Coiled-coil domain; HMG: High-mobility-group box DNA-binding domain;
TAD: Transactivation domain; TRD: Transrepression domain. (Adapted from Castillo et
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al., 2012).

Mutations in several SOX genes result in human developmental anomalies including campomelic
dysplasia (a severe disorder that affects development of the skeleton, reproductive system, and
other parts of the body) (Jain and Sen, 2014) which may present with renal anomalies (SOX9)
(Sock et al., 2004; Wagner et al., 1994), sex reversal and gonadal dysgenesis (SRY) (Gubbay et
al., 1990; Koopman et al., 1991), Waardenburg–Hirschsprung (Southard-Smith et al., 1998) and
Yemenite neurocristopathy syndromes (SOX10) (Bondurand et al., 1999), and CAKUT (SOX17)
(Gimelli et al., 2010). Thus, SOX proteins are critical regulators of development in both humans
and mice, but their role during nephrogenesis is still mostly undefined in vivo.
Hartwig et al. (2010) have demonstrated that 1663 candidate genes were found which are potential
WT1 target genes involved in kidney development. One of the unique observations of this study
was that SOXC genes are transcriptional targets of the WT1. The SOXC subgroup is comprised of
Sox4, Sox11 and Sox12, out of which Sox12 is the weakest transactivator in vitro (Hoser et
al.,2008). When homozygous deletion of Sox12 was done, these mice appeared normal and were
viable and fertile (Hoser et al.,2008). When the study was done to further analyze the effect of
various combinations of SoxC genes (Sox4, Sox11, Sox12) in mice, the loss of Sox12 only slightly
aggravated the phenotype in Sox4, Sox11 or combined Sox4 and Sox11 knockout mice embryos
(Bergsland et al., 2011; Bhattaram et al., 2010; Thein et al., 2010). Therefore, Sox12 appears
dispensable for the development, and several studies examining the role of SoxC genes have
focused only on Sox4 and Sox11. Huang et al. (2013) demonstrated that SoxC genes are expressed
at high levels throughout nephrogenesis, with expression declining upon completion of
nephrogenesis, suggesting they function primarily during nephrogenesis (Figure 1.7). To
understand the function of SoxC genes during nephrogenesis, ablation of Sox4 function in nephron
progenitors and their cellular descendants (Sox4cKO mice) using an established Six2Cre-EGFP
transgenic mouse strain was carried out (Huang et al., 2013). Remarkably, Sox4cKO mice
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developed severe kidney injury within two weeks of birth (Huang et al., 2013), suggesting that
Sox4 is required during nephrogenesis. In addition to a requirement for Sox4 during nephrogenesis,
the total glomerular number was significantly reduced (36% in E17.5 Sox4cKO kidneys and 32%
in P7 kidneys) compared to control (Arsenault et al., 2014). Sox4cKO mice progressed to ESRD
between 5–9 months of age. The glomerular filtration barrier is damaged in Sox4cKO kidneys.

Sox4 expression in E18.5
kidney

Sox11 expression in
E18.5 kidney

Figure 1.7: Expression of Sox4 and Sox11 transcripts in the developing mouse kidney
demonstrated using RNA in situ hybridization. (Huang et al., 2013; used with permission)
RNA in situ hybridization was done in developing kidneys to understand the expression
pattern of Sox4 and Sox11 in the developing kidney. The red arrow indicates Sox4 or Sox11
expression in E18.5 kidney and dotted red line indicates the outline of ureteric bud. This
study suggests Sox4 is strongly expressed in nephron progenitors and the ureteric bud
lineages during early renal development as shown at E18.5 (G’) (arrowheads), while Sox11
is expressed strongly in pretubular aggregates (H’) (arrowheads) (Adapted from Huang et
al., 2013).

Research done by Neirijnck et al. (2018) has demonstrated that Sox11 also has a key role in kidney
development. GDNF is secreted by MM cells; it acts as inductive signal that initiates UB branching
from the Wolffian duct. The UB ultimately invades a population of MM cells, and iterative
branching of the UB forms the collecting system of the kidney. If the UB induction does not occur
it leads to renal agenesis (Davis et al., 2014) and ectopic signalling leads to duplex kidney
formation (where two separate outgrowth from Wolffian duct invade a single MM population and
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results in a kidney with a duplicated collecting system) which is associated with hydronephrosis
(swelling of the kidney when urine does not pass to the bladder from the kidney due to blockage)
(Grieshammer et al., 2004; Kume et al., 2000). Therefore, controlled expression of GDNF is
required during kidney development. Research done by Neirijnck et al. (2018) has demonstrated
that Sox11 is a critical regulator of kidney development by restricting GDNF-Ret expression to the
caudal region of the nephrogenic cord. The same study suggested deletion of Sox11 results in
duplex kidney formation. Sox11 is expressed in the early stage of development before NPC
formation and in the later stages of nephrogenesis (Neirijnck et al., 2018). Sox11 is expressed in
mesenchymal as well as in epithelial tissue of the developing kidney (Neirijnck et al., 2018). The
same research group (Neirijnck et al., 2018) identified patients suffering from CAKUT with a rare
Sox11 mutation suggesting Sox11 has a crucial role in the development of the kidney.
1.5. Rationale
Overlapping SoxC expression patterns are detected in multiple tissues during embryonic
development, suggesting genetic redundancy within this family (Dy et al., 2008; Hoser et al., 2008;
Schilham et al., 1996). Sox4 and Sox11 have an independent and essential role in lung and nervous
system development which has been demonstrated in vivo (Castillo et al., 2012; Hong and SaintJeannet, 2005). Sox4-/- mice die before E14 due to the failure of myocardial development (Schilham
et al., 1996). Sox11-/- mice die shortly after birth, with similar but less severe heart malformations
than Sox4-/- embryos and exhibit other defects in organogenesis (Sock et al., 2004). Analysis of
homozygous deletion of both Sox4 and Sox11 demonstrates genetic redundancy between Sox4 and
Sox11 during early organogenesis. Analysis of compound Sox4-/- and Sox11-/- null embryos
demonstrate massive cell death and reduced rates of proliferation in mesenchymal and neural
progenitor cells. These data indicate that Sox4 and Sox11 act partially redundantly to control neural
and mesenchymal progenitor cell self–renewal and survival during organogenesis in vivo
(Bergsland et al., 2011; Bhattaram et al., 2010; Thein et al., 2010). Sox4-/-; Sox11+/- (complete
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absence of Sox4 and having a single allele of Sox11) embryos exhibit more severe phenotypic
abnormalities than Sox4+/-; Sox11-/- (having a single allele Sox4 and complete absence of Sox11)
embryos in early organogenesis, and are almost as severely affected as Sox4-/- ; Sox11-/- (complete
absence of Sox4 and Sox11) embryos in vivo (Bergsland et al., 2011; Bhattaram et al., 2010; Thein
et al., 2010). Data from these studies suggest that in tissues co-expressing both Sox4 and Sox11,
Sox4 may play a more significant role in the early developmental processes, while Sox11 may
function more strongly in later stages of development in vivo (Bergsland et al., 2011; Bhattaram
et al., 2010; Thein et al., 2010). Huang et al. (2013) indicated a similar observation of distinct
expression patterns of Sox4 detected in early nephrogenic structures, with higher Sox11 expression
in more mature nephrogenic structures (Figure 1.8). Together, these data suggest that Sox4 and
Sox11 may function non-redundantly to control early and late aspects of nephrogenesis,
respectively, in vivo (Huang et al., 2013). Homozygous deletion of both Sox4 and Sox11 (Sox4-/Sox11-/-) specifically in the NPC or other kidney cells have not been studied in vivo, due to early
embryonic lethality (E9.5) before the onset of kidney development, thus precluding analysis of
renal development in these animals.
In summary, Sox4 and Sox11 play overlapping essential roles in mesenchymal and neuronal
progenitor’s differentiation during organogenesis in vivo. Research in the Hartwig lab (2013) has
demonstrated that Sox4 is essential for kidney development. Research done by Neirijnck et al.
(2018) has demonstrated using mouse models that Sox11 gene disruption causes CAKUT and
mutations in Sox11 is one of the predisposing factors for CAKUT. Their study has suggested that
Sox11 plays a critical role in kidney development by restricting the GDNF/Ret signalling
mechanism to the caudal region of the nephrogenic cord, and Sox11 disruption result in duplex
kidneys.
Sox11 is highly related to Sox4, but the role of Sox11 in NPC survival and differentiation, as well
as the combined functions of Sox4 and Sox11 in the kidney have not been previously investigated.
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In order to overcome the issue of early embryonic lethality associated with the double Sox4/Sox11
knock-out, tissue-specific Six2Cre deletion strategies in conditional-loss-of-function (knock-out)
embryos were used to define Sox11 and Sox4/Sox11 function during kidney development in vivo.
1.6. Hypothesis and Research Aims
The hypothesis is that Sox11 either independently or in cooperation with Sox4 controls
nephrogenesis in vivo. This research focusses on defining the role of Sox11 and combined
Sox4/Sox11 during renal development in vivo, with a particular focus on nephron progenitor
differentiation.
Research aims
1) To evaluate the role of Sox11 in nephron progenitor cells (NPC) using a conditional
deletion strategy.
2) To evaluate the role of both Sox4 and Sox11 together in NPC using a conditional deletion
strategy.
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2. Materials and Methods
2.1. Mouse Strains
2.1.1. Animal housing and manipulation
All animal housing and experiments were carried out in accordance with the Canadian Council on
Animal Care guidelines through the Animal Care Committee at the Atlantic Veterinary College,
University of Prince Edward Island. The food and water were provided ad libitum. A 12-hour light
and dark cycle was followed, in which animals were kept under light between 6:00 AM to 6:00
PM and in the dark between 6:00 PM till 6:00 AM. CD1 female mice (Charles River Laboratory,
Boston, USA) were used for maintenance mating with all mouse lines. When male and female
mice were crossed for the study, visual identification of a vaginal plug the next morning was used
as the indicator of mating, which was classified as E0.5. Postnatal Day (P)0 (~E19) was the date
of birth for the newborn pups, and on P21 pups were weaned and separated into cages according
to sex. A small part of the distal tail was collected at P0 and P21 from either male or female mice,
and genotyping PCR was done to select mice according to the genotype needed for the study.
During the course of the study, if mouse pups were found dead, a small part of the distal tail was
collected for genotyping PCR and other organs were harvested for post-mortem study. The process
of collection of tissue and genotyping PCR is described in section 2.2.
Only male mice were used for this study as the experimental units and control units. Research has
shown that the incidence of End Stage Renal Disease (ESRD) is approximately 50% higher in men
than women (Reviewed in Si et al., 2009). In some models of chronic renal diseases (hypertension,
renal ablation models and polycystic kidney models), males show the accelerated progression of
renal injury (Cowley et al., 1999; Baylis et al., 1994). Hormone manipulation research has shown
that testosterone may promote the progression of renal diseases and female hormone such as
estradiol may slow their progression (Joles et al.,1998; Elliot et al., 2007). The estrous cycle in
females may also lead to variations in the results.
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Control and experimental littermates were housed together in the same cages in the facility. All
mice with a conditional deletion of Sox11 in NPC (hereafter referred to as Sox11cKO) and the
control group were weighed weekly from P21 as an indicator of health. The weighing was done
until the end of the long-term study (8-10 months). Mice were closely observed for any behavioural
changes (movement inside the cage or for any aggressive behaviour) or changes in physical
appearance according to guidelines (Burkholder et al., 2012).
Weight loss greater than 10% of body weight was considered to be an indicator of animal health
deterioration. As described by Burkholder et al., any animal showing signs of reduced health status
(weight loss or from fighting) was removed from the group housing and housed individually and
monitored closely for the remainder of the study (Burkholder et al., 2012).
2.1.2. Euthanasia and collection of tissues
Mice were collected according to the correct genotype, and were euthanized at each time point of
the study (i.e.P0, P14 days, P21 days, six months, eight months and ten months) according to the
Canadian Council on Animal Care (CCAC) guidelines (Canadian Council on Animal Care in
science, 2010). The number of mice used for each study are described in table 3.2 and 3.3 in the
results section.
Mice were euthanized by placing them individually in a closed plastic chamber, which was then
gradually filled with CO2. The gradual fill rate was less than 30% and greater than 20% of the
chamber volume per minute. Animals slowly lost consciousness, and cervical dislocation was
performed following CO2 overdose. Kidneys were immediately dissected and fixed overnight in
10% neutral buffered formalin (NBF). Kidney histopathology was evaluated by a board-certified
veterinary pathologist (American College of Veterinary Pathologists).
2.1.3. Generation of conditional knockout animal
2.1.3.1. Generating transgenic mice having a conditional knockout of Sox11 in nephron
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progenitor cells (NPC) (Sox11cKO)
Sox11Fx/+ mice were obtained as a generous gift from Dr. Veronique Lefebvre (Department of
Cellular and Molecular Medicine, Orthopedic and Rheumatologic Research Center, Cleveland
Clinic Lerner Research Institute, Cleveland). These transgenic mice have one allele of the entire
open reading frame (ORF) of the Sox11 gene flanked with LoxP sites (Jiang et al., 2013). In order
to conditionally knockout Sox11 from NPC, the nephron progenitor cell-specific promoter, Six2
was used to drive the expression of Cre recombinase. Cre recombinase expression is expected to
result in recombination of the two LoxP sites and removal of the Sox11 coding sequence.
The following strategy was used to generate the required experimental mice. First Six2Cre+ BAC
transgenic male mice (Kobayashi et al., 2008) were crossed with Sox11Fx/Fx female mice (Jiang et
al., 2013). Polymerase chain reaction (PCR) was used to identify the correct male mice which were
the Six2Cre+ Sox11Fx/+ genotype. These males were again crossed with Sox11Fx/Fx female mice to
generate the desired genotype (Six2+ Cre+; Sox11Fx/Fx) (Figure 2.1). Please refer to Table 2.1 for a
detailed description of the different transgenic mice used in the study. Figure 2.1 describes the
strategy used to generate experimental animals.
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Figure 2.1: A breeding strategy used to generate Sox11 conditional knockout in NPC.
Experimental animals: Sox11cKO: Six2Cre+; Sox11Fx/Fx,
Control animals: Six2Cre-; Sox11Fx/Fx
Pink circles represent females, blue squares represent males, blue diamonds represent experimental
animals and control animals, and curved arrows indicate maintenance mating.
2.1.3.2. Generating transgenic mice having a conditional knockout of both Sox4 and Sox11
in NPC (Sox4/Sox11cKO)
In these mice, Sox11 was conditionally deleted as described above. For the Sox4Fx/- conditional
knockout mice, one allele was genetically modified by insertion of the neomycin
phosphotransferase gene (Neo cassette) into the coding region to make it inactive as described
previously (Schilham et al., 1996). The other allele contained LoxP sites flanking the entire coding
region of Sox4, which allowed Cre recombinase to remove Sox4 (Penzo-Mendez et al., 2007).
To generate the conditional knockout of both Sox4 and Sox11 the following strategy was used.
First Six2Cre+ male mice were crossed with Sox4+/- females to generate Six2Cre+; Sox4+/- male
mice. These males were crossed with Sox11Fx/Fx females to generate Six2Cre+; Sox4+/-; Sox11Fx/+
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male mice. Then these male mice were crossed with Sox4Fx/Fx; Sox11Fx/Fx females to generate the
desired genotype males for the study (Six2Cre+; Sox4Fx/-; Sox11Fx/Fx) (hereafter referred to as
Sox4/Sox11cKO) (Figure 2.2 and Table 2.1). Genotyping PCR was performed at every stage of the
mating strategy to confirm genotypes (Figure 2.2). Figures 2.2 describe the strategy used to
generate experimental animals.

Figure 2.2: A breeding strategy used to generate Sox4/Sox11 conditional knockout in NPC.
Experimental animals: Sox4/Sox11cKO: Six2Cre+; Sox4Fx/-; Sox11Fx/Fx
Control animals: Six2Cre-; Sox4Fx/+; Sox11Fx/Fx
Pink circles represent females, blue squares represent males, blue diamonds represent
experimental animals and control animals, and curved arrows indicate maintenance mating.
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Table 2.1.: Transgenic mouse lines used in the current study
Mouse lines
Six2 Cre+

Description
Cre recombinase expressed in the NPC. Cre recombinase
gene expression is driven by the Six2 Promoter (Kobayashi
et al., 2008).

Sox11Fx/+, Sox11Fx/Fx

A mouse line carrying either one or two alleles of Sox11 ORF
flanked with LoxP sites (Jiang et al., 2013)

Six2Cre+;Sox11Fx/+

A mouse line expressing Cre recombinase in NPC and having

or

only one or two alleles of Sox11 ORF flanked with LoxP sites.
Six2Cre+;Sox11Fx/Fx
Sox4+/-

A mouse line carrying one nonfunctional allele due to
insertion of the neomycin phosphotransferase gene (Neo
cassette) into the coding region to make it inactive as
previously described (Huang et al., 2013; Schilham et al.,
1996).

Six2Cre+; Sox4+/-

A mouse line expressing Cre recombinase in NPC and
carrying one nonfunctional and on the functional allele of
Sox4 as described above (Huang et al., 2013).

Sox4Fx/Fx;Sox11Fx/Fx

A mouse line having both alleles of Sox4 ORF flanked by
LoxP sites and Both alleles of Sox11 flanked by LoxP sites.

Six2Cre+;Sox4+/;Sox11Fx/+

A mouse line expressing Cre recombinase in NPC and
carrying one nonfunctional allele as described above and one
functional allele of Sox4 and one allele of Sox11 ORF flanked
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by LoxP sites.
Six2Cre+;Sox4Fx/;Sox11Fx/Fx

A mouse line expressing Cre recombinase in NPC and
carrying one nonfunctional allele of Sox4, with the other allele
flanked by LoxP sites and both alleles of the Sox11 ORF
flanked by LoxP sites. This mouse line does not have Sox4 and
Sox11 expression specifically in the NPC population.

2.2. Genomic DNA Extraction and Genotyping PCR
2.2.1. Genomic DNA Extraction
Depending on the needs of the breeding strategy, distal tails were collected from either male or
female mice. The tissue was placed in a microfuge tube with 297.5 µl lysis buffer (Appendix 1)
and 2.5 µl Proteinase K (20 mg/ml) (New England Biolabs, Massachusetts, USA). The tails were
vortexed and then incubated at 55º C overnight (14-16 hours). The following day, DNA was
isolated and purified by alcohol precipitation using an in-house optimized protocol. Briefly, the
overnight digested tail was vortexed and centrifuged (Eppendorf centrifuge 5804R, Hamburg,
Germany) at 20817 x g at 4º C, and the supernatant transferred to a new tube. The supernatant was
mixed with 300 µl of 100% isopropanol, and DNA precipitated. The DNA precipitate was then
washed with 500 µl of 70% ethanol (EtOH). DNA was resuspended and stored in 200-300 µl TrisEDTA (TE) buffer (Appendix 1) at 4º C. The purity of the DNA was determined by measuring the
absorbance at 260 nm and 280 nm on the Nanodrop-ND1000 Spectrophotometer (ThermoFisher
Scientific INC., Massachusetts, USA). An absorbance ratio of ~1.8-2.0 was considered pure for
the DNA.
2.2.2. Genotyping PCR
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Genotyping PCR primers were designed using previously published research (Penzo-Mendez et
al., 2007; Sock et al., 2004) and primers used previously in the Hartwig lab (Huang et al., 2013).
Conditions and primers used for PCR genotyping are described in Tables 2.2 and 2.3 respectively.
Briefly, 5 µl of DNA (50 -150 ng/µl) was added to the PCR master mix (master mix composition
varied according to the type of the PCR reaction, see Appendix 1). PCR was performed on a C1000
Touch™ thermal cycler (Bio-Rad Laboratories Inc., CA, USA). PCR amplicons were
electrophoresed in 2% Agarose gel (ThermoFisher Scientific INC., Massachusetts, USA) using
the Bio-Rad PowerPac™ (Bio-Rad Laboratories INC, CA, USA) for approximately 30-60 minutes
at 90-120V. Invitrogen™ ultrapure™ ethidium bromide (10mg/ml) (ThermoFisher Scientific Inc.,
Massachusetts, USA) was used as the fluorescent marker. DNA bands were visualized by UV light
in the Kodak Image Station 440 CF (Kodak Life Sciences). For each gel, a 100 bp DNA reference
ladder (New England Biolabs, Massachusetts, USA) was used to determine the size of the
amplicons (Table 2.2).
Table 2.2.: Primers used for genotyping PCR
Primer

Sequence

Cre-Forward

5’-ATGTCCAATTTACTGACCGT-3

Cre-Reverse

5’-CGCCGCATAACCAGTGAAAC-3’

Sox11
Forward

5’TTCGTGATTGCAACAAAGGCAGAG3’

Sox11
Reverse

5’GCTCCCTGCAGTTTAAGAAATCGG3’

Sox4floxForward

5’-GAAGGAGGCGGAGAGTAGACGG3’

Sox4flox-

5’-
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Annealing
temperature

PCR
target

Amplicon
size

49ºC

Cre

370 bp

61°C

Sox11+

319 bp

Sox11Fx

467 bp

Sox 4+

450 bp

65°C

Reverse

CATAGCTCAACACAAATGCCAACGC
-3’

Sox4KO-1

5’-GACCGCTATCAGGACATAGCG-3’

Sox4KO-2

5’-ACTGGGCGTCTTGCACCAGCT-3’

Sox4KO-3

5’-GGTCTGTTGCATGCAAGCTTC-3’

60°C

Sox4Fx

520 bp

Sox 4-

250 bp

Sox 4+

657 bp

Table 2.3.: Genotyping PCR conditions
Step

CRE PCR

Sox11 PCR

Sox4Fx/Fx PCR

SOX4 KO PCR

number

1

93°C

for

5 95°C

minutes
2

for

5 94°C

minutes

93°C for 1 minute 95°C

for

49°C for 1 minute 61°C

45 94°C

for

45 65°C

times

cycles total)

7

for

75 60°C for 75 seconds

seconds

and 30 seconds

and 30 seconds

seconds

Steps 2-4 repeat Steps 2-4 repeat Steps 2-4 repeat Steps 2-4 repeat 34 times
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6

30 95°C for 30 seconds

72°C for 1 minute 72°C for 1 minute 72°C for 1 minute 72°C for 1 minute and 30
and 30 seconds

5

for

seconds

seconds
4

1.5 95°C for 1.5 minutes

minutes

seconds
3

for

72°C

for

(32 29

times

(30 34

cycles total)

10 72°C

for

times

cycles total)

8 72°C

for

minutes

minutes

minutes

4°C hold

4°C hold

4°C hold
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(35 (35 cycles total)

10 72°C for 10 minutes

4°C hold

2.3. Tissue processing and Hematoxylin and Eosin (H&E) and Periodic acid-Schiff (PAS)
staining
Mouse tissues were collected at predetermined experimental time points from euthanized mice and
processed for H&E and PAS staining before being visualized microscopically. H&E and PAS
staining have a vital role in tissue-based research. These staining procedures allows the trained
pathologist to understand tissue structure, condition, cell type and any abnormality in the tissue.
Kidneys were isolated from P0, P7, P14, P21 and long-term study mice and fixed in 10% NBF
(Sigma-Aldrich, St. Louis, MO) overnight at 4°C. At the time of collection, one kidney was cut in
half along the sagittal plane before processing. All tissue processing and preparation up to paraffin
blocks of the kidney was done by AVC Diagnostic Services. Briefly, the following day kidneys
were processed for paraffin embedding in blocks using a Tissue-Tek VIP 6-A1 vacuum infiltration
processor (Sakura Finetek, Torrance, CA) using the following program steps: formalin 60 seconds,
70% EtOH for 60 seconds, 70% EtOH for 60 seconds, 95% EtOH 60 seconds, 95% EtOH for 60
seconds, 95% EtOH for 60 seconds, 100% EtOH for 60 seconds, 100% EtOH for 60 seconds,
xylene for 90 seconds, xylene for 90 seconds, paraffin for 30 seconds, paraffin for 30 seconds,
paraffin for 30 seconds, and final paraffin for 30 seconds.
Once paraffin blocks were ready, a lab technician cut 5µm sections from the paraffin blocks using
a microtome (Histocore Multicut, Leica Biosystem). Approximately five to six sections were
collected on “Superfrost+” slides (Fisher Scientific INC, Pittsburgh, USA) for staining.
For both H&E and PAS staining, the first step involves baking the slides at 65ºC for one hour in
an oven. Hydration of the sections was then achieved by moving the slides through a series of
hydration steps: three washes of xylene and a series of alcohol washes from 100% to 70% EtOH,
5 minutes for each step. Finally, the slides were immersed in water for 2 minutes.
Hematoxylin and eosin (H&E) staining was done with some modification from the previously
published protocol (Appendix 1) (Fischer et al., 2008). Briefly, hydrated tissue was stained with
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hematoxylin (basic dye) for 5 minutes, followed by a brief rinsing in tap water and a 5 second
incubation in 1% acid alcohol, after another brief rinse in water the tissue was submerged in
ammonia water for 10 seconds, followed by washing in tap water for 1 minute (Appendix 1). Then
the slides were kept in eosin (acidic dye) for 5 minutes, after that slides were dehydrated by passing
through a series of increasing concentrations of EtOH (70%, 100%) for 30 seconds each, and
finally dipped in xylene for 10 minutes. The stained tissue was then mounted with a coverslip.
Periodic Acid Schiff (PAS) staining
PAS staining was accomplished with some modifications following the manufacturer's protocol
(Sigma, 395B) (Appendix 1). Briefly, tissue was first hydrated as described above, then the slides
were immersed in alcian blue for 5 minutes, then in periodic acid (Sigma-Aldrich, St. Louis, MO,
USA) for 10 minutes, 2 washes of distilled water, then immersed in Schiff’s reagent (SigmaAldrich, St. Louis, MO, USA) for 15 minutes, and finally the slides were dehydrated by passing
through a series of increasing concentrations of EtOH (70%, 100%) for 30 seconds each, and
finally dipped in xylene for 10 minutes. The stained tissue was then mounted with a coverslip.
Slides from H&E and PAS staining were visualized under light microscopy; then digital images
were captured by automated light microscopy using an Olympus BX61 Virtual Slide Microscope
with a motorized stage. Digital images and stained slides were sent for qualitative analysis to a
board-certified veterinary pathologist (American College of Veterinary Pathologists).
For both H&E and PAS staining qualitative analysis was done to check for tissue structure, cell
types, any abnormality in the renal cortex and medulla region composition, glomeruli size and
structure.
2.4. Statistical analysis
For Sox11cKO long term study, weights were measured each week until the end of the study (810 months). The decision was taken at the end of 34 weeks to euthanize some mice. Therefore, the
weight data is for the period of 34 weeks (for n= 24cKO mice, n=12 control mice) and for 40 weeks
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for (n= 8 cKO mice, n= 6 control mice). All results are expressed as Mean ± Standard error of the
mean (SEM). Statistical analysis was performed using Prism 8 (Graphpad). First F test was carried
out to check whether the variance is equal or unequal between the Sox11cKO and control group.
After that appropriate two-tailed unpaired student’s t-test assuming either equal variance or
unequal variance was done between Sox11cKO group and control group each time point. For all
experiments p <0.05 was considered as significant.
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3. Results
3.1. Conditional deletion of Sox11 in NPC
3.1.1. General observations and weight profile
In order to assess the role of Sox11 in NPC and kidney maintenance, mice were generated with a
conditional deletion of Sox11 in NPC. All pups were born on approximately at E19, and pups were
viable after birth. Pups were born in approximately 50% male and 50% female ratio. PCR
confirmed the genotypes of Sox11cKO male mice and their weights were tracked and behaviours
observed. Sox11cKO male mice were indistinguishable from their male littermates. Sox11cKO
mice were healthy at the time of the birth and born in the expected Mendelian ratio (Table 3.1).
To determine whether the Sox11cKO pups were born in the expected Mendelian ratio, a chi-square
test was performed. For Mendelian ratio, the null hypothesis was there is no difference between
observed and expected data (pups were born in the expected mendelian ratio). The chi-square test
was used to determine the goodness-of-fit.
Table 3.1: Mendelian ratio and chi-square test result for representative ten litters
Cross

Expected number of pups out of The
128 pups

observed Chi-square

number of pups value

Six2Cre+;Sox11Fx/+ X

Sox11cKO = 32 (25%)

28

X2=0.50

Six2Cre- Sox11Fx/+

Control = 32 (25%)

38

X2= 1.125

Calculated chi-sqaure value= 1.625 (falls between probability of 0.9 and 0.10), degree of
freedom= 3
Because chi-square value is much greater than the critical value of 0.01, the deviation between
observed and expected data is not significant, and we do not reject the null hypothesis.
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The number of mice used at each time point of the study are described in Table 3.2.

Table 3.2: Number of mice used for the Sox11cKO study
Sox11cKO

Control

P14

15

9

P21

15

9

12 weeks

15

9

8 months

16

6

10 months

8

6

Weight profiling was started at post-natal day (P)21 (Figure 3.1). The initial time course for the
long-term study was scheduled to be 12 months, however, at eight months, no significant change
in weight or health was observed none of them deviated from normal criteria of being healthy
(active, well groomed, alert; active;good condition: asleep or calm; normal appetite), and the
decision was made to end the study. This resulted in n= 16 Sox11cKO, n= 6 control group at eight
months and n= 8 Sox11cKO, n= 6 control group at ten months. Sox11cKO and control mice were
indistinguishable from each other regarding health, behaviour and weight gain (Figure 3.1)
throughout the study. All Sox11cKO mice survived till the end of the study.
For statistical analysis of the weight profile, Student’s t-test was used to compare weights of
Sox11cKO mice and control mice at each time point. Statistical analysis parameters are shown in
table 3.3. At each time point between-group comparison we observed no significant difference
(p>0.05) between weights of control and test mice at any given time point (1 week, 5 weeks, 10
weeks, 15 weeks, 20 weeks, 25 weeks, 30 weeks, 34 weeks, 40 weeks).
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Weight profile
50
45
40

Weight in grams

35
30
25
20
15
10
5
0
1

5

10

15

20

25

30

34

40

Age in weeks
Sox11 cKO

Control group

Figure 3.1: Weight profile of Sox11cKO male mice compared to control mice (data
represents 10 months of the timeline).
Data presented as Mean±Standard error of the mean (SEM). The number of mice upto 34
weeks: Sox11 knockout mutants (Sox11cKO)=24; Control group= 12. The number of mice at
40 week time point: Sox11cKO=8; control group= 6
Table 3.3: Statisitcal analysis for weight profile comparison of Sox11cKO mice and control
mice
Mean

SEM

Mean

SEM

p Value

p value
significant?

Week 1
Week 5

Sox11cKO
19.3958
0.4832
28.7708
0.3485

Control
19.2333
0.9306
28.7666
0.7371

0.8786
0.9959

No
No

Week 10

33.1333

0.5158

33.5333

0.8360

0.6882

No

Week 15
Week 20
Week 25
Week 30
Week 34
Week 40

35.6291
37.4708
38.4000
39.7583
41.5291
42.4666

0.7383
0.9024
0.9653
0.9890
43.2250
42.8333

36.1583
38.6166
39.8833
41.35
1.0345
3.1320

1.0062
1.1274
1.1713
1.1021
1.2184
2.0727

0.6780
0.4521
0.3601
0.3120
0.3257
0.9241

No
No
No
No
No
No
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3.1.2. Histopathology of the Sox11cKO phenotype
The phenotype of Sox11cKO mice was evaluated at days P14, P21, 3 weeks, 8 months and 10
months by a board-certified veterinary pathologist (American College of Veterinary Pathologists).
H&E and PAS staining is done routinely in tissue based research. These both stains help in
understanding tissue structure
At each postnatal time point, for each parameter evaluated (glomeruli size, urinary space size,
renal medulla and cortex composition) the Sox11cKO kidneys were indistinguishable from the
control group by H&E and PAS staining. Glomeruli were intact in Sox11cKO kidneys with the
absence of protein casts. Representative H&E histology from mouse kidneys obtained from
conditional knock-out and control animals for day P14 and at 10 months are shown in Figures 3.2
and 3.3 respectively.
A

Control

A1

B1

Sox11cKO

B

Figure 3.2: Sox11cKO (Six2Cre+; Sox11Fx/Fx) and control kidneys (Six2Cre-; Sox11Fx/Fx)
are indistinguishable by H&E staining at post-natal day 14
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A: H&E stained sagittal section of control mouse kidney (10X magnification), A1: cortex
region of the control kidney at 40X magnification, B: H&E stained sagittal section of
Sox11cKO kidney demonstrate similar size kidney compared to control littermate, well
organized renal medulla and cortex (A vs. B). B1: Cortex region of the Sox11cKO kidney at
40X magnification demonstrate glomeruli indistinguishable from the wild type littermate,
absence of protein casts in the tubular part of the nephron and absence of dilation of urinary
space in the kidneys (A1 vs. B1). All sections were 5µm in thickness.

A

B

A1

B1

Figure 3.3: Sox11cKO (Six2Cre+; Sox11Fx/Fx) and control kidneys (Six2Cre-; Sox11Fx/Fx )
are indistinguishable by H&E and PAS staining at ten months of age.
A: H&E stained sagittal section of Sox11cKO mouse kidney (40X magnification), B: H&E
stained sagittal section of control mouse kidney. Black arrows indicate compact glomeruli
present in the Sox11cKO kidney similar to control kidney. Normal tubular structure and
stromal region are present in both Sox11cKO and control kidneys (A vs B). All sections were
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5µm in thickness. A1: PAS-stained sagittal section of Sox11cKO mouse kidney (40X
magnification), B1: PAS-stained sagittal section of control mouse kidney. Black arrows
indicate compact glomeruli and absence of any protein cast in the tubular part of the
nephron. All sections were 5µm in thickness.

Sox11KO kidneys were indistinguishable from the control mouse kidneys. Magnification at 40X
indicates appropriately developed compact glomeruli in the Sox11KO kidney (Figures 3.3). The
renal corpuscle was compact with a standard urinary space without any damage to the glomerulus
and absence of protein casts in the tubular part of the nephron. All microscopic observations were
confirmed by a board-certified veterinary pathologist (American College of Veterinary
Pathologists).
3.2. Conditional deletion of both Sox4 and Sox11 in Nephron Progenitor Cells (NPC)
In order to assess the combined role of both Sox4 and Sox11 in NPC, a double homozygous
Sox4/Sox11 conditional knock out (Sox4/Sox11cKO) was generated. The combined conditional
deletion of both Sox4 and Sox11 in NPC resulted in the death of some of mice at P0. All pups were
born on approximately at E19 as expected. In total, 29 dead pups were collected on post-natal day
0 (P0) of Sox4/Sox11cKO genotype. Only one Sox4/Sox11cKO mouse survived for two weeks and
died on P15. Females often give birth during the night, and it was impossible to monitor parturition
at night. Sox4/Sox11cKO pups were dying in the cage sometimes after the birth between P0 and
P1. After the birth of neonatal pups, females were left undisturbed, which was making it more
difficult to check the status of the pups. Due to the inability to find the exact time of birth and
difficulty in collecting dead pups immediately after their death, the decision was taken to sacrifice
five litters on P0 early in the morning for getting genotype information and to compare tissue
histology. The number of mice used in the study are described in table 3.4. The postmortem
findings for these dead pups kidneys were: abnormal kidneys with scarce glomeruli, dilation of
tubules and granular tubular deposits. Multiple other organs were evaluated for the 30 dead pups
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(including skin, eyes, pancreas, thymus, heart, spleen, brain, spinal cord, stomach, intestine, bone
and muscle), and no obvious lesions were noted.
To determine whether pups were born in the expected mendelian ratio, the chi-square test was
done on five litters sacrificed on P0. The Mendelian ratio and chi-square test results for pups
collected on P0 are described in Table 3.5. Only dead Sox4/Sox11cKO mice were part of this study
and used for histology, other genotype mice mentioned in Table 3.4 and Table 3.5 were only used
for calculating the mendelian ratio. For the Mendelian ratio, the null hypothesis was: there is no
difference between observed and expected data. The chi-square test was used to determine the
goodness of fit. Because the chi-square probability value is much greater than the critical value of
0.01, the deviation between observed and expected data is not significant, and we do not reject the
null hypothesis. The result of chi-square test confirmed that all pups Sox4/Sox11 double knockout
study were born in the expected Mendelian ratio.
Table 3.4. Number of mice used for Sox4/Sox11cKO study

P0 (dead pups collected)
P0 (for mendelian ratio)
P15

Number of
Sox4/Sox11cKO mice
29 (dead pups)
5 (sacrificed)
1 (dead pup)

Number of control
mice
5 (sacrificed)
5 (sacrificed)
1 (sacrificed)

Number of other
genotype mice
0
28 (sacrificed)
0

Table 3.5: Mendelian ratio and chi-square value for Sox4/Sox11cKO pups born on postnatal day 1

Six2Cre+; Sox4Fx/-;Sox11Fx/Fx
(Experimental mice)

Expected number

The observed

of pups for each

number of pups

genotype out of 38

from each

pups

genotype

(12.5%) = 4.75

Chi-square value

5

0.0625

(Sox4/Sox11cKO
mice)

Six2Cre+; Sox4Fx/+ ; Sox11Fx/Fx

(12.5%) = 4.75

5

0.0625

Six2Cre+; Sox4Fx/- ; Sox11Fx/+

(12.5%) = 4.75

5

0.0625
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Six2Cre+; Sox4Fx/+ ; Sox11Fx/+

(12.5%) = 4.75

4

0.5625

Six2Cre-; Sox4Fx/- ; Sox11Fx/Fx

(12.5%) = 4.75

6

1.5625

Six2Cre-; Sox4Fx/+ ; Sox11Fx/Fx

(12.5%) = 4.75

5

0.0625

(Control mice)

(Control mice)

Six2Cre-; Sox4Fx/- ; Sox11Fx/+

(12.5%) = 4.75

4

0.5625

Six2Cre-; Sox4Fx/+ ; Sox11Fx/+

(12.5%) = 4.75

4

0.5625

The total value of chi-square

3.50

Degree of freedom

7

Calculated chi-sqaure value= 3.50 (falls between probability of 0.9 and
0.10), degree of freedom= 7
Because chi-square value is much greater than the critical value of 0.01, the
deviation between observed and expected data is not significant, and we do
not reject the null hypothesis.

Sox4/Sox11cKO kidneys were characterized by cystic renal dysplasia, renal hypoplasia, abnormal
glomerular development and an apparent reduction in nephron endowment resulting in a reduction
in mature nephron number compared to control littermates at birth (Figure 3.4).
Only one Sox4/Sox11cKO mouse survived for two weeks and died on P15. This pup had a
significant reduction in mobility compared to littermates and exhibited ongoing tremors. This pup
was visibly smaller in size compared to littermates and had a lump on his back. This pup was not
well groomed by the dam and ignored. He was not active compared to his littermates. This
behavious was indicating pain and distress, and his health was not in a good condition. Assessment
of the kidneys by post mortem revealed massive and widespread cystic renal dysplasia in this
mouse (Figures 3.5 and 3.6). Multiple other organs were evaluated for the 15–day-old dead pup
(including skin, eyes, pancreas, thymus, heart, spleen, brain, spinal cord, stomach, intestine, bone
and muscle), and no obvious lesions were noted in any of the organs other than the kidneys.
All 30 pups that died at P0 were confirmed to be only of the Sox4/Sox11cKO genotype.
All other combinations of conditional heterozygotes for Sox4/Sox11 in NPC using Six2
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(Six2Cre+;Sox4Fx/+;Sox11Fx/Fx,Six2Cre+;Sox4Fx/-;Sox11Fx/+,Six2Cre+;Sox4Fx/+;Sox11Fx/+)
survived after birth. Only Sox4/Sox11cKO genotyped mice and control mice (Six2Cre-; Sox4Fx/+
; Sox11Fx/Fx) were selected for further analysis in this study. Other combination of conditional
heterozygotes for Sox4/Sox11 are part of another study in the Hartwig lab.
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Control
A

A1

B

Sox4/Sox11cKO
11

B1

C

D

C1

D1

Figure 3.4: Histopathology of control (Six2Cre-; Sox4Fx/+; Sox11Fx/Fx ) and
Sox4/Sox11cKO (Six2Cre+; Sox4Fx/-; Sox11Fx/Fx) mouse kidneys from dead postnatal day
0 (P0) pups
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A: Representative control kidney sagittal section stained with H&E (20X magnification), B:
Sagittal section of Sox4/Sox11cKO kidney (20X magnification) indicates loosely developed
stromal tissue in Sox4/Sox11cKO kidneys compared to completely developed stromal tissue
in the control kidney, A1: Representative control kidney sagittal section stained with H&E
(40X magnification), B1: Sagittal section of Sox4/Sox11cKO kidney (40X magnification)
indicates poorly developed glomerulus compared to mature glomerulus in the control kidney
(black arrow in A1 vs. B1), dilations in the urinary space (red arrow in B1), presence of
protein in dilated tubules of the nephron (yellow arrow in B1) and apparent reduced number
of mature nephrons compared to control kidney (subjective evaluation). C, C1:
Representative sagittal section of control kidney stained with PAS (20X and 40X
magnification respectively). D, D1: Sagittal section of Sox4/Sox11cKO kidneys (20X and 40X
magnification respectively) have protein casts (yellow arrow in D1) present in the dilated
tubules of the nephron indicating damage to the glomerular filtration barrier. All sections
were 5µm in thickness.
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Kidney

B

C

Figure 3.5: Kidneys collected from a 15-day old Sox4/Sox11cKO mouse.
Kidneys collected from a 15-day old mouse pup. A: ventral abdomen view of mouse body
dissected in a median plane, the arrow indicates dysplastic kidney. B: Comparison of agematched control kidneys and 15-day old Sox4/Sox11cKO kidney indicating abnormal
development and size. Presence of fluid-filled cysts inside the kidney typical of renal
dysplasia. C: Saggital section of the Sox4/Sox11cKO kidney indicates a severely damaged
kidney with renal dysplasia.
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Control kidney (P15)
Sox4/Sox11cKO kidney (P15)

Sox4/Sox11cKO
B

B1

A1

Figure 3.6: Cystic, hypoglomerular renal phenotype and perinatal death of Sox4/11 cKO
mouse (15 days old)
A: H&E stained sagittal section of control mouse kidney (10X magnification). B: H&E stained
sagittal section of the Sox4/Sox11cKO kidney (10X magnification) indicating severely damaged
dysplastic kidney, with poorly developed renal medulla and cortex region compared to control
kidney. A1: H&E stained sagittal section of control mouse kidney (40X magnification), black
arrows indicate mature glomeruli. B1: H&E stained sagittal section of the Sox4/Sox11cKO kidney,
red arrows indicate poorly developed glomeruli and dilation of the urinary space (Bowman’s
space). All sections were 5µm in thickness.
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4. Discussion
In 1993, Kreidberg et al showed that homozygous deletion of the transcription factor WT1 results
in complete renal agenesis, indicating that it is an essential gene required for normal organogenesis
of the kidney. In 2010, Hartwig et al. identified 1663 genes as potential targets of WT1 in the
kidney, including members of the SoxC group of transcription factors, comprised of Sox4, Sox11
and Sox12 (Hartwig et al., 2010). Importantly, the Hartwig group was the first to focus on the role
of SoxC transcription factors in the kidney (Arsenault et al., 2014; Huang et al., 2013).
The role of SoxC in retinal development and sympathetic nervous system development has been
evaluated by the conditional knockout method (Hoser et al., 2008; Jiang et al., 2013; Potzner et
al., 2010). Retinal ganglion cells (RGC) are one of the primary neurons of the retina, they help in
the collection of the light signal and transmit them to the target locations within the brain (Vaney,
2002; Wassle and Boycott, 1991). Independent deletion of Sox4 or Sox11 during retinal
development has demonstrated a moderate effect on RGC survival (Jiang et al., 2013), however
homozygous deletion of both Sox4 and Sox11 in the retina results in complete loss of RGC,
suggesting Sox4 and Sox11 play a redundant role in RGC survival (Jiang et al., 2013). In the
sympathetic nervous system, Sox4 and Sox11 homozygous deletion resulted in strong sympathetic
nervous system damage and severe dysautonomia (a medical condition that causes severe
malfunction of the autonomic nervous system) (Potzner et al., 2010). These studies demonstrate
that both Sox4 and Sox11 are required for normal retinal and sympathetic nervous system
development, and independent deletion of Sox4 alone, or Sox11 alone has a less severe effect than
the combined deletion of Sox4 and Sox11 together. It has been reported that SoxC genes regulate
cell fate, tissue homeostasis and the regeneration of stem and progenitor cells (Kamachi and
Kondoh, 2013; Sarkar and Hochedlinger, 2013). Therefore, Sox4 and Sox11 have an essential role
in progenitor cells self-renewal and survival during organogenesis. Different mouse cancer models
have suggested that ectopic activation of Sox4 and Sox11 is responsible for the development of
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cancer (Lund et al., 2002; Shin et al., 2004; Suzuki et al., 2002). Increasing evidence suggests that
ectopic activation of Sox4 and Sox11 results in uncontrolled cell proliferation in human lung,
prostate, and breast cancers (Castillo and Sanchez-Cespedes, 2012; Lai et al., 2011; Moreno, 2010;
Scharer et al., 2009; Zhang et al., 2012). These studies imply an essential role of Sox4 and Sox11
in populations of self-renewing cells during human organ development and progression of
diseases.
The current study’s main aim was to begin to fill the knowledge gaps in kidney development and
further explore the role of SoxC transcription factors during kidney development. The results of
this thesis research start to establish the role of SoxC genes in kidney development, which add to
the scientific foundation needed to develop future treatments for kidney disorders such as CAKUT.
4.1. Evaluating the role of Sox11 in nephron progenitor cells (NPC)
Huang et al. (2013) demonstrated that Sox11 is weakly expressed in the NPC but strongly
upregulated in the differentiating nephrogenic structures. Murugan et al. (2012) demonstrated that
WT1 and Sox11 act synergistically in vitro to regulate Wnt4 gene expression. Wnt4 is a marker of
pretubular aggregates, and Wnt signalling has an essential role in the induction of mesenchymal to
epithelial transformation (MET) in pretubular aggregates (Reidy and Rosenblum, 2009). This
mechanism of MET is necessary for the formation of the mature nephron (Reidy and Rosenblum,
2009). Sox11 knockout mice died due to heart defects, and the analysis of Sox11 knockout mice
has demonstrated the critical role of Sox11 in other organ development such as lung, stomach,
pancreas and eyes (Sock et al., 2004; Wurm et al., 2008). The recent study by Neirijnck et al.
(2018) has demonstrated that Sox11 is a critical regulator of kidney development. In a complete
knockout of Sox11, in which Sox11 is deleted from all cells of the body of mice, and not only in
NPC, duplex kidney formation results due to the domain extension of GDNF expression within
the rostral region of the nephrogenic cord (Neirijnck et al., 2018). Further analysis by Neirijnk et
al. (2018) demonstrated mutations in the Sox11 gene found in patients suffering from CAKUT,
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suggesting Sox11 is necessary for normal kidney development, and mutations in this gene is a
predisposing condition for CAKUT.
Considering Sox4 and Sox11 share similar structure and homology in their DNA binding sequence,
the hypothesis evaluated in this thesis was that Sox11 either independently or in cooperation with
Sox4 controls nephrogenesis in vivo. Using a conditional deletion approach, the anticipated results
were that either a) Sox11 is dispensable for kidney development or b) Sox11 has similar functions
to Sox4 and its conditional deletion would result in a similar phenotype than that observed in the
Huang et al. (2013) study.
Using the mouse model described herein, Sox11 deletion alone in NPC did not result in post-natal
death due to ESRD. Sox11cKO mice evaluated in the long-term study were viable, remained
healthy for the duration of the study (up to ten months) and, histological findings confirmed that
their kidneys were qualitatively indistinguishable from controls.
Possible explanations for this result are that a) Sox4 might be compensating for the role of Sox11,
because Sox4 and Sox11 have been shown to play a redundant role (Bergsland et al., 2011;
Bhattaram et al., 2010; Thein et al., 2010). b) Sox11 is dispensable in NPC and not essential for
the further commitment of NPC in the later stages of nephrogenesis. Both of these possible
outcomes need to be further evaluated, as results from this study were not able to provide
conclusive evidence to support either of the statements.
Bhattaram et al. (2011) demonstrated the effect of different dosages of Sox4 and Sox11 during
organogenesis. Analysis of compound Sox4-/- and Sox11-/- null embryos (homozygous deletion of
Sox4 and Sox11 from all cells of the body) demonstrated massive cell death and reduced rates of
proliferation in mesenchymal and neural progenitor cells. Their data indicate that Sox4 and Sox11
act partially redundantly to control neural and mesenchymal progenitor cell self–renewal and
survival during organogenesis in vivo (Bergsland et al., 2011; Bhattaram et al., 2010; Thein et al.,
2010). My result from Sox11cKO study has not been able to provide conclusive evidence to support
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this statement that Sox4 might be compensating for the loss of Sox11 during kidney development.
To understand whether Sox4 might be compensating for the loss of Sox11, in situ hybridization or
real-time PCR experiments could be attempted in Sox11cKO kidneys to understand Sox4
expression in the Sox11cKO kidneys. Therefore further research is needed.
Data from different studies suggests that in tissues co-expressing both Sox4 and Sox11, Sox4 may
play a more significant role in the early developmental processes, while Sox11 may function more
strongly in later stages of development (Bergsland et al., 2011; Bhattaram et al., 2010; Thein et
al., 2010). This result correlates with the previous study by Huang et al. (2013) in which Sox4 gene
expression was observed more dominantly in the preliminary structure of the nephron, and Sox11
expression was higher in the later stages of nephrogenesis. This suggest that Sox4 might have a
more significant role than Sox11 in the initiation of nephrogenesis.
A new study has reported that Sox11 is required at the earliest stage of nephrogenesis to control
the GDNF-Ret signalling mechanism, even before NPC formation, and its absence results in
duplex kidney formation (Neirijnck et al., 2018). However, the same study also suggests that due
to Sox11 deletion there is no change in glomerular number compared to control, but In-situ
hybridization (ISH) experiments to understand mRNA expression of genes suggested a shortened
Henle’s loop indicating that Sox11 is required for the later stages of nephrogenesis (elongation of
Henle’s loop). Further study is required to evaluate the expression of markers of Henle’s loop in
the conditional knockout models presented herein and evaluate if Sox11 deletion in NPC affects
later stages of nephrogenesis in the same way. As we haven't done the ISH experiment, we do not
have conclusive evidence that Sox11 conditional deletion in NPC has resulted in reduced
expression of Henle’s loop genetic marker.
A major difference in the approach taken by Neirijnck et al. (2018) and the work presented here is
the use of different mouse models. The use of a conditional knockout model allowed me to
specifically ascertain the role of Sox11 and Sox4/Sox11 in the NPC population. Given the
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complexity of reciprocal signalling that takes place during kidney development and the
involvement of multiple cell types, it is possible that the role of Sox11 in a cell type other than
NPC played a significant role in the formation of unilateral or bilateral duplex kidneys,
hydronephrosis or hydroureter in their model.
It has been reported by the same study that deletion of Sox11 from all cells of the body did not
affect the Six2 and GDNF expression in MM, suggesting specification occurs in the MM without
Sox11. This finding correlates with the present study and suggests that Sox11 might not have a
critical role in NPC, and Sox4 might compensate for its absence in NPC. However, this needs to
be further evaluated.
Conditional deletion of Sox4 in the sympathoadrenal lineage using Dbh-cre mice was shown to
result in constant expression of Sox11. Conversely, conditional Sox11 deletion results in the late
expression of Sox4 compared to control (Potzner et al., 2010). Interestingly, homozygous Sox11
deletion affects sympathetic ganglia (SG) development and is more severe than homozygous Sox4
deletion. Considering previous research in the Hartwig group, Sox4 conditional deletion in NPC
results in a more severe phenotype than Sox11 in kidney development. This is the opposite of what
was reported for SG development. A possible explanation, which has been suggested, is that Sox
genes may play a variety of roles in different organ systems. Thus, the same gene could be acting
differently based on the cellular context and developmental stage. In the case of the SoxE group
(Sox8 and Sox10), during early neural crest development, Sox8 compensates for the absence of
Sox10. However, during the later stages of differentiation Sox10 mutations severely affect
melanocyte development, suggesting a specific role of Sox10 in that particular stage of the
development (Schreiner et al., 2007).
In conclusion, for measure evaluated within parameters of the study (health of the mice, histology
study, weight profile, survival for ten months) these results suggest that Sox11 deletion in NPC
has no apparent effect on nephrogenesis or kidney development, but that does not mean Sox11 has
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no role in the development of the kidney. Also, there is a possibility that Sox4 is having a redundant
role in NPC and might be compensating for the loss of Sox11. To understand whether
compensation by Sox4 is occuring in NPC in the absence of Sox11, we generated a mouse model
having a double homozygous conditional knockout of Sox4 and Sox11 in NPC.
4.2. Evaluating the role of both Sox4 and Sox11 in the NPC
Evaluation of Sox11cKO mutants suggests there is no apparent effect of Sox11deletion in the NPC.
Therefore, the question addressed in the second phase of the study was; what is the effect of
deleting Sox4 and Sox11 together in the NPC? Previous research has demonstrated that Sox4cKO
mice, in which Sox4 expression has been conditionally abrogated from NPC, died due to end-stage
renal failure between 6 to 9 months of age (Huang et al., 2013). Sox11cKO mice were healthy and
viable for the duration of the study (8-10 months). I, therefore, hypothesised two possible outcomes
for evaluating the role of Sox4 and Sox11 in the NPC, which are as follows:
a) If there is no role of Sox11 in NPC, then Sox4/Sox11cKO would have the same phenotype as
the Sox4cKO mice, survive up to the age 6 to 9 months and ultimately develop end-stage renal
failure and die.
b) SoxC genes have been shown in other systems to play a redundant role, where two genes have
the capacity to perform the same function. There is a possibility that Sox11 might have a partially
redundant role in NPC. In the case of the Sox4cKO study, Sox11 might be partially compensating
for the loss of Sox4 in NPC. This partial compensation of some functions of Sox4 might be the
reason why these mice were able to survive for up to 5 months, before death due to ESRD.
Therefore, a second possible outcome from this study was that, if there is a role of Sox11 in NPC,
and Sox4 and Sox11 have a redundant role in NPC, then we would expect to observe a more severe
phenotype in the combined Sox4/Sox11cKO study than was observed in the Sox4cKO or Sox11cKO
studies.
We found that Sox4/Sox11cKo mice have a more severe phenotype than Sox4 deletion alone or
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Sox11 deletion alone. Sox4/Sox11cKO mice died on the day of their birth. Overall we collected
and analysed 29 dead pups of Sox4/Sox11cKO genotype on P0, only one pup of Sox4/Sox11cKO
genotype survived and died on P15. All deaths were spontaneous deaths. Kidneys were severely
affected; glomerular tufts appeared smaller in size compared to control kidneys suggesting
impaired development.
Additionally, protein casts in the tubular part of the nephron were made evident by PAS staining,
suggesting damage to the glomerular filtration barrier. The subjective evaluation of P0 kidneys
suggested reduced nephron number and a relatively high number of immature glomeruli in the
Sox4/Sox11cKO kidneys compared to control littermate kidneys. Taken together, this indicates
that impaired, or delayed nephrogenesis may be the cause of death in the P0 Sox4/Sox11cKO mice;
however, these results are not conclusive and need to be further evaluated. These results, in
combination with those from conditional deletion of Sox11 in NPC, ruled out the possibility that
Sox11 might not have a functional role in NPC or Sox11 is dispensable in kidney development. If
there was no role for Sox11 in the NPC, then the phenotype of Sox4/Sox11cKO should have been
similar or identical to that of Sox4cKO and mice should have died from ESRD between 5-9 months
of age. Taken together these result support a partially redundant role for Sox11 in NPC during
nephrogenesis. But it needs further investigation.
The combined loss of Sox4/Sox11 resulted in neonatal death, with a maximum duration of survival
of 15 days. These results indicate that Sox4 and Sox11 are together indispensable for proper
nephrogenesis and the homozygous deletion of Sox4 has a more severe effect than homozygous
deletion of Sox11.
4.3. Conclusion and Future work
4.3.1. Summary of research findings
Previous research demonstrated that conditional ablation of Sox4 in nephron progenitor cells
during kidney development results in renal failure between 5-9 months in mice (Huang et al.,
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2013). This current research project suggests that deletion of Sox11 in NPC has no apparent effect
on the kidney development within the parameters evaluated in this study. But, deletion of both
Sox4 and Sox11 together in the nephrogenic lineage results in a more severe phenotype than loss
of Sox4 alone, namely, perinatal lethality associated with renal pathology of variable presentation,
indicating a critical and redundant role of Sox4 and Sox11 in kidney development. Due to early
death and the difficulty in obtaining the mice before they die at birth, there needs to be an in-depth
study of the early embryonic phenotype of Sox4/Sox11cKO mice.
4.3.2. Future direction
The following are experiments that could be conducted in the future to explore the further role of
Sox4 and Sox11 in kidney development.
4.3.2.1. Kidney explant cultures
Nephrogenesis in mice begins at ~E10.5, and the ureteric bud (UB) invades metanephric
mesenchyme (MM) at ~E12.5. At ~E12.5, after the pretubular aggregates (PTA) are formed
around the tip of the ureteric bud, PTA undergoes MET and ultimately forms the mature nephron.
The microscopic visualisation of Sox4/Sox11cKO kidneys have suggested that there were lower
numbers of mature nephrons compared to controls. To correlate this observation, explant
experiments could be established to determine the effect of the variable dosage (single allele of
either Sox4 or Sox11 or single allele of Sox4 and Sox11 together) or complete absence of
Sox4/Sox11 on pretubular aggregate (PTA) formation, which is one of the earliest structures of
the nephron. The PTA/ ureteric bud branching points ratio could be used to evaluate the effect of
different dosages of Sox4 and Sox11 on the branching pattern of the developing kidney and NPC
self-renewal and differentiation capacity.
4.3.2.2. Quantitation of immature nephron in the Sox4/Sox11cKO kidneys
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This study indicated that glomeruli in kidneys of Sox4/Sox11cKO newborn pups were present,
albeit at reduced numbers, suggesting that nephrogenesis is happening but not at the required rate.
This may be due to the absence of Sox4 and Sox11 at their required levels at the beginning of, or
during nephrogenesis. This could result in a delay at the beginning of nephrogenesis in
Sox4/Sox11cKO pups, which then die immediately after birth due to a high number of immature
nephrons compared to controls. In Sox4/Sox11cKO newborn pups, this implies that improper or
insufficient blood filtration may be the cause of death. An experiment designed to quantify
immature nephrons using previously published methodology (Arsenault et al., 2014) with E18.5
and 1-day-old-pup kidneys could determine if a reduction in the number of immature nephrons
exists between control kidneys and Sox4/Sox11cKO mutants.
4.3.2.3. Quantitation of cell proliferation and apoptosis in NPC having various dosages of
Sox4 and Sox11
One possible objective for a future study would be to perform quantitation of nephron progenitor
proliferation. Because newborn pups had some immature nephrons, there is a need to understand
the effect of Sox4/Sox11 deletion on nephron progenitor population differentiation and selfrenewal. The NPC population has self-renewal and differentiation capacity (Reidy and Rosenblum,
2009). Therefore, cell proliferation markers such as 5-bromo-2'-deoxyuridine (BrdU) or 5-ethynyl2′-deoxyuridine (EdU) could be used along with markers for different developmental stages
(ureteric bud, PTA, and podocytes) at different embryonic time points (E14.5, E16.5). There is a
possibility that the decrease in nephron number in newborn pups is due to a decrease in the
proliferation rate of NPC and less availability of new NPC for the next stage of development of
the nephron.
Apoptosis in the NPC population might be an alternative explanation for the lower nephron
endowment in the Sox4/Sox11 homozygous mutant; this can be assessed using the TUNEL assay.
This would works only if apoptosis is ongoing, but not if it had already occurred. The TUNEL
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assay provides a quantitative assessment of apoptotic DNA fragments using flow cytometry and
the terminal deoxynucleotidyl transferase enzyme, which catalyses binding of fluorochrome
tagged deoxynucleotides to 3’ end of DNA double-stranded breaks.
4.3.2.4. Quantitation of mature nephrons
To understand the effect of the deletion on the nephron endowment or nephron numbers and
understanding the fact that newborn pups with homozygous deletion of the Sox4/Sox11 result in
death, nephron counts could be done on embryonic (E18.5) stages as well as postnatal kidneys
(P21) having different dosage of Sox4 and Sox11 using a published methodology developed by
Arsenault et al. ( 2014).
4.4. Conclusion
Previous research in the Hartwig laboratory has demonstrated that conditional ablation of Sox4 in
nephron progenitor cells during kidney development results in renal failure by five months. The
current study shows that deletion of both Sox4 and Sox11 in the nephrogenic lineage results in a
more severe phenotype as nephron development appears to be severely reduced in Sox4/Sox11cKO
kidneys, resulting in perinatal lethality, indicating SoxC signalling may regulate (i) nephron
progenitor cell proliferation or apoptosis (ii) nephron differentiation or (iii) nephron progenitor
cell fate during nephrogenesis. Herein I present my contribution to the understanding of kidney
development, specifically the role of SOXC genes. Collectively, this work will help in the future
to characterise the mechanisms by which Sox4 and Sox11 signalling control normal kidney
development in vivo.
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6. Appendix 1
A) DNA extraction Protocol:
Following is the detailed protocol for the DNA extraction.
1. Prepare 166.7 µg/ml Proteinase K lysis buffer (for one tail clip: 2.5 µl of 20mg/ml
Proteinase K in 297.5 µl of lysis buffer).
2. Aliquot 300 µl of the above mixture to each tube.
3. Digest tails overnight at 55°C on heating block.
4. Vortex vigorously for 10-15 seconds and spin for 10 minutes at 20817 x g at 4º C.
5. Carefully transfer supernatant to a new tube and add 300 µl of chilled Isopropanol. Invert
gently, or vortex until a stingy white precipitate appeared.
6. Centrifuge the tube for 5 minutes at 4°C at 20817 x g.
7. Carefully remove the supernatant and wash the pellet with 500 µl of 70% Ethyl alcohol
(Ultrapure). Mix tube by inverting gently (do not vortex). The aim is to replace isopropanol
with more volatile ethyl alcohol.

Centrifuge for 5 minutes at 4°C at 20817 x g.
8. Carefully aspirate the supernatant.
9. Add 200 µl -300 µl of Tri-EDTA buffer.
10. Place it on the 50°C heating block and then carefully open the lid to evaporate any residual
Ethyl alcohol for 10 minutes. Close the lid and keep it on the heating block for 2 hours.

B) Conditions used for Genotyping PCR
1. Cre PCR
Primers:
76

Cre-Forward (5’ to 3’): ATGTCCAATTTACTGACCGT
Cre-Reverse (5’ to 3’): CGCCGCATAACCAGTGAAAC
Primer dilutions:

10µM dilutions from 100µM stocks.

Thermal Cycling Parameters:
Step 1: 93°C for 5 minutes
Step 2: 93°C for 1 minutes
Step 3: 49°C for 1 minute
Step 4: 72°C for 1 minute and 30 seconds
Step 5: Cycles 2-4 repeat 31 times (32 cycles total)
Step 6: 72°C for 10 minutes
Step 7: 4°C Forever.
Mix:
5µl DNA (mouse genomic tail DNA)
0.5µl DMSO
12.5µl PCR master mix (proprietary solution from Qiagen)
0.3125µl Cre-forward primer (10 uM)
0.3125µl Cre-reverse primer (10uM)
6.375µL dH2O
2. Sox11 PCR
Primers:
Sox11 Forward(5’ to 3’): TTCGTGATTGCAACAAAGGCAGAG
Sox11 Reverse(5’ to 3’): GCTCCCTGCAGT TTAAGAAATCGG
Primer dilutions: 10µM dilutions from 100µM stocks
Thermal Cycling Parameters:
Step 1: 95°C for 5 minutes
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Step 2: 95°C for 45 seconds
Step 3: 61°C for 45 seconds
Step 4: 72°C for 1 minute and 30 seconds
Step 5: Cycles 2-4 repeat 29 times (30 cycles total)
Step 6: 72°C for 8 minutes
Step 7: 4°C Forever.
Mix:
5µl DNA (mouse genomic tail DNA)
0.5µl DMSO
12.5µl PCR master mix (proprietary solution from Qiagen)
1.25µl Sox11-forward primer (10uM)
1.25µl Sox11-reverse primer (10uM)
4.5µL dH2O
3. Sox4Fx/Fx PCR
Primers:
Sox4fl-Forward (5’to 3’): GAAGGAGGCGGAGAGTAGACGG
Sox4fl-Reverse (5’to 3’): CATAGCTCAACACAAATGCCAACGC
Primer dilutions: 10µM dilutions from 100µM stocks
Thermal Cycling Parameters:
Step 1: 94°C for 1.5 min
Step 2: 94°C for 30 seconds
Step 3: 65°C for 75 seconds
Step 4: 72°C for 1 minute and 30 seconds
Step 5: Cycles 2-4 repeat 34 times (35 cycles total)
Step 6: 72°C for 10 minutes
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Step 7: 4°C Forever.
Mix:
5µl DNA (mouse genomic tail DNA)
0.5µl DMSO
12.5µl PCR master mix (proprietary solution from Qiagen)
0.625µl Sox4-forward primer ( 10 µM)
0.625µl Sox4-reverse primer
5.75µl dH2O
4. Sox4 (+/-) PCR ( SOX4 KO PCR)
Primers:
Sox4KO-1(5’ to 3’): GACCGCTATCAGGACATAGCG
Sox4KO-2(5’ to 3’): ACTGGGCGTCTTGCACCAGCT
Sox4KO-3(5’ to 3’): GGT CTG TTG CAT GCA AGC TTC
Primer dilutions:

10µM dilutions from 200µM stocks for KO1 and KO3 Primers
20µM dilutions from 200µM stocks for KO2 Primer

Thermal Cycling Parameters:
Step 1: 95°C for 1.5 min
Step 2: 95°C for 30 seconds
Step 3: 60°C for 75 seconds
Step 4: 72°C for 1 minute and 30 seconds
Step 5: Cycles 2-4 repeat 34 times (35 cycles total)
Step 6: 72°C for 10 minutes
Step 7: 4°C Forever.
Mix:
5µl DNA (mouse genomic tail DNA)
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5µl DMSO
12.5µl PCR master mix (proprietary solution from Qiagen)
2.5µl Sox4-KO1+KO2+KO3 primer mix ( 10 µM of KO1and KO3 and 20 µM of KO3)
1.25µl dH2O
C) Protocol for H and E and PAS staining
1. Hydration (This step is common for H & E and PAS staining)
Step

Solution

Time

1

Heating Paraffin-embedded tissue slide in the 45 Minutes
oven at 65°C

2

Xylene

5 Minutes

3

Xylene

5 Minutes

4

Xylene

5 Minutes

5

Absolute ethanol (100%)

30 Seconds

6

95% ethanol

30 Seconds

7

80% ethanol

30 Seconds

8

70% ethanol

30 seconds

9

Tap water

2 Minutes

2. H & E staining

Step

Solution

Time

1

Harris Hematoxylin

5 minutes

2

Tap water

30 seconds
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3

1% acid alcohol

5 seconds

4

Tap water

5 minutes

5

Ammonia water

30 seconds

6

Tap water

1 minute

7

Eosin working solution

2 minutes

8

Tap water

20 Seconds

3. PAS Staining
Step

Solution

Time

1

Alcian blue

5 minutes

2

Distilled water

2 minutes

3

Periodic acid

5 minutes

4

Distilled water (Rinse thoroughly)

1-2 minutes

5

Schiff’s reagent

15 minutes

6

Running water

2 minutes

4. Dehydration

Step

Solution

Time

1

70% ethyl alcohol

30 seconds

2

80% ethyl alcohol

30 seconds

3

95% ethyl alcohol

30 seconds
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4

100% ethyl alcohol

30 seconds

5

Xylene

10 minutes

6

Xylene

10 minutes

7

Put coverslip on the slide using a mounting Overnight
medium

D) Reagents:
1. H & E staining

Sr. no

Reagent

1

Acid alcohol (100:1 solution)

2

3

Volume/ Quantity

95% ethanol

100 ml

Concentrated HCl

1 ml

Ammonia water (Stock solution)
Ammonium hydroxide

12 ml

Tap water

1000 ml

Ammonia water (working solution)
Stock ammonia water

125 ml

Tap water

625 ml
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4

Eosin (stock)
Eosin Y, water soluble

30 grams

Distilled water

600ml

Dissolve and add
95% ethanol

5

6

2400 ml

Eosin working solution
Stock Eosin

43.75 ml

80% ethanol

131.25 ml

Acetic acid

0.875 ml

Harris’s hematoxylin
Hematoxylin crystals

15 grams

100% ethanol

150 ml

Aluminum ammonium sulfate

300 gram

Distilled water

3000 ml

Mercuric oxide (Red)

7.5 gram

Acetic acid

100 ml
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2. PAS staining:
Sr. no

Reagent

1

3% Acetic acid

2.

3

4

Volume/ Quantity

Acetic acid

3 ml

Distilled water

97 ml

Alcian Blue
Alcian blue

1 gram

3% acetic acid

100 ml

Periodic Acid
Periodic acid

1 gram

Distilled water

100 ml

Schiffs reagent (commercially available)
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