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ABSTRACT

DEVELOPMENT OF AN INDUCIBLE AND REVERSIBLE
MOUSE MODEL OF PODOCYTE EFFACEMENT

Colin D.M. Stringer
University of Guelph, 2011

Advisor:
Dr. Nina Jones

Podocytes are specialized epithelial cells which wrap glomerular capillaries with
numerous interdigitating foot processes (FP). Between adjacent FPs a unique junction, the
slit diaphragm (SD), functions as the final blood filtration barrier. Actin organization is
critical for maintaining FP structure and SD function, and the adaptor protein Nck can
bind an intracellular SD component to couple it with actin regulators. Podocyte-specific
deletion of Nck in mice results in proteinuria and FP effacement. To better understand FP
remodelling, we have pursued a transgenic mouse model utilizing an inducible and
reversible dominant negative Nck (DN-Nck) to prevent signalling to actin regulators,
exclusively in podocytes. Effects of DN-Nck were first confirmed in vitro, and transgenic
mice were then generated and induced to express DN-Nck. Despite obtaining several mice
which exhibited a mild renal phenotype, transgene expression appeared to be lost in
successive generations. Full in vivo analysis awaits generation of additional transgenic
founders.
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INTRODUCTION
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Kidney disease
Kidney disease affects a significant portion of the North American population (an
estimated 11.5% of the adult population), and it encompasses a spectrum of kidney
problems, both hereditary and acquired (Centers for Disease Control and Prevention,
2010). The cause of kidney disease may be chronic, wherein kidney function is impaired
slowly over the course of months or years as a complication of conditions such as
diabetes or high blood pressure, or it may be acute – induced suddenly by trauma,
infection or other mechanisms. End-Stage Renal Disease (ESRD) occurs when kidney
disease progresses to a point at which less than 15% of normal kidney function remains.
Effective treatment of ESRD requires renal replacement therapy, specifically dialysis or
kidney transplantation. In addition to the potential for ESRD, kidney disease increases
one’s risk of further complications throughout the body including heart attack, stroke and
high blood pressure.

The glomerular filtration barrier
Most kidney disease involves impairment of the glomerulus, which is the subunit
of blood filtration in mammals (Figure 1). As blood passes through the glomerular
capillaries, it is filtered in the capillary walls which are composed of three layers: a
fenestrated endothelium, the glomerular basement membrane (GBM), and a layer of
terminally differentiated visceral epithelial cells called podocytes. Podocytes exhibit a
large cell body and many major processes (MP) which terminate in a network of small
interdigitating foot processes (FP; Figure 1C). The FP can be divided into three
2

podocyte

Figure 1: Composition of the glomerular filtration barrier. (A) Blood filtration occurs in the subunit
of the kidney called the glomerulus (B). As blood enters the glomerular capillaries it is filtered in the
capillary walls, which are composed of (C): the fenestrated glomerular endothelium (GEn), the
glomerular basement membrane (GBM), and the visceral glomerular epithelial cells – podocytes –
which display a large cell body (P), and a network of major processes (MP) which terminate in
interdigitating foot processes (FP). Cross- section through the glomerular capillary (D) depicts two
adjacent foot processes connected by a specialized intercellular junction known as the slit diaphragm
(SD). The basal membrane domain (BMD) of the FP interacts with components of the GBM while
the apical membrane domain (AMD) is exposed to the primary urine in Bowman’s space.
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functional domains: the apical membrane domain (AMD) faces Bowman’s capsule and
carries a strong anionic charge important to FP structure; the basal membrane domain
(BMD) physically anchors podocytes to the glomerular capillary by forming adhesion
complexes with the GBM; and the slit diaphragm (SD) is a unique intercellular junction
that forms during renal development between adjacent foot processes (Figure 1D). The
SD consists of extracellular structural components which are believed to constitute a sizeand charge-dependent filtration barrier for the blood, and intracellular components that
act as signalling scaffolds to couple it with the actin cytoskeleton, among other targets, to
regulate podocyte FP morphology (Tryggvason et al., 2006).
While the MP of the podocyte are predominantly composed of microtubules and
intermediate filaments, the cytoskeleton of the FP is a highly ordered contractile bundle
of parallel actin microfilaments, whose dynamic structure is regulated by numerous actinbinding molecules (Faul et al., 2007). In disease, the FP cytoskeleton often becomes
disorganized into a dense network of highly branched, short actin filaments. Cell surface
proteins from each of the apical, basal, and slit diaphragm cell membrane domains link to
cytoskeletal actin to maintain FP architecture, and disruption of any of these signals has
the potential to alter cytoskeletal organization. The specialized structure of the podocyte
FP is critical for normal blood filtration, and is dependent on proper organization of actin.
Of particular interest to this project is the finding that the podocyte is often a target of
injury in kidney disease, and this is characterized by FP retraction (referred to as
effacement) and disruption of the SD (Figure 2). Disruption of the SD is believed to
inhibit its function in plasma filtration, and is associated with massive loss of protein into
the urine (proteinuria).
4

Figure 2: Electron micrograph of podocytes wrapped around glomerular capillary. Top panels: surface view of
podocytes by scanning electron microscopy (EM). Bottom panels: cross-section through glomerular capillaries by
transmission EM. Healthy podocytes exhibit highly ordered, interdigitating foot processes (FP) (A), whereas
effaced podocytes exhibit a simplification of FP architecture (B). FPs lie evenly spaced over the glomerular
basement membrane (GBM) and underlying fenestrated glomerular endothelium (GEn) in healthy podocytes (C).
The slit diaphragm (SD) is visible here between adjacent FPs (arrowhead), whereas effaced podocytes display a
simple, dense morphology over the GBM and absence of slit diaphragm (D). Effaced podocytes resulted from the
Cre-mediated excision of NCK2 from podocytes of Nck1 null adult mice (N. Jones, unpublished).
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In patients with focal segmental glomerulosclerosis (FSGS), a disease that is
triggered by a range of underlying molecular malfunctions, the changes associated with
podocyte effacement lead to progressive scarring of the glomerulus, which inhibits the
normal flow and filtration of blood through the capillary tuft. Since podocytes are
terminally differentiated, a loss of proper morphology is typically irreversible and results
in ESRD. With this in mind, minimal change disease (MCD), a form of kidney disease
most prevalent in children, is very intriguing. Clinically, MCD presents itself by edema,
proteinuria and low blood protein (hypoalbuminemia) (Skalova et al., 2009). Upon
examination of the glomerulus by light microscopy, no changes are usually visible –
unlike many other disorders exhibiting proteinuria. However, upon further investigation
by electron microscopy, podocyte effacement is apparent. MCD is commonly treated by
administration of the steroid prednisone, which is effective in most patients. Once in
remission, podocyte morphology appears to normalize. Although relapse is common,
further administration of steroids is usually effective, and relapse becomes less common
after adolescence. These findings suggest that podocytes may be able to “repair”
themselves in certain settings, although the exact molecular mechanism responsible for
re-establishment of foot process architecture remains to be elucidated.

Proteins of the slit diaphragm (SD)
The podocyte SD is an elaborate complex of molecules (Figure 3, Table 1), of
which many have established roles in disease. The first protein to be identified was the
180-kDa transmembrane protein called nephrin (Kestila et al., 1998). Nephrin is encoded
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Figure 3: Overhead representation of the multi-protein slit diaphragm (SD) between two
adjacent podocyte foot processes (FP). Nephrin represents the main structural component of
the SD, and serves as a signalling scaffold through its intracellular domain where it can be
phosphorylated by the Src-family kinase Fyn. Nephrin molecules from adjacent FPs form
homodimers. Neph1 and Neph2 are capable of forming heterodimers with nephrin
molecules, or homodimers but do not form heterodimers with each other. CD2AP and Nck
are important adaptor proteins between nephrin and actin. Proper actin organization is
critical for the development and maintenance of the slit diaphragm. The hairpin-looped
integral membrane protein podocin interacts with nephrin, Neph1 and CD2AP. TRPC6 is a
Ca2+ channel whose role at the SD is relatively unknown.
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Table 1: Essential proteins of the slit diaphragm
Protein

Human gene

Function at slit diaphragm

α-actinin-4

ACTN4

actin microfilament bundling

aPKC

PRKCI

cell polarity

CD2AP

CD2AP

couple actin and slit diaphragm

FAT1-2

FAT1/FAT2

Ca 2+- dependent intercellular adhesion

Fyn

FYN

tyrosine phosphorylation of nephrin

inverted formin

INF2

acceleration of actin polymerization

Nck1-2

NCK1/NCK2

couple actin and slit diaphragm

Neph1

KIRREL1

intercellular adhesion; actin recruitment

nephrin

NPHS1

PLCγ

PLCG1/PLCG2

actin recruitment; size-dependent plasma
filtration; intercellular adhesion; signaling node
Ca2+ signaling

PLCε1

PLCE1

Ca2+ signaling

podocin

NPHS2

synaptopodin

SYNPO

nephrin recruitment to lipid rafts; MAPK
signaling
actin organization (regulates α-actinin-4)

TRPC6

TRPC6

regulates intracellular [Ca2+]

8

by the gene NPHS1 and consists of a short intracellular tail, a transmembrane domain,
and an extracellular region which contains eight IgG–like domains and a single
fibronectin type-III domain. Nephrin molecules from adjacent FPs bind via homophilic
interactions to form the SD (Khoshnoodi et al., 2003). The intracellular tail of human
nephrin contains several tyrosine residues that can be phosphorylated by Src family
kinases (Verma et al., 2003; Li et al., 2004; Jones et al., 2006). These features allow
nephrin to serve both as a signalling scaffold and a structural component of the SD. Mice
and humans that are born deficient in nephrin (the mutation characteristic of congenital
nephrotic syndrome of the Finnish type, CNF) exhibit abnormal SD and podocyte
abnormalities accompanied by massive proteinuria beginning in utero (Holmberg et al.,
1995; Kestila et al., 1998; Putaala et al., 2001; Rantanen et al., 2002).
Podocin was originally discovered as the protein mutated or absent from patients
with corticosteroid-resistant congenital nephrotic syndrome, and is encoded by the
NPHS2 gene. Podocin is unique to the podocyte where it localizes to the SD in a hairpin
conformation, with its two intracellular tails interacting with nephrin, Neph1, and CD2AP
(Tryggvason et al., 2006). Podocin expression begins at embryonic day 13.5 (E13.5) in
mice, and its targeted knockout in mice results in proteinuria and neonatal death (Roselli
et al., 2004).
CD2-associated protein (CD2AP) is an adaptor protein that has been shown to
directly bind nephrin and podocin (Schwarz et al., 2001; Shih et al., 2001). This adaptor
protein has also been shown to bind actin directly, as well as actin effector molecules
CapZ, cortactin and synaptopodin, the actin-bundling protein α-actinin-4 and the Arp2/3
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complex (Tryggvason et al., 2006). These findings suggest that CD2AP is a link between
the SD and actin organization. CD2AP has an essential role in podocytes, as mice
deficient in CD2AP die from what appears to be nephrotic syndrome and people who are
heterozygous for a loss-of-function allele of CD2AP exhibit a range of renal defects (Shih
et al., 1999; Kim et al., 2003).
Mutations in several other proteins that localize to the SD have been identified in
patients presenting with late-onset FSGS. Mutations in the actin filament cross-linking
protein α-actinin-4 showed increased binding to filamentous (F-)actin when expressed in
vitro (Kaplan et al., 2000). The formin family protein INF2, responsible for accelerating
the rate of actin polymerization, demonstrated altered subcellular localization and
distribution of F-actin when mutants were expressed in cultured cells (Brown et al.,
2010). In vitro studies of mutant canonical transient receptor potential protein 6 (TRPC6),
an ion channel responsible for maintaining an adequate concentration of intracellular
Ca2+, demonstrated enhanced Ca2+ signalling that may amplify signals of podocyte
damage (Reiser et al., 2005; Winn et al., 2005). Mutations in phospholipase-C ε1
(PLCε1) were characterized in patients that showed an early onset FSGS-like nephrotic
syndrome. Most of these patients developed massive proteinuria, edema, and progressed
to ESRD, a phenotype which was recapitulated in knockdown studies with zebrafish
(Hinkes et al., 2006).
Since the discovery of nephrin only a little over a decade ago, numerous other
proteins have been discovered at the SD; however, nephrin is still regarded as a key
molecule of the SD where it seems to act in part as a signalling node. The intracellular
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tail of nephrin carries six tyrosine-containing motifs that are conserved between human,
mouse and rat and of these, three can be phosphorylated by the Src-family kinase Fyn
(Jones et al., 2006; Verma et al., 2006). Both phospho-dependent and independent
interactions signal to maintain podocyte survival, cytoskeletal organization, and integrity
of the slit diaphragm (Patrakka and Tryggvason, 2010).
Nephrin also interacts with other SD molecules for intercellular adhesion through
its extracellular region. Two transmembrane proteins structurally related to nephrin are
co-expressed at the SD – Neph1 and Neph2 (Barletta et al., 2003; Gerke et al., 2005).
Each consists of five extracellular IgG-like domains that appear able to form
heterodimers with nephrin (Gerke et al., 2003). The importance of these proteins is
illustrated by the fact that Neph1 deficiency results in proteinuria and is lethal in mice by
8 weeks of age (Donoviel et al., 2001). FAT1 and FAT2 each consist of 34 cadherin-like
repeats, and have not been characterized in terms of their interactions or function at the
SD, but are hypothesized to interact extracellularly with proteins such as nephrin or
Neph1-2 (Inoue et al., 2001; Sun et al., 2005). Indeed, FAT2 deficient mice suffer from
proteinuria, and FAT1 deficiency causes a range of problems including proteinuria
associated with SD loss and FP effacement, defects in the forebrain and eyes, and
perinatal lethality (Ciani et al., 2003).

The Nck adaptor protein family
As previously mentioned, the specialized structure of the podocyte FP is
dependent on proper organization of actin molecules. The adaptor protein Nck (non11

catalytic region of tyrosine kinase) has recently been identified as an important regulator
of actin organization in podocytes. Nck has been shown to bind directly to the podocyte
cell surface protein nephrin, and indirectly to α3β1integrin via integrin-linked kinase
(ILK) and particularly interesting new cysteine-histidine rich protein (PINCH) 1 (Buday
et al., 2002). Both of these interactions signal to downstream regulators of actin
organization. These findings indicate the presence of a potential link from the actin
cytoskeleton to both the SD and the BMD with Nck as a mediator.
Nck is a family of two closely related 47-kDa adaptor proteins in mammalian
cells – Nck1 (also referred to as Nckα) and Nck2 (Nckβ/Grb4). Each consist of one Srchomology (SH)2 and three SH3 domains. SH domains have been well established as
mediators of protein-protein interactions. The SH2 domain has been shown to recognize
and bind phosphorylated tyrosine residues, whereas the SH3 domain recognizes and
binds proline-rich sequences on target proteins (Cohen et al., 1995; Pawson 1995). The
differences in amino acid sequence of various SH domains allow for a degree of
specificity on the target sequence. For instance, the SH2 domain on Nck will recognize a
phosphotyrosine residue in a particular sequence that another SH2 domain may not be
capable of recognizing. Likewise, each of the three SH3 domains on Nck are capable of
recruiting different proteins containing different target sequences, many of which are
involved in actin organization. Interaction of the Nck SH2 domain with one of its binding
partners at the plasma membrane thus allows translocation of Nck-containing protein
complexes from the cytosol to the cell surface.
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Nck1 and Nck2 are both widely expressed in mammalian cells. Past examinations
of Nck expression in mice showed a comparable amount of Nck1 present in all tissues,
whereas there was a notable increase in Nck2 expression in thymus, spleen, and lungs,
and a notable decrease in heart, kidney, and brain, with no detectable Nck2 in the liver
and skeletal muscle (Bladt et al., 2003). This suggests that Nck1 and Nck2 may have
some unique biological functions. Mouse Nck1 and Nck2 show 68% amino acid identity
with each other, with the majority of differences being attributed to the linker region
between the SH2 and SH3 domains, and share 96% amino acid identity with their human
homologs (Chen et al., 1998; Braverman et al., 1999). Though their expression patterns
have subtle variations, the two isoforms appear to have overlapping function, as mice
deficient in Nck1 or Nck2 are viable whereas mice lacking both Nck1 and Nck2 die
during embryonic development (Bladt et al., 2003). Beyond the two mouse homologs of
Nck that have been characterized, a single Nck has also has been identified in Drosophila
melanogaster (Dock), in Caenorhabditis elegans, and in Xenopus laevis (Tanaka et al.,
1995; Garrity et al., 1996; Chen et al., 1998; Tu et al., 1998; Coutinho et al., 2000).

Nck as an adaptor between cell surface receptors and actin mediators
Since Nck is expressed in a wide variety of cell types, it is not surprising that it
has numerous interaction partners. The Nck SH2 domain has been shown to directly bind
nephrin and α3β1-integrin in the podocyte, and epidermal growth factor receptor (EGFR),
vascular endothelial growth factor receptor (VEGFR)1-2 and Eph receptor B1 (EphB1)
among many others, in addition to a vast array of target proteins via its SH3 domains
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(Buday et al., 2002). The ability of Nck to link two proteins is context-dependent and
varies depending on the cellular environment. Here, we will look further into the role of
Nck in podocyte signal transduction.
As previously mentioned, nephrin is a transmembrane protein expressed on the
surface of podocytes that has roles in intracellular signalling and extracellular adhesion.
Congenital or induced loss of nephrin in humans and mice, respectively, results in lack of
normal SDs, podocyte abnormalities and massive proteinuria. A similar phenotype, with
later onset of proteinuria, is encountered upon loss of Fyn – a Src-family kinase that has
been shown to interact with and phosphorylate nephrin. Accordingly, nephrin
phosphorylation is suspected to be a key signal in the development and maintenance of
podocyte architecture (Lahdenperä et al., 2003; Verma et al., 2003). Three tyrosine
residues on the intracellular tail of human nephrin (Y1176, Y1193, and Y1217) are
phosphorylated by Fyn – an event that has been shown to occur upon antibody-mediated
clustering of intracellular nephrin (artificially representative of nephrin-nephrin
interactions); an event that has also been observed in vivo in mouse and rat (Jones et al.,
2006; Verma et al., 2006; Jones et al., 2009). Each of these tyrosines is situated within a
YDxV motif – determined to be the consensus binding motif of the Nck SH2 domain.
Considering that conditional podocyte-specific Nck null mice exhibit a phenotype that
resembles the nephrin knockout (described below), it has been hypothesized that Nck
could be a link that transmits the signal of nephrin phosphorylation in development and
maintenance of podocyte foot processes (Figure 4). This premise is supported by the
recent finding in our laboratory that mutation of nephrin tyrosine residues 1176, 1193 and
1217

to
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Figure 4: Nck as a link between the podocyte slit diaphragm (SD) and cytoskeletal actin. Nck proteins localize to phosphorylated
nephrin at the SD of podocytes following nephrin tyrosine phosphorylation of YDxV motifs. The Nck adaptor protein couples with
nephrin and other cell surface proteins by its Src-homology (SH)2 domain, and recruits mediators of actin cytoskeletal
organization to the SD, including neuronal Wiskott-Aldrich Syndrome protein (N-WASp), and p21-activated kinase (Pak), by
interaction of its SH3 domains with Proline-rich sequences of target molecules. Pak is also able to recruit cell division control
protein 42 (Cdc42), which can in turn modulate actin dynamics.
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phenylalanine in mice show a similar phenotype to mice deficient in Fyn, including
diminished nephrin-Nck interaction in podocytes (Laura New, unpublished data).
Nephrin tyrosine phosphorylation may therefore be important for recruiting Nck to the
SD where it may function to organize cytoskeletal actin to form proper FP structure.
Nck is an important mediator of actin organization, through its interactions with
neuronal - Wiskott-Aldrich Syndrome protein (N-WASp) (Machesky et al., 1999;
Mullins 2000; Rohatgi et al., 2001). WASp-family proteins contain a range of modular
protein interaction domains including a proline-rich sequence which facilitates binding to
the Nck SH3 domains (Figure 4). Among its other modular domains are a CRIB-like
domain for binding of Cdc42, WH2 motif for interaction with actin monomers, and the
C-terminal A motif implicated in binding the p21-Arc subunit of the actin-related protein
2/3 (Arp2/3) complex. The Arp2/3 complex has an established role in the de novo
synthesis of actin filaments. Binding of N-WASp to p21-Arc stimulates the Arp2/3
complex to nucleate actin filaments and induce filament branching (Faul et al., 2007).
Focal adhesions are multi-protein complexes that form in response to the binding
of matrix ligands such as fibronectin, laminin and collagen by their integrin receptors
(Faul et al., 2007). Integrins are heterodimeric transmembrane proteins that function
structurally to anchor cells to an underlying matrix, and exhibit additional roles in
signalling. In podocytes, α3β1 integrin anchors the BMD to the GBM (Kreidberg 2000).
Recruitment of integrin-linked kinase (ILK) to this focal adhesion in turn binds and
activates PINCH, leading to recruitment of Nck, activation of p21-activated kinase (Pak),
and the subsequent activation of the actin effector molecule Cdc42 (Buday et al., 2002;
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Blattner et al., 2005). This series of molecular interactions physically links actin
filaments to the GBM via α3β1 integrin. It was determined that α3 integrin deletion was
lethal shortly after birth with severe kidney defects, and podocyte-specific β1 integrin
knockout prevented proper formation of foot processes and proteinuria with progressive
podocyte loss and renal failure (Kreidberg et al., 1996; Kanasaki et al., 2008; Pozzi et al.,
2008). It is therefore not surprising that a decrease in podocyte expression of α3 and β1
integrin subunits has been observed in patients with primary FSGS (Chen et al., 2006). In
addition, podocyte-specific deletion of ILK in mice has been demonstrated to be lethal
with FP effacement and massive proteinuria (Dai et al., 2006; El-Aouni et al., 2006).

The role of Nck proteins in podocytes
With the increasing use of transgenic mouse models over the last decade, the in
vivo role of Nck in podocyte function has begun to emerge. A full knockout of Nck
(Nck1 -/-, Nck2 -/-) in mice was found to be lethal at E9.5 (Bladt et al., 2003) preventing
the examination of podocyte development which normally begins at E13.5. Examination
of these embryos revealed severe defects in mesoderm-derived structures such as the
notochord. Nck1-/-, Nck2-/- fibroblast cell lines derived from these embryos showed
impaired organization of actin-based lamellipodia and impairments in cell motility. This
study indicates that Nck is important in the development of mesoderm derived tissues,
possibly because it is involved in cell motility and the organization of cytoskeletal actin.
Given that the kidneys are of mesodermal origin, Nck may be implicated in the
cytoskeletal organization of renal structures during development.
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Jones and colleagues were able to bypass embryonic lethality by using the
podocyte-specific promoter for podocin to express Cre recombinase and excise lox-P
flanked (floxed) alleles of Nck2 in Nck1 deficient mice during podocyte development
(Jones et al., 2006). Four days after birth, there was an observable decrease in the size of
mice relative to littermates lacking Cre – a phenotype that became more severe by three
weeks of age. Nephrotic range proteinuria was detected by dipstick and SDS-PAGE
analysis of urine. Examination of glomeruli by light microscopy indicated various defects
by 3.5 weeks of age, including severe glomerulosclerosis – analogous to that observed in
ESRD. Examination of podocyte structure by electron microscopy showed complete
fusion of foot processes at four days after birth – a result that was confirmed in E16.5
podocytes (Figure 2). These findings indicate that foot processes fail to form properly in
the absence of Nck expression in podocytes. To follow up this finding, the researchers
produced a transgenic mouse that allowed drug induced excision of floxed Nck2 at
various timepoints in the podocytes of adult Nck1 null mice (Jones et al., 2009). Upon
Nck2 deletion in adulthood, mice were seen to exhibit proteinuria, glomerulosclerosis,
and changes in foot process morphology. Together these findings demonstrate that Nck is
important in the development of podocyte foot processes, and that it is also necessary for
the long term maintenance of their structure.
A recent study of diabetic nephropathy (DN) in patients with type 1 diabetes
mellitus (T1DM) assessed the association of short nucleotide polymorphism (SNP)
variants at the 3q22 locus, which is believed to harbour a susceptibility gene for DN (He
et al., 2009). One variant was found to be significantly associated with an increased risk
for patients with T1DM to develop DN, and was mapped to a non-coding region 70 kb
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downstream from the NCK1 gene. It is hypothesized that the region containing this
variant may represent a cis-acting element that affects the expression of the nearby NCK1
gene, although these findings remain to be validated in experimental models.

Dominant negative Nck proteins interfere with Nck signalling
Binding capabilities of the Nck SH3 domains have been shown to rely on a
conserved tryptophan in the characteristic SH3 tryptophan doublet (Tanaka et al., 1995).
By mutation of this first tryptophan to lysine in each of the three SH3 domains of Nck1
(at amino acids 38, 143 and 229, termed DN-Nck), the protein is rendered functionally
inactive in SH3 domain signalling downstream, in particular to actin mediators.
Overexpression will enable DN-Nck to outcompete wildtype Nck for phosphotyrosine
binding sites on its SH2 binding partners. In contrast to an Nck knockout model, the Nck
SH3 mutant will isolate the observed effect to the SH3 domain signals. This mutant could
be applied to studies both in vitro and in vivo to examine the downstream effects of
impaired signalling from any one of its SH2 domain binding partners in a variety of cell
types. By expressing DN-Nck under the control of a tissue-specific promoter (if one is
available), effects could be localized to a cell type of particular interest in vivo.
Moreover, transient transfection could allow for expression in vitro in any cultured cell
type, depending on transfection efficiency and other technical limitations.
The dominant negative SH3 mutant of Nck was characterized by Mayer and
colleagues. The researchers were looking for indications of whether any of several
SH2/SH3 adaptor proteins (Nck, Grb2, Crk) appeared to be involved in FGF-stimulated
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Ras/Raf/MAPK signalling for mesoderm formation in Xenopus laevis (Tanaka et al.,
1997). RNA transcripts for mutant adaptors were generated that harboured either an SH2inactivating point mutation, SH3-inactivating mutations, or both, for each adaptor
protein. Upon systematic microinjection of RNA into Xenopus embryos, it was shown
that DN-Nck mutants were able to inhibit mesoderm-specific gene induction upon
stimulation of Xenopus embryo animal cap explants with its activating ligand, embryonic
fibroblast growth factor (eFGF). This indicated a role for Nck in mesodermal
development and established the efficacy of dominant negative Nck mutants.
More recently, Li and colleagues have implemented the use of DN-Nck for in
vitro studies of nephrin (Li et al., 2006). HEK293T cells were stably transfected with
nephrin, and upon experimental antibody-mediated cross-linking of nephrin, nephrin
became tyrosine phosphorylated, and cells exhibited elongated morphology with more
prominent protrusions and evidence of F-actin assembly at sites of nephrin cross-linking.
When DN-Nck was co-transfected with nephrin in these cells, the phenotype was
attenuated, and cells showed more distinct cortical F-actin, smoother shape and fewer
protrusions. This indicated that Nck was necessary for transducing the signal of nephrin
phosphorylation to re-organize actin, in vitro.
The DN-Nck SH3 mutant has also been used in cultured podocytes to examine the
role of Pak in actin dynamics of the SD (Zhu et al., 2010). It had previously been
established that Nck associates with nephrin at the SD, Pak is recruited to the plasma
membrane by Nck, and Pak functions in actin regulation. When nephrin cross-linking
was performed, increased nephrin phosphorylation in podocytes was associated with an
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increase in phosphorylated Pak1. Upon transient expression of DN-Nck in vitro, Pak1
phosphorylation was blocked. This result implies that Nck may be a link between Pak1
and nephrin in signalling to effectors of the actin cytoskeleton, in podocytes. An
important next step is to apply this successful strategy of dominant negative Nck
inhibition into podocytes in vivo, to better understand the mechanism of Nck signalling in
these cells.

Strategies to conditionally regulate gene expression in cells and animals
Several systems of inducible gene expression have been developed for use in
animal cells both in vitro and in vivo, which take advantage of small molecule inducers
such as ecdysone, cumate, tamoxifen, and tetracycline. The TetOn gene expression
system, originally designed by Bujard and colleagues (Gossen 1995), enables both
temporal and reversible control of gene expression. This system utilizes the reverse
tetracycline transactivator (rtTA) gene which encodes for the rtTA transcription factor
(Figure 5). When Tetracycline (Tet) or its more stable analog, Doxycycline (Dox) is
present, it binds rtTA causing a conformation change to the transcription factor that
renders it active. Active rtTA has the capability to induce expression of a protein of
interest. This is facilitated by placing the expression of the protein of interest under the
control of the Tetracycline response element (TRE), a tandem repeat TetO promoter
which is bound by the rtTA-Dox complex upstream of the CMV minimal promoter. The
TetOn system has since been improved by lowering background expression in the
absence of Dox and increasing inducibility in the presence of Dox, and the

21

Figure 5: Schematic diagram of TetOn gene expression system. The rtTA gene encodes for the rtTA transcription factor, which binds with
Doxycycline (Dox) to the Tet response element (TRE) to induce expression of the gene of interest, DN-Nck, which contains a W to K
mutation in each of its SH3 domains preventing downstream signalling. In target cells, overexpressed DN-Nck outcompetes wildtype Nck
for binding sites to phosphorylated SH2 binding partners. Expression of DN-Nck is induced in the presence of Dox. Absence or removal of
Dox halts transgene expression.
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resulting system has been used extensively in the research community (Urlinger et al.,
2000).
By placing the expression of rtTA under the control of a cell-specific promoter,
the expression of rtTA, and in turn the protein of experimental interest, can be limited to
a cell type of interest. By using the TetOn gene expression system and placing the
expression of rtTA under the control of the podocyte-specific podocin promoter,
transgene expression in vivo can be limited to the podocytes during glomerulogenesis,
beginning at E13.5. Kopp and colleagues have previously demonstrated that transgene
expression can be induced specifically in podocytes with low background expression in
the absence of Dox, and high inducibility in the presence of Dox, by using this strategy
(Shigehara et al., 2003). To implement this strategy, transgenic mice are produced
through microinjection of fertilized mouse oocytes with transgenes that contain either the
rtTA gene downstream of the cell-specific promoter or the gene of interest downstream of
the TRE. By crossing the two lines of transgenic mice, offspring can be generated that
carry both transgenes. Upon exposure to Dox which can be delivered in the food and
drinking water, rtTA that is already being expressed in the cell type of interest will
become activated, inducing expression of the protein of interest. By removing Dox from
the food and water, rtTA will remain in its inactive conformation, which will halt the
expression of the experimental protein.
To validate the findings of an in vivo study, the TetOn system can be
implemented in cell culture to express a protein of interest, such as DN-Nck. By using a
cell line that has previously been modified to stably express rtTA, transient transfection
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of DN-Nck and subsequent induction by exposure to Dox will be sufficient to induce the
expression of the DN-Nck. To this end, HeLa cells can be used that stably express rtTA
(designated HeLa-rtTA) under control of the cytomegalovirus (CMV) minimal promoter,
to allow for constitutive expression in mammalian cell lines. HeLa cells are a human
cervical carcinoma cell line widely used for in vitro studies for a number of reasons.
HeLa cells are immortalized and are relatively easy to grow to confluency in culture, and
they readily take up DNA upon transfection by a variety of reagents. Because they are of
human origin, they contain cellular mechanisms and machinery that will make
observations relevant and comparable to further studies in vivo, and for therapeutic
implications.
Although using cultured podocytes may be a more relevant system to validate the
effects of DN-Nck in vitro in the context of nephrin-Nck signalling, a heterologous cell
system is preferred for several reasons. Cultured podocytes are not entirely characteristic
of podocytes in vivo. Specifically, they lack proper SDs, and expression of some
podocyte-specific proteins, including nephrin (Reiser et al., 2000). Technically,
podocytes have complex culture conditions: to maintain cells in an undifferentiated state,
they must be incubated at 34°C. Upon incubation at 37°C, podocytes become terminally
differentiated and as they are no longer dividing, they cannot be passaged. They are also
much more difficult to transfect. These limitations place restraints upon experimental
conditions, and a simpler culture system is sufficient to complement an in vivo study.
As previously discussed, podocytes function in an elaborate environment that
includes interactions with the GBM and adjacent processes, changes in blood pressure
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within the glomerular capillaries, and constant exposure to a dynamic mixture of
molecules from the circulating plasma inside the glomerular capillary and the primary
urine outside. These conditions can be mimicked but not replicated in culture, and
ultimately, a mouse model represents a superior system to investigate the effects of
DN-Nck.
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RATIONALE AND SPECIFIC OBJECTIVES
Changes in podocyte morphology including foot process effacement cause
impaired glomerular function. This condition can lead to glomerulosclerosis, chronic
kidney disease, and ultimately end stage renal failure. Effacement of foot processes is a
serious problem; however, there is some evidence that this may be a reversible change, as
seen in children with minimal change disease. In order to develop therapeutic strategies
to repair effacement, we must first understand the underlying molecular mechanisms of
pathogenicity. We hypothesize that the nephrin-Nck interaction is a critical part of the
signal involved in both effacement and restoration of damaged podocyte foot processes.
Since there is currently no reversible model of foot process effacement caused by
changes to the actin cytoskeleton, we aim to develop an inducible and reversible mouse
model of foot process effacement by transient interruption of the nephrin-Nck signal,
through expression of a dominant negative Nck protein in podocytes. To this end, we
established the following research objectives:

Objective 1: Establish and characterize inducible expression of dominant
negative Nck in a cell culture system.
Objective 2: Generate transgenic mice with podocyte-specific inducible
expression of dominant negative Nck.
Objective 3: Analyse the physiological effects of podocyte-specific inducible
expression of dominant negative Nck and the potential for recovery upon reversal
of transgene expression.
26

MATERIALS AND METHODS
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Plasmids
The DN-Nck and WT-Nck constructs were previously generated by Richard
Harris, as described below. To create DN-Nck with disrupted Nck-SH3 function,
tryptophan to lysine point mutations were introduced in nucleotides corresponding to
amino acid 38, 143 and 229 of human NCK1 (Blasutig et al., 2008). The mutant and
wild-type Nck sequences were each PCR-amplified from pcDNA3 and ligated into the
pTRE2 vector, positioning them downstream of the Tet response element, with a Cterminal 3x Flag tag. To create mutant Nck with disrupted SH2 domain function (SH2*Nck), an arginine to lysine point mutation was introduced in the conserved FLVRES
sequence of human NCK1 in the pcDNA3 vector. pcDNA3 plasmids were only used for
initial transfection experiments in 293T cells. For microinjection into fertilized mouse
oocytes, a fragment containing the Tet response element, DN-Nck and the poly(A)
sequence from β-globin was obtained by restriction digest with XhoI and SapI,
electrophoresed and extracted from a 0.8% agarose gel, purified using the QIAquick gel
extraction kit (Qiagen Sciences, Maryland, USA) according to the manufacturer’s
instructions, and eluted in 60 μL of microinjection buffer (see Table 2 for all buffer and
solution contents). N-terminal GFP-tagged N-WASp in pcDNA3 was previously
described (Jones et al., 2006).

Antibodies
The following primary antibodies were used: mouse monoclonal anti-Flag M2
(Sigma-Aldrich, Oakville, ON, Canada; #F3165), mouse monoclonal anti-Flag M2
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Table 2: Contents of buffers and solutions
Buffer/solution name

Contents

Microinjection buffer

10 mM Tris-HCl pH 7.5; 0.15 mM EDTA

PLC+ lysis buffer

50 mM Hepes, pH 7.5; 150 mM NaCl; 10% glycerol; 1.5
mM MgCl2; 1% v/v Triton X-100; 1 mM EGTA; 100 mM
NaPPi; 100 mM NaF; supplemented with fresh 1 mM PMSF;
1 mM sodium orthovanadate; 10 µg/mL aprotinin ; 10 µg/mL
leupeptin

RIPA + lysis buffer

50 mM Tris, pH 7.5; 150 mM NaCl; 10% v/v glycerol; 1%
NP-40; 0.25% w/v sodium deoxycholate; 0.1% w/v SDS; 1
mM EDTA; supplemented with fresh 1 mM PMSF; 1 mM
sodium orthovanadate; 10 µg/mL aprotinin; 10 µg/mL
leupeptin

HotSHOT lysis buffer

25 mM NaOH; 0.2 mM Na2 EDTA, pH 12

HotSHOT neutralization
buffer

40 mM Tris-HCl, pH 5

1x TAE buffer

40 mM Tris, pH 8; 11.4% v/v glacial acetic acid; 50 mM
EDTA, pH 8

2x SDS-PAGE sample buffer

20% w/v glycerol; 1 M Tris; 20% w/v SDS; 10% w/v
2-mercaptoethanol; bromophenol blue

SDS-PAGE running buffer

25 mM Tris; 192 mM glycine; 0.1% w/v SDS

SDS-PAGE transfer buffer

48 mM Tris; 39 mM glycine; 0.0375% w/v SDS; 20% v/v
methanol

1x TBST

2 mM Tris, pH 7.5; 15 mM NaCl; 0.005% v/v Tween 20

Coomassie staining solution

0.25% w/v Coomassie blue R-250; 45% v/v methanol; 10%
v/v glacial acetic acid

Coomassie destaining solution

45% v/v methanol; 10% v/v glacial acetic acid
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horseradish peroxidase conjugate (Sigma-Aldrich, Oakville, ON, Canada; #A8592),
affinity purified mouse monoclonal anti-Flag M2 (Sigma-Aldrich, Oakville, ON, Canada;
#F1804), rabbit polyclonal anti-GFP (Abcam, Cambridge, MA, USA; #ab290), mouse
monoclonal anti-GAPDH (Applied Biological Materials Inc., Richmond, BC, Canada;
G041), mouse monoclonal anti-phosphotyrosine 4G10 (Upstate Biotechnology Inc., Lake
Placid, NY, USA; #16-101), rabbit polyclonal anti-nephrin (gift from Dr. Tomoko
Takano, McGill University, Montreal, QC, Canada), rabbit polyclonal anti-mouse
albumin (Cappel, Malvern, PA, USA). Goat anti-mouse or anti-rabbit secondary
antibodies conjugated to horseradish peroxidase (Bio-Rad Laboratories, Mississauga,
ON, Canada) were used for detection of primary antibodies.

Cell culture and transfection
293T cells were used for co-transfection experiments with N-WASp and DN-Nck
in the pcDNA3 vector. All other experiments were performed using HeLa cells modified
to stably express rtTA under control of the CMV promoter (designated HeLa-rtTA),
which were acquired as a gift from Dr. Richard Mosser (University of Guelph, Guelph,
ON, Canada). All cells were cultured in Dulbecco’s modified Eagle's high-glucose
medium (DMEM) (Thermo Scientific, Rockford, IL, USA) supplemented with 10% fetal
bovine serum (FBS; VWR, Mississauga, ON, Canada), and 1% penicillin/streptomycin
(Fisher Scientific, Waltham MA, USA) at 37°C and 5% CO2. HeLa-rtTA cells were
cultured in media supplemented with 100 μg/mL G418 (BioBasic Inc., Markham, ON,
Canada).
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Cells were transfected with a total of 5 ug plasmid DNA using X-fect (Clontech,
Mountain View, CA, USA) 24 hours after splitting into 2 cm dishes. Transgene
expression was induced 8 hours after transfection by addition of 2 μg of Doxycycline
hyclate (LKT Laboratories Inc., St. Paul, MN, USA) per dish (final concentration of 1
ug/mL) to growth media followed by cellular lysis 16 hours later on ice in 100 μL of
PLC+ lysis buffer. Lysate was centrifuged at 13,000 rpm for 10 minutes at 4°C to remove
insoluble material. The pellet was discarded, and supernatant was used for immunoblot or
stored at -20°C.

Mice
All animals used for this project were housed under the supervision of Research
Laboratory Animal Technicians at the University of Guelph (UG) Central Animal
Facility (CAF). All mouse work was performed in accordance with Animal Utilization
Protocol #07R009, which was reviewed and sanctioned by the Animal Care Committee
of the UG Senate Research Board. Mice were served a diet of Teklad 2014 Global, 14%
protein rodent chow (Harlan Laboratories Inc., Indianapolis, IN, USA) or Harland Teklad
2018 Global, 18% protein chow for pregnant females, and kept on a regulated
photoperiod of 12 hours light from 7:00am to 7:00pm and 12 hours of dark from 7:00pm
to 7:00am.
Podocin-rtTA mice were acquired from Dr. Jeffrey Kopp (Bethesda, Maryland,
USA). Founder DN-Nck mice were generated by microinjection of fertilized mouse
oocytes (from the CD-1 background) with purified linearized plasmid DNA (as outlined
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above) by the Toronto Centre for Phenogenomics (Toronto, ON, Canada). Potential DNNck founders were genotyped for successful transgene incorporation by PCR, and
positive founders from each line were crossed to wild-type CD-1 mice to maintain a
breeding stock, or podocin-rtTA breeders to generate mice positive for both the DN-Nck
and podocin-rtTA transgenes (hereafter referred to as double transgenics) (Figure 6).
Resulting F1 progeny were genotyped by PCR for DN-Nck and rtTA, and double
transgenic mice were crossed, independently in each line, to maximize the total number
of double transgenic offspring and introduce the possibility for homozygosity of one or
both transgenes. All mice were genotyped for both DN-Nck and rtTA by PCR.
For induction of transgene expression, experimental or control mice were
administered a diet of 15% rodent chow modified to include Dox at a concentration of 2.0
g/kg (Bio-Serv, Frenchtown, NJ, USA) in combination with freshly mixed Dox water
administered ad libidum, containing 4 μg/mL Dox and 50 μg/mL sucrose (Fisher
Scientific), for palatability. Food and water were shaded from overhead lighting to
prevent degradation, and changed every three days for the duration of the experiments.
Dox was administered during adulthood (after P35) as outlined above or in utero at E13.5
by administration of Dox food and water to the timed pregnant mother.
Double transgenic mice that were administered Dox were used as experimental
animals. Littermate control animals consisted of a pool of uninduced double transgenics
and mice positive for only DN-Nck, podocin-rtTA, or non-transgenic, either induced or
uninduced.
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Figure 6: Mouse breeding and induction strategy. DN-Nck founder mice from each line were
independently crossed to both wildtype CD-1 mice to maintain a pool of breeders, and
podocin-rtTA positive mice to generate double transgenic mice. Double transgenics were
inbred (independently in each line) to maximize the number of double transgenic offspring,
and increase the probability of homozygosity for one or both transgenes. F2 double
transgenic mice were induced with Doxycycline (Dox) to express DN-Nck exclusively in the
podocytes, and were subsequently characterized for signs of podocyte damage.
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PCR-based genotyping
Samples of mouse ear tissue were collected at three weeks of age at the time of
weaning using a handheld ear notching device (Fisher Scientific). All instruments were
sterilized before and after each use, and tissue was placed into a sterile Eppendorf tube on
ice and transported immediately to the laboratory for processing. Tissue was digested in
75 μL of HotSHOT lysis buffer for 30 minutes at 95°C. Samples were then vortexed,
cooled to 4°C and 75 μL of HotSHOT neutralization buffer was added. The prepared
DNA samples were immediately used for PCR analysis, or stored at -20°C. A PCR
master mix was prepared for each group of samples containing 1 μL of each 10 mM
forward primer, 10 mM reverse primer, and 10 mM dNTPs, 1 U of DreamTaq enzyme
(Fermentas, Burlington, ON, Canada), 2.5 μL of 10x DreamTaq Green reaction buffer,
and 17.5 μL of dH2O, per reaction. Three μL of sample DNA was added to 22 μL of
master mix for each reaction and immediately run in a MyCycler™ thermocycler (BioRad Laboratories) with the following reaction conditions: initial denaturation of 95°C for
4 minutes; 35 cycles of 95°C for 30 seconds, 58°C for 30 seconds, and 72°C for 45
seconds; and a final extension of 72°C for 5 minutes. PCR products were resolved by
loading 20 μL of reaction product to a 2% agarose gel containing 5 pg/mL ethidium
bromide (Sigma-Aldrich), and running electrophoresis in 1x TAE buffer for 20 minutes
at 120V.
Primers for podocin-rtTA were previously produced (Jones et al., 2009). Primers
for the DN-Nck transgene were designed to specifically amplify a portion of the
Tetracycline response element (Table 3). All primers were designed and tested in silico
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Table 3: Primers used for PCR experiments

Primer Name

Sequence

Description

NckDN-TRE Fwd

5'CCCGGGTCGAGGTAGGCGTGTACGG

NckDN-TRE Rev

5'CGAACTCGCCACCAGGACTTAGAATC

Detection of DN-Nck
transgene DNA

rtTA Fwd

5'CGCACTTCAGTTACTTCAGGTCCTC

rtTA Rev

5'GCTTATGCCTGATGTTGATGATGC

hNck1-FLAG Fwd

5'AAGTCACCAGGCATCAAGCAG

hNck1-FLAG Rev

5'CACCGTCATGGTCTTTGTAGTC

mnephrin Fwd

5'AGGTACAGCCTGGAAGGAGACA

mnephrin Rev

5'TCCTCTGATCCCTCATTCACGC

mβ-actin RT Fwd

5'CCTGAACCCTAAGGCCAACC

mβ-actin RT Rev

5'TGCTGATCCACAATCTGCTGG
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Detection of podocinrtTA transgene DNA

Amplification of DNNck cDNA

Amplification of mouse
nephrin cDNA
RT-PCR control for
amplification of mouse
β-actin cDNA

and subsequently ordered from Sigma-Aldrich. Lyophilized primers were resuspended in
1 mL dH2O, diluted to 10 mM in a sterilized Eppendorf tube in dH2O, and stored at 20°C.
Sensitivity of the PCR reaction was determined to verify its ability to detect single
copy insertion events in the genome of potential founder mice, in order to confidently
rule out false negative genotypes. This was carried out by serially diluting DN-Nck
plasmid DNA to a minimum concentration equivalent to one copy per cell, in a complex
mixture of non-transgenic mouse DNA which was prepared as outlined above.

Mouse tissue collection
Mouse sacrifice was performed at the UG CAF by administration of CO2 in a
confined tank according to CAF standard operating procedures. Removal and dissection
of both kidneys and heart were performed with sterile, RNase-free instruments. Samples
for RT-PCR were snap frozen on dry ice; samples for glomerular isolation and
subsequent immunoblot were kept cold on ice to be transported back to the laboratory;
ear notches were acquired and placed on ice for genotype confirmation.
Differential sieving was performed to isolate glomeruli. Kidney samples were first
dissected bilaterally using a fresh #10 calibre scalpel blade (Fisher Scientific) on a clean
wax dissection block. The outer capsule, adrenal gland and fatty tissue were removed and
the renal cortex was isolated from the inner renal medulla (Figure 7). The cortex was
minced by razor blade and placed on an 8” diameter, #170 calibre, 90 μm mesh, brass test
sieve atop a matching 8” brass collecting pan (Fisher Scientific). One mL of sterile cold
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Figure 7: Dissection of mouse kidneys. Following removal of kidneys
from a dorsal incision along the midline, kidneys were cut bilaterally
as indicated by the thick dotted line above. The cortex of each half was
isolated by removal of the capsular membrane, adrenal gland, and fatty
tissue from the external surface and removal of the inner medulla (by
incision along the light grey dotted line).
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PBS was pipetted over the sample, and kidneys were gently pressed into the sieve with
the blunt end of a 10 mL syringe (BD, Franklin Lakes, NJ, USA). Additional PBS was
passed over the sieve for maximal recovery of glomeruli. The pores of this large sieve
allowed the passage of glomeruli and other small structures into the collecting pan below.
Flow-through was collected from the pan and pipetted onto the small 8” diameter, #270
calibre, 53 μm mesh test sieve atop the collecting pan, which selectively allowed the
passage of red blood cells and other small particles while retaining the glomeruli. Flow
through was discarded while the collecting pan was washed and rinsed with dH2O. The
small sieve was then flipped, and a minimal volume of PBS was pipetted over the
extraction with force, into the clean collecting pan, using an electronic Drummond pipette
aid (Cole-Parmer Canada Inc., Montreal, QC, Canada). Flow through was collected in
sterile Eppendorf tubes and centrifuged at 13,000 rpm for 5 minutes at 4°C to pellet
glomeruli. Supernatant was removed, and the sample was resuspended and sonicated on
ice in 300 μL of RIPA+ lysis buffer. Lysate was centrifuged at 13,000 rpm for 10 minutes
at 4°C to remove insoluble material. The pellet was discarded, and supernatant was
diluted and boiled in 5x SDS sample buffer, and used immediately for immunoblot or
stored at -20°C. Flow through was examined at each stage by light microscopy to
examine the presence and purity of glomeruli.

RT-PCR
Kidney and heart tissue samples were collected as outlined above. RNA was isolated
from 50-100 mg of organ tissue or one 10 cm plate of cultured cells with TRIzol
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(Invitrogen, Carlsbad, CA, USA) and the use of a tissue homogenizer. Pelleted RNA was
resuspended in diethylpyrocarbonate (DEPC)-treated dH2O before being quantified with
a Nanodrop ND-1000 spectrophotometer (Thermo Scientific). Reverse transcription was
performed on 2 μg of diluted RNA using SuperScript II reverse transcriptase enzyme
(Invitrogen) and random nucleotide hexamer primers at a concentration of 250 ng/μL.
PCR amplification was performed on 2 μL of each cDNA sample using 23 μL of master
mix containing: 1 μL of each 10 mM forward and 10 mM reverse primers for target
sequences (refer to Table 3 for sequences); 0.2 μL of each 10 mM forward and 10 mM
reverse control primers for β-actin; 1 μL of 10 mM dNTPs; 1 U DreamTaq enzyme; 2.5
μL of 10x DreamTaq Green reaction buffer; and 17.1 μL dH2O (per reaction).
Thermocycler and electrophoresis conditions were identical to those used for PCR
genotyping.

Immunoprecipitation and immunoblotting
For immunoprecipitation (IP), the protein concentration of each cellular lysate
(prepared as outlined above) was normalized by performing a Bradford assay (Bio-Rad),
according to the manufacturer’s instructions. Samples were incubated overnight at 4°C
with 0.5 μL of primary antibody diluted in lysis buffer to a total volume of 700 μL. This
was followed by a 1 hour room temperature incubation with 100 μL of Protein Asepharose beads (GE Healthcare, Waukesha, WI, USA) or anti-mouse immunoglobulin
G-agarose beads (Sigma-Aldrich). Beads were washed three times by centrifuging for 1
minute at 3,000 rpm at room temperature, aspirating, adding 800 μL of fresh PLC+
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buffer, and vortexing back into solution. Finally, beads were mixed and boiled in 20 μL
2x SDS-PAGE sample buffer.
Equal concentrations of immunoprecipitate, cell lysate (from isolated glomeruli or
cultured cells), or mouse urine were resolved on 8% (glomerular lysates) or 10% SDSPAGE gels. Separated proteins were immobilized to a PVDF membrane (Fisher
Scientific) by semi-dry transfer at 250 mA for 30 minutes, and blocked for 30 minutes at
room temperature in 5% skim milk in 1x TBST, or 5% bovine serum albumin (BSA;
Sigma-Aldrich) in 1x TBST for phospho-specific antibodies. The membrane was probed
with primary antibody overnight at 4°C, and subsequently washed three times in TBST
before being probed with HRP-conjugated secondary antibody for one hour at room
temperature and washed again three times. Antibody binding was detected using ECL
(Thermo Scientific), Luminata Crescendo Western HRP (Millipore), or Supersignal West
Femto (Thermo Scientific) HRP detection substrates according to the manufacturer’s
instructions.

Quantification of albuminuria, proteinuria
Spot urine samples were collected in sterile Eppendorf tubes from experimental
mice and their control littermates at regular intervals by gentle handling and restraint over
a sterile surface. Fresh samples were spun down by microcentrifuge to pellet insoluble
materials and immediately analyzed or stored at -20°C.
For semi-quantitative detection of urinary albumin, samples were diluted and
boiled in 2x SDS-PAGE sample buffer, run by SDS-PAGE (as outlined above) and
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analyzed by immunoblot with anti-mouse albumin primary antibody, or by protein
staining of the gel with Coomassie blue (Sigma-Aldrich) against a set of BSA standards.
Gels were incubated with Coomassie staining solution for 1 hour at room temperature,
destained for clarity for 1-4 hours in destaining solution, and imaged using a ChemiDoc
XRS+ imaging system and Image Lab (version 2.0) software (Bio-Rad).
Quantitative determination of urinary protein concentration was performed using
a bicinchoninic acid assay (Thermo Scientific) according to the manufacturer’s
instructions, which was normalized by the concentration of urinary creatinine (referred to
as UrPr/UrCr) using a colorimetric assay kit (Cayman Chemical, Ann Arbor, MI, USA).
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RESULTS
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Objective 1: Establish and characterize inducible expression of dominant
negative Nck in a cell culture system.

Over-expressed dominant negative Nck interrupts the Nck-SH3 signal, in vitro
It has previously been reported that point mutations in each of Nck’s three SH3
domains are sufficient to interrupt Nck signalling both in vitro and in vivo when
overexpressed. To validate that our transgene was an effective dominant negative,
293T cells were transfected with GFP-tagged N-WASp, and co-transfected with
wildtype (WT-), SH2 mutant (SH2*-) or DN-Nck in the pcDNA3 vector. Cellular
lysates were prepared and immunoprecipitated with GFP antibody to isolate N-WASp
and associated proteins. Since N-WASp is an important factor mediating the
organization of actin and this activity is dependent on an interaction between N-WASp
and the SH3 domains of Nck, it was expected that WT-Nck and SH2*-Nck but not
DN-Nck would co-immunoprecipitate with N-WASp. Indeed, upon examination of
Western immunoblot (Figure 8), interactions between N-WASp and both WT-Nck and
SH2*-Nck are evident, but a diminished interaction was detected between N-WASp
and DN-Nck, due to mutation of the SH3 domains. The DN-Nck transgene next
needed to be tested in an inducible and reversible system.
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IP: GFP
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IP: GFP
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Figure 8: Over-expressed DN-Nck is unable to interact with the NckSH3 binding partner N-WASp, in vitro. 293T cells were transfected
with GFP-tagged N-WASp and wildtype, SH2* or DN-Nck. Binding
capacity of Nck with N-WASp-GFP was analyzed by coimmunoprecipitation and immunoblot. Whole cell lysates contained
an equal amount of Flag-tagged WT- , SH2*- or DN-Nck protein
(bottom), and equal amounts of N-WASp-GFP were loaded after IP
(middle). WT-Nck and SH2*-Nck were observed to coimmunoprecipitate with N-WASp-GFP (top), while DN-Nck did not
bind N-WASp-GFP.
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Dominant negative Nck expression is inducible in a Doxycycline-dependent
manner, in vitro
Doxycycline (Dox) is able to bind and activate rtTA which serves as a
transcription factor for the Tet-response element (the promoter in the pTRE2 vector),
driving the expression of the gene of interest when each of these factors is present. To
commence our studies in an inducible and reversible system, we needed to validate
that the DN-Nck transgene could be induced to express in the presence of Dox. HeLa
cells that were modified to stably express rtTA (designated HeLa-rtTA) were
transfected with DN-Nck in the pTRE2 vector, or empty vector as a transfection
control. Cells were induced to express the construct by addition of Dox to the growth
media to a final concentration of 1 μg/mL, and cell lysates were subsequently probed
by immunoblot for the presence of Flag-tagged DN-Nck. As expected, only cells that
were transfected with DN-Nck and induced with Dox displayed expression of the
dominant negative protein (Figure 9). This allowed us to confidently move forward
and employ the DN-Nck transgene in the TetOn expression system to pursue our
proposed mouse model.
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Figure 9: DN-Nck is Dox-inducible in vitro. DN-Nck or empty pTRE2 vector
were transfected into HeLa-rtTA cells and induced with Dox in the growth
media at 24 hours (+) or left uninduced (-). Cell lysates were prepared 16 hours
after induction and analyzed by immunoblot for expression of DN-Nck (Flagtagged) (top). All samples had approximately equivalent levels of GAPDH,
indicating equal amounts of total protein were loaded.
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Objective 2: Generate transgenic mice with podocyte-specific inducible
expression of dominant negative Nck.

Generation of dominant negative Nck founder mice
Microinjection was used to introduce the DN-Nck transgene into mouse oocytes,
and identification of potential founders was carried out by screening for genomic
incorporation of the transgene using PCR-based genotyping. Of the 41 mice screened,
only three were identified as transgene positive (Figure 10), and were designated
Founder 13, Founder 21, and Founder 27 and imported from the Toronto Centre for
Phenogenomics (TCP) to the University of Guelph Central Animal Facility. All PCR
genotyping was repeated with consistent results.
Since the percent of transgene incorporation was relatively low, an assay to
measure the sensitivity of the PCR reaction was performed, according to TCP
protocols (Figure 10, bottom left panel). It was determined that the PCR reaction was
sensitive enough to detect a single copy of transgene DNA in a complex mixture of
genomic DNA. This gave us a measure of confidence that all transgenic founders were
successfully identified following the microinjection procedure. The import of wildtype
CD-1 and podocin-rtTA transgenic mice was carried out in parallel to begin breeding.
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Transgene – mice:
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Figure 10: Identification of DN-Nck founder mice. (A) Genotyping of
potential founder mice by PCR and agarose gel electrophoresis.
Presence of a DNA band at ~300bp indicated presence of the DN-Nck
transgene. Three positive mice were identified from 41 samples. All
genotyping was repeated with consistent results. (B) PCR sensitivity
assay. DN-Nck plasmid DNA was added to genomic DNA at dilutions
equivalent to 0, 1, 10 and 100 copies of transgene per cell. PCR
protocol amplification of target DNA from each dilution indicated that
the reaction was sensitive enough to detect a single copy of transgene
in genomic DNA.
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Generation of experimental mice
To generate experimental mice, the three DN-Nck transgenic founders were bred
with mice carrying the podocin-rtTA transgene. For the maintenance of each line, the
founders were also bred to wild-type mice of the CD-1 background to carry the
transgene forward, in vivo. A simple breeding strategy was initially developed to
generate experimental animals. By crossing DN-Nck positive mice (in each line,
independently) to podocin-rtTA mice, the resulting offspring would carry one or both
transgenes, or neither transgene (in equal numbers, theoretically). Mice positive for
both DN-Nck and podocin-rtTA were then induced to express DN-Nck protein by the
addition of Dox to their food. However, in early experiments, it was questionable
whether transgene expression was taking place at a sufficient level under these
conditions.
Considering that the function of a dominant negative protein is contingent on its
concentration in the cellular environment, strategies were altered to maximize protein
expression. Where we began inductions using Dox-containing food, we opted to
induce with Dox in both the food and drinking water. In addition, a modified breeding
strategy was adopted which involved crossing the uninduced double transgenic
offspring of a traditional breeding to generate experimental animals ready for Dox
inductions. Generation of experimental mice was still carried out independently in each
founder line. Like the traditional method, offspring could carry one, both or neither
transgene. However, these mice could carry zero, one, or two alelles of each transgene
and therefore have the potential for increased number of RNA transcripts from one or
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both genes. Additionally, the expected proportion of double transgenic offspring from
a modified breeding is 9/16, rather than 1/4 by traditional breeding, which allows for
an increase in the number of experimental animals per litter. This strategy was
henceforth implemented for the generation of experimental litters (Figure 11), and is
associated with all results presented herein.
By analyzing the distribution of genotypes from all breedings performed (Table
4), it was observed that 28.2% of all offspring resulting from traditional matings were
double transgenic, close to the expected 25%. A deviation from the expected
proportion was noted for DN-Nck+, podocin-rtTA- and DN-Nck-, podocin-rtTA+ single
transgenic mice (7.3% and 40.0%, respectively). Modification of the breeding strategy
yielded a dramatic increase in the number of double transgenic mice: 74.4% were
double transgenic. Some deviations from the expected proportions were noted in nearly
all of the genotypes from modified breedings. The 74.4% double transgenic was higher
than the 56.3% projected; non-transgenics were observed at 1.2% (6.3% were
expected); and DN-Nck+, podocin-rtTA- single transgenics were observed at 9.3%
(expected 18.8%).
The deviations in genotype distribution from theoretical expectations can be
understood more clearly when assessed by individual litter. Figure 12 shows the
proportion of DN-Nck and podocin-rtTA transgene positive individuals in each litter.
A normal transgene transmission rate from parent to offspring is 50%. It appeared that
in early traditional breedings, the DN-Nck transgene had a low transmission rate in
Line 13 and Line 21 (6-14% and 11-20% DN-Nck+ respectively), while Line 27
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F0

F1

F2

F3

F4

Figure 11: Illustration of mouse breeding and induction strategies. DN-Nck founder (Fndr) 13,
21, and 27 were each bred to maintain the transgene on the CD-1 background (blue pathways), or
crossed with podocin-rtTA mice (green pathways) for Dox-induction experiments to generate
podocyte-specific inducible expression of DN-Nck and analyse the physiological effects. A
mating of DN-Nck+, podocin-rtTA- single transgenic mice with DN-Nck-, podocin-rtTA+ single
transgenics were considered traditional breedings. Development of a modified breeding method
was pursued to increase the frequency of double transgenic offspring and to increase the
probability of transgene homozygosity. Modified breedings (mod.) were performed between two
double transgenics of the same founder line. Litters of mice that were used for Dox-induction are
denoted by a red circle.
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Table 4: Distribution of genotypes resulting from all breeding events.
Genotype

Traditional breeding

Modified breeding

DN-Nck

podo-rtTA

Expected

Observed 1

Expected

Observed 2

–

–

25.0 %

24.5 %

6.3 %

1.2 %

+

–

25.0 %

7.3 %

18.8 %

9.3 %

–

+

25.0 %

40.0 %

18.8 %

15.1 %

+

+

25.0 %

28.2 %

56.3 %

74.4 %

1, n=110; 2, n=86

52

F0

F1

F2

F3

T

X

U

W

L

F4

`
F

P

AC

I

V

Y

N

M

A

R

AA

E

H

S

Q

C

D

O

AB

Figure 12: Percentages of DN-Nck and podocin-rtTA transgene positive offspring in
each litter. Each DN-Nck founder was bred to wildtype CD-1 for transgene
maintenance (blue pathways) or podocin-rtTA for generation of experimental mice
(green pathways), as in Figure 11. Early traditional breedings of Line 13 and 21 to
generate F1 progeny demonstrated a low DN-Nck transgene transmission, which
approached the expected 50% value in F2 and subsequent generations. This abnormal
transmission rate is believed to explain deviations from the expected distribution of
genotypes noted in Table 4. Line 27 showed a typical percentage of DN-Nck transgene
positive mice beginning in the F1 generation. Modified breedings (mod.) resulted in
close to the expected 75% DN-Nck positive offspring. The percentage of podocinrtTA positive offspring was equal to or greater than expected in all matings.
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produced nearly 50% DN-Nck+ mice in all traditional breedings. This difference
appeared to resolve in the F2 generation for both founder lines. When modified
breedings were pursued, DN-Nck was passed to ~75% of progeny, as predicted.
Interestingly, the podocin-rtTA transgene appeared to be passed on to more than 50%
of offspring in most traditional matings and greater than or equal to 75% in all
modified breedings.

54

Dominant negative Nck protein is expressed in mouse glomeruli, in vivo
The next step to develop our proposed mouse model was to demonstrate the
expression of DN-Nck protein in the podocytes of experimental mice. Early screening
of Line 27 mice produced by traditional breeding and exposed to Dox suggested a
minimal level of DN-Nck protein production, however this result was inconclusive at
the time (data not shown). As already mentioned, this led to the development of the
modified breeding strategy.
Podocyte-enriched cell lysates were prepared from glomerular isolates of Doxtreated experimental and control Line 21 mice and analyzed by immunoblot (Figure
13). The isolation procedure successfully enriched the samples for podocytes, as
indicated by the presence of nephrin in all samples (middle panel). Flag-tagged DNNck protein was expressed exclusively in samples obtained from experimental mice,
but not controls (top panel). This expression was seen in F2 experimental mice of Line
21, but did not hold true for the other founder lines (Figure 14). Despite successful
isolation of glomeruli from experimental Line 13 and 27 mice, cell lysates analyzed by
immunoblot showed no signal above the background to indicate the presence of DNNck protein. This result was confirmed in multiple litters of experimental mice.
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Figure 13: DN-Nck expression validation by immunoblot of enriched glomerular
lysates from F2 Line 21 mice. The podocyte marker protein nephrin was detected
in all samples (middle), and DN-Nck was detected exclusively in samples of
double transgenic mice on Dox (experimental). Each sample represents the pooled
kidneys of two control or two experimental mice.
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Figure 14: DN-Nck expression validation by immunoblot of enriched glomerular lysates
from Line 13 (A) and 27 (B) mice. The podocyte marker protein nephrin was detected in
all samples (middle). Flag-tagged DN-Nck protein was not detected in any experimental
samples from Line 13 or Line 27. Each sample represents the pooled kidneys of two
control or two experimental mice.
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Expression of dominant negative Nck protein is not maintained in subsequent
generations of mice
Following the validation of transgene expression in Line 21, subsequent litters
were generated to pursue analysis of phenotypic effects of DN-Nck. In parallel, levels
of DN-Nck mRNA were also examined. Kidneys were dissected and used to perform
RNA extraction for RT-PCR and glomerular isolation for immunoblot. When
immunoblot for Flag-tagged DN-Nck was performed from glomerular cell lysates
from F3 generation mice (Figure 15A), no expression of DN-Nck was observed in the
experimental samples, despite the presence of the podocyte marker nephrin in all
samples. Similarly, no amplification of a DNA fragment corresponding to DN-Nck
was seen when RT-PCR was performed with cDNA prepared from kidneys of the
same animals, although the reaction was suitable for amplification of nephrin cDNA
(Figure 15B). Together, these results indicate that DN-Nck was not being generated at
either the protein or RNA level in this next litter of mice, which precluded further
investigations with founder line 21.
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Figure 15: (A) DN-Nck expression validation by immunoblot of enriched
glomerular lysates from F3 generation Line 21 mice. Approximately equivalent
amounts of the podocyte marker protein nephrin (middle) were loaded from each
sample, relative to GAPDH (bottom). Despite attempts to normalize the protein
content, variability in the amount of GAPDH remained. Flag-tagged DN-Nck
protein was not detected in any experimental samples from these Line 21 mice (top),
contrary to what was observed in previous generations of Line 21 mice. (B) RTPCR was performed from kidneys of the same mice studied by immunoblot in A.
Control PCR reactions were performed to amplify fragments of β-actin and nephrin
cDNA (bottom). Although β-actin and nephrin were not amplified from one
experimental (E) sample, primers specific for DN-Nck were unable to amplify
cDNA from any experimental or control (C) kidney samples, indicating that
transgene RNA was not being expressed. RNA extracted from heart tissue (Heart)
and dH2O (- CTRL) served as negative controls and DN-Nck plasmid DNA
(+ CTRL) was used as a positive control.
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Objective 3: Analyse the physiological effects of podocyte-specific inducible
expression of dominant negative Nck and the potential for recovery upon reversal
of transgene expression.

Expression of dominant negative Nck protein is associated with signs of
albuminuria
The induction experiments were undertaken with the hypothesis that experimental
mice would exhibit a phenotype with strong resemblance to the podocyte-specific Nck
knockout, and as such, we initially followed mice very carefully for signs of
albuminuria. It was expected that expression of DN-Nck would alter the glomerular
filtration barrier and result in a rapid elevation of urinary albumin and total protein
levels that would continue to the point of renal failure. Plans were in place to sacrifice
animals at such a time that albuminuria was substantial, but early enough to prevent
undue suffering. To this end, urine was spot-collected and analyzed from experimental
and control mice at frequent intervals. This was undertaken as a measure of prudence
in animal care, and in an attempt to minimize the number of animals used; both core
principles of the UG ACC and modern research animal use theory.
Urine samples were initially examined by a simple dipstick assay to determine
urinary protein content. Since no urinary protein was registered by this method, a more
sensitive approach was taken. Samples were resolved by SDS-PAGE and stained with
Coomassie against a BSA standard for visual detection of protein in the samples. Since
the protein content was still relatively low in comparison to controls, we opted to
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perform immunoblot for mouse albumin against a urine standard to generate a more
quantifiable result. A trend began to emerge upon analysis of urine samples from F2
male mice of Line 21 (Figure 16) that expressed DN-Nck (as demonstrated in Figure
13). Before Dox-induction (t=0 days), three experimental and three control urine
samples showed a relatively similar amount of urinary albumin. After thirty days of
induction, there was a substantial increase in the density of bands in the experimental
samples while control samples remained relatively unchanged. By 99 days, the first
experimental sample appeared to remain somewhat elevated, while the second was
reduced to a nearly basal level, and at 122 days of induction there was still some
evidence of elevated albumin content when compared to the control samples. These
results suggest an increase in albuminuria among Line 21 male mice that express DNNck. No apparent differences were noted in experimental mice of other litters when
compared to their control littermates. Since these samples were acquired by spot
collection, the effect of urine dilution had not been taken into consideration above.
To verify that these results were indeed substantial, a bicinchoninic acid (BCA)
protein assay was performed in conjunction with a colorimetric creatinine assay to
provide a more sensitive approach, and to normalize all samples. The normalized
urinary protein values (referred to as UrPr/UrCr) appeared to corroborate the previous
results in Line 21 males (Figure 17A). The mean UrPr/UrCr values of control samples
remained relatively stable near 30 mg/mg from 0–122 days with low variability. While
the experimental samples showed a similar mean and variability at t=0 days, there was
a transient spike at 30 days which, began to resolve by 99 days, and appeared
comparable to controls at 122 days. This suggests that podocyte-specific expression of
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Figure 16: Immunoblot for albumin in control and experimental Line 21 male mice.
Urine samples were collected at various timepoints (t=0, 30, 99, 122 days of induction)
and were subjected to immunoblot to detect urinary albumin. Control mice were
compared with experimentals at each time point (top). No notable difference was
detected between the groups before induction. At 30 days, experimental animals
exhibited an increase in urinary albumin compared to their control littermates. Results
at 99 days were variable between experimental animals, but remained somewhat
elevated at 122 days. Immunoblot was repeated for the second control animal and the
first two experimentals for all timepoints on one membrane to compare urinary albumin
levels semi-quantitatively across the duration of the experiment (bottom). When all
timepoints were compared on one blot (bottom) albumin levels appear to increase
dramatically by 30 days in experimentals, and gradually after that. These results suggest
some degree of impairment in glomerular filtration in Line 21 experimental male mice.
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Line 21 male
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Line 27 male

Figure 17: Analysis of normalized total urinary protein (UrPr/UrCr) in control and
experimental mice. (A) Urine samples were collected at various timepoints from Line 21
male mice (pre-induction, 30, 99, 122 days) and were subjected to bicinchoninic acid
(BCA) assay to quantify total protein and normalized by a colorimetric creatinine assay
to obtain the (UrPr/UrCr). Experimental animals exhibited an increase in UrPr/UrCr
around 30 days which tapered off gradually by 122 days when compared to control
littermates. (B) A similar analysis of experimental Line 27 males (left) and Line 21
females (right) shows no distinguishable difference from control littermates. Together,
these results indicate that damage to the glomerular filtration barrier was associated with
the podocyte-specific expression of DN-Nck protein. Error bars represent standard error.
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DN-Nck in Line 21 males was having a transient effect on glomerular function which
likely peaked between 30 and 99 days into the course of induction. Furthermore,
analyses of samples from induced Line 21 female mice as well as Line 13 and 27 from
male and female mice showed no effect, with experimental UrPr/UrCr values
comparable to those of their control littermates throughout the course of long-term
inductions (Figure 17B).
It was our goal to duplicate these findings and probe the transient nature of
albuminuria in a subsequent group of Line 21 mice; however, loss of transgene
expression in the F3 generation precluded further studies.
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DISCUSSION
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Kidney disease is a prevalent problem in developed nations that impacts both the
patient and society, and the spectrum of nephropathies encountered in humans has
prompted the development of numerous mouse models. These models allow researchers
to gain insight into the molecular mechanisms of pathogenesis, propose therapeutic
targets, and test pharmaceutical agents, in vivo. While animal models of MCD do exist,
none are actively reversible, and to date there are no direct models of inducible and
reversible foot process effacement. The development of the proposed mouse model will
allow us to eventually answer questions of clinical significance that remain untestable. If
successful, this model will also allow us to evaluate the changes that lead to irreversible
podocyte injury, and the time course of this process.

Establishment and characterization of inducible expression of dominant negative
Nck in cell culture
In this project, we sought to develop an inducible and reversible mouse model of
podocyte foot process effacement through expression of a dominant negative Nck protein
specifically in podocytes. It has previously been demonstrated that a key tryptophan
residue that normally resides in the binding pocket of each of the Nck SH3 domains is
required for downstream signalling to target proteins and that point mutation of each of
these tryptophans to lysine can interrupt Nck-SH3 signalling. A DN-Nck construct was
previously generated by our lab in the Dox-inducible pTRE2 vector, which carries these
W-K point mutations.
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The inability of DN-Nck to interact with other molecules via its SH3 domains was
previously verified by co-transfecting 293T cells with the Nck SH3-binding partner
N-WASp, and either WT-Nck, SH2*-Nck or DN-Nck (Figure 8). As predicted,
WT-Nck and SH2 mutant Nck were capable of co-immunoprecipitating with
N-WASp, but when DN-Nck was expressed, the interaction with N-WASp was
prevented.
Next, it was demonstrated that DN-Nck in the pTRE2 vector was inducible in
HeLa cells stably expressing rtTA, in the presence of Dox (Figure 9). Given that DN-Nck
expression was undetectable in the absence of Dox, there appears to be tight regulation of
DN-Nck transgene expression which is dependent on Dox, in vitro. This will be an
important feature of the TetOn system when we consider transgene expression in vivo,
since it would be detrimental to the model if the dominant negative were expressed
unconditionally in control mice. Together, these results support the use of this DN-Nck
construct under regulation of the TetOn gene expression system as the basis of an in vivo
model.

Generating transgenic mice with podocyte-specific inducible expression of dominant
negative Nck
Once transgene expression and inducibility had been confirmed in vitro, the DNNck transgene and TetOn expression system were introduced into mice. Similar to the
cell culture system, this model required a strategy for the introduction of three elements:
the rtTA transgene, the Dox-responsive DN-Nck transgene, and Dox. An additional
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element was required in order to express the dominant negative protein exclusively in
podocytes. To meet this condition, expression of rtTA was placed under control of the
podocyte-specific podocin promoter. Mice carrying the podocin-rtTA transgene were
acquired from a source that had previously shown rtTA expression in a podocyte-specific
fashion (Shigehara et al., 2003).
Following microinjection of DN-Nck DNA to fertilized mouse oocytes, 41 mice
were generated, of which three, or 7.3% were identified as having successful genomic
incorporation of the transgene when screened by PCR (Figure 10). It is well established
that following microinjection, transgene DNA incorporates in single copies or tandem
repeats by random genomic insertion, and 10-30% of mice are transgene positive
(Murphy, 2008). Thus, fewer transgenic mice were generated than anticipated, likely as
the result of normal variation in the procedure. There was concern that some of the
transgenic founder mice were not being detected by PCR, prompting an evaluation of the
amplification reaction. A sensitivity assay was performed, in accordance with TCP
protocols that confirmed the reaction was suitable for the detection of single copy
incorporations of the transgene in genomic DNA, and consequently, that all founders
were successfully identified.
Successful transgene incorporation does not guarantee successful expression,
since the insertion event may take place in silent heterochromatin, or the transgene may
be silenced by DNA methylation (Haruyama et al., 2009). Unfortunately, beginning with
only three founder mice limited our studies, and screening fewer founders decreased the
likelihood of developing an experimental line with strong transgene expression and a
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distinct phenotype. Random insertion events also have the capability of interrupting an
important sequence of endogenous DNA to produce unintended results that may
masquerade as an experimental phenotype. As such, it is crucial that multiple founder
lines are generated to confirm the experimentally induced phenotype and rule out
endogenous gene interruption.
To generate experimental animals, an initial breeding and induction strategy was
developed whereby DN-Nck+, podocin-rtTA– mice were crossed with DN-Nck–, podocinrtTA+ mice, and the double transgenic offspring were administered Dox in their food.
Early inductions suggested low transgene expression, prompting modifications to the
breeding and induction methods. Although studies have been performed in which Dox
delivery via food is sufficient to induce Dox-responsive transgene expression in vivo,
others opt to dose with Dox-water (Jones et al., 2009; Veron et al., 2010). A food and
water based induction strategy was chosen after an experiment performed in our lab
indicated that Nck1-null mice that were administered Dox in food and water in tandem
developed proteinuria in a shorter amount of time than food or water alone following
Dox-induced, podocyte-specific, Cre-mediated excision of Nck2. Nonetheless, strict
precautions were subsequently taken to prevent degradation of Dox. Specifically, Dox
stocks were kept refrigerated in opaque containers, Dox-water was mixed in small doses
at the time of administration, and food and water were changed every three days and
shaded from overhead light using metal cage cards and aluminum cans.
Although adult induction was preferred, some groups of mice were induced at
E13.5, the point at which podocin is normally expressed, in an attempt to elicit a
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response. Since podocyte-specific deletion of Nck has been shown to prevent the
formation of normal foot processes in development and disrupt healthy podocytes when
deleted in adult mice, we hypothesized that Dox-induced expression of DN-Nck in
development might also show a phenotype, possibly a different or stronger one.
However, there was no observed effect of embryonic induction, and this strategy was not
performed on Line 21 mice due to the loss of transgene expression in later generations.
The traditional breeding strategy was initially proposed because it was the
simplest and most efficient method for preliminary screening of transgene expression and
characterizing a phenotype. The modified breeding strategy involved crossing two double
transgenic mice (Figure 7) and was expected to produce more double transgenic offspring
with the potential for homozygosity of one or both transgenes. Establishing transgene
homozygosity is another means by which transgene expression might be increased, which
in turn could amplify a weak or indistinct phenotype (Conner, 2005). This breeding
method was implemented immediately in all lines, depending on the availability of
double transgenic mice, and produced an increase in the number of double transgenic
mice, as expected (Table 4).
When the distribution of all genotypes was examined, deviations from the
expected proportions were noted in both traditional and modified breedings. Most
notably, fewer DN-Nck+, podocin-rtTA– and more DN-Nck–, podocin-rtTA+ mice were
produced than expected in traditional breedings, and more double transgenics were
produced in modified breedings (Table 4). An examination of the transmission of each
transgene in each litter may explain these deviations (Figure 12). Lines 13 and 21 both
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produced a very low percentage of DN-Nck+ offspring in the F1 generation, which
stabilized in the subsequent generation. This may have been the result of late integration
of the transgene following microinjection, and a mosaic distribution in germline cells of
F0 mothers, which may explain the low population of DN-Nck+, podocin-rtTA- offspring
observed in traditional breedings (Haruyama et al., 2009). There were also more total
podocin-rtTA+ mice observed than expected, which may explain the increase in DN-Nck-,
podocin-rtTA+ in traditional breedings, and may have compensated for the decreased
DN-Nck transmission to produce a normal percentage of double transgenics. In modified
breedings, this may account for the increase in double transgenics. This result led to
concern over the accuracy of PCR-genotyping. To rule out false positives, genotyping
was repeated with consistent results at the time of weaning, and ear tissue was collected
for further PCR validation following terminal procedures. However, high transmission of
the podocin-rtTA transgene also suggests that podocin-rtTA breeders may have carried
the transgene at multiple loci in their genome (Haruyama et al., 2009).
Next, transgene expression was validated by immunoblot in samples prepared
from glomerular isolates of Dox-induced experimental mice and their control littermates
of all founder lines. Expression was confirmed in Line 21 experimentals in the presence
of Dox, but was absent under control conditions (Figure 13). This expression was readily
detectable only with the use of a high-sensitivity chemiluminescent substrate. Early
attempts to detect DN-Nck protein by immunofluorescence yielded inconclusive results,
and together these results suggest low levels of transgene expression. RT-PCR was also
performed, however due to loss of transgene expression, no further protein based
analyses were performed. Expression was not detected in experimental samples from
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Line 13 or Line 27 (Figure 14). This result was confirmed in four, and ten month old
mice of subsequent litters with short-term inductions of 1 week, at which point transgene
expression should be readily detectable in podocytes (Shigehara et al., 2003). The lack of
expression in Lines 13 and 27 could be the result of the transgene incorporating into a
heterchromatic locus, or transgene silencing.

Analysis of the physiological effects of podocyte-specific inducible expression of
dominant negative Nck
Urine was collected at various time points from induced experimental animals and
control littermates of each line and analyzed by immunoblot and BCA for the presence of
albumin and total protein. All lines were initially screened for proteinuria by dipstick, but
the inability to detect any changes using this crude method implied that any resulting
phenotype would not be as severe as that observed in the podocyte-specific deletion of
Nck. When a more specific approach of albumin immunoblot was performed, Line 21
male mice showed an increase in urinary albumin by 30 days that appeared sustained to
122 days (Figure 16). This was indicative of alteration to the glomerular filtration barrier.
Since the phenotype was not as overt as other models, it is presumed that glomerular
damage was less dramatic. Since urine was spot collected, the estimation of urinary
albumin was subject to the effects of urine dilution.
BCA assays were performed on urine samples to provide a highly sensitive
estimation of total protein content, and were normalized by measuring the concentration
of creatinine in the sample. Creatinine is a metabolic byproduct that is filtered by the
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glomerulus at a nearly uniform rate, relative to muscle mass that is frequently measured
to adjust estimations of urinary contents, although variability is a concern during latestage renal failure (Conti et al., 2009; Cirillo, 2010). In addition to increased total urinary
albumin, induced Line 21 males showed an increase in normalized urinary protein
(UrPr/UrCr), which was of a transient nature (Figure 17A). The peak of effect appeared
to be between 30 and 99 days, and returned almost to basal levels by 122 days, close to
control littermates. By comparison, a previous study of induced diabetic male CD-1 mice
exhibited normalized urinary protein levels of nearly 200 mg/mg creatinine at 4 weeks of
treatment, and ~800 mg/mg by 8 weeks, compared to ~50 mg/mg prior to treatment (Dai
et al., 2004). Although an increased sample size could lend statistical significance to our
data, these results support the idea that a subtle change in glomerular filtration took place
which was unexpectedly lost upon long-term induction.
Considering that the function of DN-Nck protein is dependent on being expressed
at a sufficient concentration to outcompete endogenous protein for binding sites to SH2interaction partners, two mechanisms are proposed by which long-term competitive
inhibition of Nck signalling may have been lost. Perhaps the endogenous Nck protein was
upregulated as a response to subtle changes in the podocyte, which allowed the cell to
counteract the antagonist DN-Nck to regain sufficiently normal Nck signalling. The
function of carrying two seemingly redundant Nck paralogs in the genome has not been
established, but perhaps the expression of one is more readily augmented under
conditions of stress and disease. Alternately, DN-Nck expression might have been
silenced by DNA methylation, or some other mechanism, particularly if its expression
was detrimental to the cell and organism, a feat that seems more feasible if transgene
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expression was not achieved at high levels in the cell. Plans were made to confirm these
results and investigate the transient nature of the phenotype using qRT-PCR; however,
the loss of transgene expression in Line 21 prevented us from testing this.
The resulting phenotype was only observable in male mice (Figure 17B). This is
not surprising since both mouse and human males are documented as being more prone
than females to many types of renal damage (Neugarten et al., 2000; Fogo 2003).
Additionally, no effect was observed in experimental mice of Lines 13 or 27, which was
expected since no DN-Nck protein expression could be detected in these mice. CD-1
mice are a highly outbred strain for which no explicit standard has been established to
classify albuminuria or proteinuria. Since populations of CD-1 mice from different
commercial facilities can have great genetic variation, the most accurate comparison is
made against control littermates, to minimize genetic-based variation (Aldinger 2009).
Indeed, variability was evident when we compared the control levels of normalized
urinary protein between Line 21 and Line 27 male mice (Figure 17). Furthermore,
discrepancies have been characterized between different strains of mice in their
susceptibility to kidney damage, with the DBA/2 strain being particularly prone to
developing proteinuria, and C57BL/6 being particularly resistant (Brosius et al., 2009).
This relative susceptibility is often exploited in mouse models of kidney disease, and in
further research, it may prove wise to pursue this model on the DBA/2 background to
induce a more robust phenotype.
Ultimately, the phenotype encountered in Line 21 mice was less prominent than
expected. A number of factors may have contributed to this observation. The calibre of
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phenotype may have simply been a product of low expression levels of
DN-Nck protein. Alternately, upon expression DN-Nck may be modified in some manner
that leads it to be targeted for degradation or mislocalized. Furthermore, a study by
Ramalho et al. found that a dominant negative Rab27 protein expressed in transgenic
mice was being rapidly degraded in vivo, which led to lower than expected protein
concentration and no significant phenotype; an effect that was not observed with
constitutively active or wild type Rab27 (Ramalho et al., 2002).
Alternately, Nck might behave in a manner that is different or more complex than
what is known. It has recently been discovered that a sequence in the linker region
between the first and second SH3 domains of human Nck2 is capable of interacting
intramolecularly with the second SH3 domain, demonstrating an unprecedented
autoinhibitory potential for the protein, which is reliant on SH3 function. It has been
suggested that this may provide Nck with a means of preventing low-affinity binding and
selecting preferred binding partners with Proline-rich sequences or multiple interaction
sequences (Takeuchi et al., 2010). Perhaps this could even be a means of aggregating
Nck to amplify a signal.

Maintenance of transgene expression in successive generations of transgenic mice
When new litters of Line 21 mice (F3) were generated for more extensive
phenotypic analysis, Dox-induced experimentals did not express DN-Nck at either the
protein or mRNA level (Figure 14). Transgene expression is commonly silenced by DNA
methylation in successive generations of transgenic mice, and it seems likely that this was
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the case here. This prevented us from confirming the physiological effects observed in
male Line 21 mice, which in turn prevented us from demonstrating significance. The
expression of DN-Nck at the protein level was to be confirmed and quantified at the RNA
level using qRT-PCR. The effects of DN-Nck expression on foot process effacement
were to be examined by transmission electron microscopy, but considering that
normalized albumin levels were only transiently interrupted prior to termination, this
experiment was also re-assigned for one of the forthcoming litters. If the trend in
albuminuria were repeated with increased n-value, we were interested in probing the
transient nature of this phenotype by qRT-PCR for endogenous mNck1 and mNck2
mRNA, and examining levels of other important SD genes in parallel. Finally, this has
temporarily prevented any further investigation into the reversibility of podocyte damage,
which will remain a mystery until the project is re-initiated.
If we accept the premise that transgene silencing did take place in F3 mice of Line
21, we should consider whether this may have also taken place in the other founder lines.
Early induction studies with F2 mice from Line 27 hinted at expression when initially
screened by immunofluorescence (IF). IF was first selected for screening induced
experimental mice because difficulties were encountered with glomerular isolation from
mouse kidneys, and immunoblot from whole kidneys exhibited substantial background
staining using anti-Flag antibodies. Consider now, that aside from the aforementioned,
only F3 and F4 generation mice were induced for screening transgene expression in Line
13 and 27. Although the early results of Line 27 F2 inductions were deemed inconclusive,
it is possible that these mice were also expressing low levels of DN-Nck that was
silenced in the subsequent generations.
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Alternate approaches
What we have proposed to develop would represent one of the simplest possible
models of inducible and reversible FP effacement by means of the subtlest changes. We
have targeted an adapter protein, rather than a major structural molecule, signalling
platform, or enzyme, using single amino acid substitutions instead of eliminating entire
protein-interaction domains. However, a number of alternatives could be used to generate
a parallel model. Repeating microinjections on a mouse strain that is more prone to
nephropathy could generate a more distinct and measurable phenotype. Use of a modified
mouse line that lacks either Nck1 or Nck2 could be integrated into the breeding strategy
to provide less competition for DN-Nck. Haploinsufficiency of the remaining Nck could
be used to further exacerbate this effect. Finally, an entirely different molecule could be
targeted.
This has been carried out by colleagues at McGill University since the onset of
this project, using a constitutively active (CA) RhoA; a known regulator of the actin
cytoskeleton (Zhu et al., 2011). It was established that podocyte-specific and Doxinducible expression of CA-RhoA in transgenic mice was sufficient to produce
significant albuminuria in mice after four weeks of induction, and that the degree of
albuminuria was positively correlated with the level of CA-RhoA expression.

Conclusion
It is the ultimate goal of this work to provide a unique model to expand our
comprehension of the podocyte’s ability to recover from damage, and to act as a test bed
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for therapeutic intervention. Given that low transgene expression appears to be the prime
suspect in preventing the development of a strong phenotype in our study, and no mice
capable of expressing podocyte-specific DN-Nck remain, new DN-Nck founder lines
must be generated and screened to continue our endeavours.
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