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A hallmark of progressive renal disease in man is the presence of abnormal
urinary constituents termed proteinuria. These substances include proteins, of
which albumin predominates and are derived from the serum but are present in
the urine because of abnormal glomerular permeability. Such macromolecules
are bioactive and interact with proximal tubular cells (PTC) to activate
intracellular signalling cascades. The result is a PTC phenotype that stimulates
localised renal inflammation and fibrosis whicht are characteristic pathological
changes of proteinuric nephropathy.

A PTC albumin receptor is a complex that includes megalin, a member of the
low-density lipoprotein (LDL-R) family. The paradigm regarding LDL-R family
members is that they are cargo receptors which transport ligand from one
epithelial surface to another. The cytoplasmic domains of some members of the
LDL-R mediate important signalling functions. Therefore, it is postulated that the
cytoplasmic tail of megalin (MegCT) might link PTC albumin exposure with
signalling effects within the cell. As signalling cascades and protein-protein
interactions are regulated by protein phosphorylation studies in this thesis were
designed to address whether MegCT is phosphorylated.

Potential agents of MegCT phosphorylation were used to stimulate PTC in
culture and stimulated cell lysate tested for its ability to phosphorylate a MegCT-
GST fusion protein. Human serum albumin (HSA), epidermal growth factor
(EGF) and activators of Protein kinase C (PKC) were all identified to increase
the substantial basal phosphorylation of MegCT. Using specific kinase inhibitors
phosphoinositide 3-kinase (Pl 3-kinase), epidermal growth factor receptor
(EGF-R) and PKC were all identified as important mediators of MegCT
phosphorylation. MegCT immunoprecipitated from intact cells demonstrated an
identical pattern of phosphorylation. To overexpress MegCT a MegCT-CD8
chimaeric protein was developed and demonstrated to associate with the cell
membrane and phosphorylate identically to MegCT-GST. Using mass
spectrometry of phosphorylated peptides derived from MegCT-GST six sites of
MegCT phosphorylation were identified under basal and stimulated conditions.

By measuring FITC-albumin uptake agents stimulating MegCT phosphorylation
were identified to be functionally associated with attenuated albumin
endocytosis.

In summary this is the first description of the regulated phosphorylation of
MegCT in PTC and indicates a number of sites of potential pharmacological
inhibition to abrogate the progression of proteinuric nephropathy.
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1 Introduction.

“When bubbles settle on the surface of the urine, they indicate disease

of the kidneys and that the complaint will be protracted.”

Corpus Hippocratium. Circa 430 BC

(Diamandopoulos et al., 2009)

This aphorism from Hippocrates is perhaps the first recording of the link
between proteinuria and renal disease. As true today as it was then, a holy grail
of the modern nephrologist is to understand and limit the mechanisms that lead

to the progressive loss of renal function.

11 The epidemiology and natural history of end stage renal failure.

The replacement of renal function by dialysis is imperfect and socio-
economically costly. The need for renal replacement therapy continues to rise
globally and applies great pressure to health services where dialysis and
transplantation are available.

In 2008 the United Kingdom acceptance rate onto renal replacement
programmes was 108 patients per million of population (pmp). The prevalence
of those requiring renal replacement therapy (RRT) was 774 pmp with an
annual increase in this figure of approximately 4.4% (Byrne et al., 2010a, Byrne
et al., 2010b). The basic cost per person on dialysis is between £15,000 and
£35,000 (Baboolal et al., 2008) and previous estimates have equated this to
total 1.5% of the overall health budget (Nicholson and Roderick, 2007).

The treatment itself is imperfect. The one year survival from the date of the first
dialysis is 79%, the median life years remaining for a 25-29 year old on

haemodialysis is 20 years (Ansell et al.,, 2010). It is estimated that 320,000
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hospital days a year in the UK are used in dealing with the consequences and
complications of haemodialysis alone (Roderick et al., 2005).

Although the stark economic costs are relatively easy to quantify, what is more
difficult are the personal costs to individuals affected with end-stage renal failure
(ESREF), their families and communities. There is not a facet of their life that the
illness does not pervade.

Therefore, it would be desirable to halt or slow the progression of renal disease
at an early stage. Recommended screening of high risk groups has facilitated
the diagnosis of renal disease earlier in its natural history. However, identifying
those with progressive renal disease is insufficient. The therapeutic armoury of
the nephrologist is limited and the treatments relatively non-specific. There is a
pressing need to understand the underlying patho-physiology of progressive
renal disease with the expectation that new, more targeted interventions will be
developed.

A multiplicity of renal diseases can initiate renal damage and in many cases the
nature of the original pathology is well characterised. Often, even if this insult is
removed the kidneys progressively fail over time and this culminates with the
need for renal replacement therapy. This continuing progression may, in some
way reflect the kidneys maladaptive response to injury, and the decline in
function could be due to a common perpetuating factor. The uniformity of this
secondary process may explain how the diverse histological patterns
associated with primary glomerular diseases ultimately end in the strikingly
similar macro- and microscopic appearance of the end-stage kidney.

The end-stage kidney has a characteristic appearance (Heptinstall, 1983). On a

macroscopic level the failed kidney is small and shrunken. Microscopically, the
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glomeruli demonstrate a loss of capillary structure with localised areas of cell
proliferation. Progressive scarring results in deformation, collapse and sclerosis
of the capillary bed. Tubular atrophy is marked, especially in those tubules
downstream of scarred glomeruli and there is a significant inflammatory infiltrate
around the tubules. The interstitium displays prominent fibrosis with deposition
of collagen and lipids and large numbers of fibroblasts are visible.

These changes are seen in kidneys of humans and in animal models of
progressive renal failure. The extent of these inflammatory, and pro-scarring
changes, are strongly correlated with the degree by which renal function is

impaired.

1.2 The relationship between tubulointerstitial scarring and

progression of renal failure.

A consistent finding in humans and animals is that the degree of renal
impairment is closely associated with the extent of tubulointerstitial scarring
rather than glomerular damage. This observation is true even in the case of
primary glomerular diseases and therefore, it has been suggested that the
events in the tubulointerstitium are critical in mediating progressive renal
dysfunction.

Over forty years ago Risdon (Risdon et al., 1968) found a highly significant
correlation between the degree of tubular damage in a series of renal biopsies
and various measures of renal function from the same patients. The same
relationship was not found between glomerular damage and renal failure and of
particular note was the finding that individuals with severe glomerular damage
maintained a relatively normal serum creatinine providing the tubulointerstitium

was undamaged. Later work confirmed this finding and extended the
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observation to show that irrespective of the original cause of the renal
dysfunction the relationship between tubulointerstitial damage and overall
function held true (Schainuck et al., 1970). Over time, the correlation between
tubulointerstitial damage and renal function has been described for focal
segmental glomerulosclerosis, diabetic nephropathy, membrano-proliferative
glomerulonephritis, IgA nephropathy, membranous glomerulonephritis, renal
amyloidosis, chronic interstitial nephritis and Alport’'s disease (Bohle et al.,
1979, Bohle et al., 1991, Park et al., 1986, Hooke et al., 1987, Cameron, 1989,

Alexopoulos et al., 1990, Kim et al., 1995).

1.3 Potential mechanisms linking glomerular injury and

tubulointerstitial fibrosis.

Whilst the degree of renal impairment most closely correlates with the degree of
tubulointerstitial damage a large number of renal pathologies primarily affect the
glomeruli. A number of theories postulate how glomerular lesions result in
tubulointerstitial fibrosis, and whilst these remain contentious they have been
summarised and evaluated (Kriz and LeHir, 2005). In brief, the proposed
mechanisms are;

* Transfer via the vascular route. The efferent arteriole of the glomerulus
gives rise to capillaries that perfuse the tubulointerstitium. Therefore,
harmful factors within the vascular system of the glomerulus would be
transported to the tubulointerstitium. Furthermore, if a glomerulus were
rendered hypoxic by vascular injury the downstream tubulointerstitium
would be even more oxygen deficient. There is little evidence that this

occurs in vivo (Kang et al., 2002).
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Encroachment of crescentric lesions on the tubule. If a crescent is
formed at the glomerulo-tubular junction, obstruction results and there is
misdirected flow of filtrate around the tubule (Kriz et al., 2001). This leads
to an inflammatory response to agents in the filtrate, tubular obstruction
and degeneration. A second consequence of obstruction at the tubulo-
glomerular junction may be an effectively aglomerular tubular segment
which subsequently degenerates (Le Hir and Besse-Eschmann, 2003)

Protein leakage into the tubular urine. This is thought to contribute to
tubular damage by three mechanisms. (i) The excessive reabsorption of
protein by PTC as a result of glomerular damage may result in cell stress
and either the spillage of lysosomal enzymes into the cytoplasm and/or
the generation of reactive oxygen species (Morigi et al., 2002) (ii) Factors
toxic to PTC may be present in the proximal tubular filtrate such as
complement proteins (Hsu and Couser, 2003), albumin and albumin-
bound fatty acids (see below). Alternatively, one of the effects of
increased lysosomal degradation of reabsorbed proteins may be
ammonia generation that has been shown to activate complement (Nath
et al., 1985) (iii) Finally, excess lysosomal degradation of filtered protein
may stimulate cytokine secretion by PTC that initiates peri-tubular
fibrosis and is this context albumin itself may act as a cytokine. The

evidence for this will be discussed in far more detail below.

These theories need not of course be mutually exclusive and may be more or
less prominent in different disease states. It is however important to recognise
that not all glomerular lesions are crescentic in nature and yet a progressive

decline in renal function is still observed.
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1.4 The role of proteinuria in the development of renal scarring.

1.4.1 The relationship between proteinuria and progressive renal failure.

A hallmark of progressive renal dysfunction is proteinuria. Glomerular
proteinuria arises as the result of circulating proteins passing from the
vasculature across an inflamed or injured glomerulus into the urine. Whilst
glomerular proteinuria is predominantly manifest as albuminuria, a cocktail of
potentially bioactive macromolecules are abnormally filtered by the glomerulus
and are present in the urine. The number of triggers for initiating glomerular
damage is large but the pattern of tubulointerstitial inflammation is much more
limited. This has led investigators to hypothesise that irrespective of the initiator
of renal damage a perpetuating factor may be responsible for stimulating
tubulo-interstial damage and the corresponding loss of renal function. As
proteinuria is an almost universal finding in progressive renal disease it has
been asked whether filtered proteins interact with PTC and result in pro-
inflammatory changes. In this model, proteins filtered by the glomerulus —
predominantly albumin — would be the perpetuating factor and the histological
pattern that results has been termed proteinuric nephropathy (Brunskill, 2004).
In the following sections evidence arising from studies on humans and animals

will be described that support this theory.

1411 Evidence from animal studies

Five stages have been identified that are important to the development of
tubulointerstitial fibrosis (Jernigan and Eddy, 2000). These are (i) the initial renal
insult (ii) cellular release of fibrogenic factors (iii) accumulation of intracellular
matrix proteins (iv) obliteration of peritubular capillaries and (v) death of PTC
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and progressive renal insufficiency. In order to associate this series of events
with the development of proteinuria a number of experimental models have

been developed.

1.4.1.1.1 Purinomycin nucleoside induced nephrosis.
A single administration of puromycin aminonucleoside (PAN) to rats has a toxic

effect on the podocyte following which heavy proteinuria develops. Proteinuria
peaks 14 days after administration and abates thereafter. This is a useful model
in which the time courses of the development of proteinuria and inflammatory
infiltrate can be compared. There is a clear relationship between the two (Eddy
et al., 1991) and both are reduced by provision of a low protein diet, thereby
reducing proteinuria (Eddy, 1994). Following an initial inflammatory infiltrate,
foci of tubulointerstitial fibrosis develop and expression of a number of pro-
fibrotic and pro-inflammatory proteins (e.g. extracellular matrix proteins,
metalloproteinases, MCP-1 and TGF-B) are increased. In this model
administering enalapril did not reduce proteinuria and had no effect on the

tubulointerstitial changes.

1.4.1.1.2 Protein overload nephropathy.
Proteinuria can also be induced in rats by the intra-peritoneal injection of

between 2 and 5 g/day of BSA. These animals rapidly develop proteinuria and
widespread foot process effacement. There is no evidence of either an immune
system mediated glomerular injury or immune-complex deposition due to anti-
BSA antibodies (Davies et al., 1978, Eddy, 1989, Andrews, 1977). Heterologous
excretion of albumin ceases within 48 hours of the last injection of BSA
although homologous albuminuria persists (Davies et al., 1978). Following

induction of proteinuria there is an influx of chronic inflammatory cells into the
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interstitium and an accumulation of extracellular matrix proteins (Eddy, 1989,
Eddy and Giachelli, 1995). There is also an increase in PTC expression of the

chemotactic substances MCP-1 and osteopontin (Eddy ef al., 1995).

1.4.1.1.3 Sub-total nephrectomy
In the remnant kidney model surgical reduction of renal mass by 3/4 to 5/6 is

followed by the development of proteinuria, hypertension and progressive renal
failure with histological evidence of glomerulosclerosis and tubulointerstitial
fibrosis (Chanutin A, 1932). Hyperperfusion of the remaining nephrons
increases intraglomerular pressure and is associated with proteinuria and
systemic hypertension (Hostetter et al., 1981, Anderson et al., 1985a, Anderson
et al., 1985b). A reduction in proteinuria as a result of dietary modification (El-
Nahas et al., 1983, Williams et al., 1987), or inhibition of the renin-angiotensin
system (Anderson et al., 1986) reduces proteinuria, attenuates tubulointerstitial
fibrosis and overall is reno-protective. The beneficial effects of antagonising the
renin-angiotensin system are independent of an effect on systemic blood

pressure.

1.4.1.2 Evidence from human studies and clinical trials.

In individuals with diabetes the development of proteinuria is the hallmark of
diabetic nephropathy (Mogensen, 2000, Williams, 2005). As a consequence,
this group of patients have featured in many of the landmark studies that have
related degree of proteinuria to renal prognosis. Although subject to individual
variation, as a population the pattern of change of proteinuria in diabetic
patients is predictable. In the early years (up to year five) following diagnosis

there is a subtle increase in the level of microalbuminuria (MA), that is an

17



excretion of albumin of less than 300 pg/day. The onset of nephropathy is
marked by glomerular hyperfiltration and a rise in GFR with a continuing
increase in the urinary protein excretion (UPE). As GFR starts to fall the UPE is
about 1 g/day. Progressive azotaemia is matched by a rise in UPE to roughly
6g/day which falls abruptly as end stage renal disease (ESRD) develops. It
should be noted that is some individuals MA will not progress and may, in fact,
regress. So, whilst these observations do not prove a causative role for
proteinuria in diabetic nephropathy (DN) the natural history has lent itself to a
number of observational and interventional studies that indicate proteinuria to

be a key mediator in progressive kidney disease.

It has been realised for some time that in individuals with type 1 diabetes the
presence of proteinuria indicates a poor prognosis (Gellman et al., 1959,
Watkins et al., 1972). However, only in recent years have well constructed

randomised controlled trials (RCT) addressed this issue more systematically.

One arm of the Diabetes Control and Complications Trial (DCCT) received
intensive glycaemic control compared to a then standard treatment group
(DCCT, 1993) and the incidence of macro- and micro-vascular complications of
both groups recorded. In terms of renal outcome intensive glycaemic control
reduces the progression from MA to more florid proteinuria and in more long
term follow up lessened renal impairment (DCCT, 2003). The Collaborative
Study Group noted that in a group of patients that reached the primary end
point of a doubling of serum creatine the baseline proteinuria was 4.99 g/day
compared to 2.34 g/day in those whose serum creatinine was more stable

(Breyer et al., 1996).
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The same pattern is seen in people affected by type 2 diabetes where baseline
albuminuria predicts renal outcome (Lebovitz et al., 1994). In the United
Kingdom Prospective Diabetes Study (UKPDS) tight glycaemic control in
individuals with type 2 diabetes attenuated the progression through MA to
macroalbuminuria (Adler et al., 2003). A number of studies relate risk of
progression of renal disease to baseline proteinuria in individuals affected by
type 2 diabetes (de Zeeuw et al., 2004, Atkins et al., 2005, Eijkelkamp et al.,

2007).

Proteinuria has also long been recognised to be an adverse prognostic feature
in non-diabetic renal disease (Hostetter et al., 1982, Mallick et al., 1987). In
people with progressive CKD protein excretion correlates with rate of loss of
renal function and proteinuria was the only predictive variable of renal failure in
a multi-variate analysis that included blood pressure, calcium/phosphate
product and dietary protein intake. (Wight et al., 1992, Williams et al., 1988).The
modification of diet in renal disease study (MDRD) is a landmark randomised
controlled trial that enrolled 840 patients with non-diabetic renal disease to
study the effect of dietary protein modification and blood pressure management
on progression of renal disease (Klahr et al., 1994). Baseline proteinuria was a
strong predictor of a decline in renal function. Other investigators have studied
the prognostic utility of albuminuria in a population unrecognised to have renal
disease. The Prevention of REnal and Vascular ENd-stage Disease
(PREVEND) group collected urine samples from over 40,000 members of the
general population of Groningen (the Netherlands). MA predicted the

development of stage 3 CKD at year 4. Moreover, even at levels of MA
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conventionally regarded as normal (that is less than 30 mg/day of albumin

excretion) there was a rise in risk of developing CKD (Verhave et al., 2004).

The studies referred to above indicate an association between proteinuria and
progressive renal disease. Establishing a causative role of proteinuria in driving
progressive renal disease is less straightforward but hinted at by intervention

studies in which strategies that reduce UPE are, in general, renoprotective.

Low protein diets reduce proteinuria in patients with chronic glomerulonephritis,
and, the extent of reduction predicts a favourable outcome in terms of renal
function (ElI Nahas et al., 1984). A similar finding was observed in a post hoc
analysis of the MDRD data in which a reduction in dietary protein, attenuation of
UPE and renoprotective effect all correlated (Hunsicker et al., 1997). Adverse
nutritional effects have limited dietary modification as a therapeutic approach in
modern practice. Instead, pharmacological agents, particularly those that
interupt the renin—angiotensin system are more commonly used.
Interruption of the renin-angiotensin system is thought to reduce urinary protein
excretion via several mechanisms (Brenner and Zagrobelny, 2003) These
include:
* Alteration of renal and systemic haemodynamics with a reduction in the
intraglomerular filtration pressure.
* Reducing the permeability of the glomerular filtration barrier.
* Blockade of the angiotensin Il mediated growth stimulating actions within
the kidney.
Diabetic nephropathy and proteinuria are strongly linked and many of the

earliest reports of the anti-proteinuric and renoprotective effect of angiotensin
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converting enzyme inhibition (ACEi) involved patients with type 1 diabetes. In a
study of patients with diabetes and nephrotic range proteinuria (>3.5 g/day)
there was remission of proteinuria in 16.5% of people receiving captopril
compared to 1.5% in those receiving placebo (Hebert et al., 1994). In that study
captopril treatment was associated with a lower blood pressure. In the Heart
Outcomes Prevention Evaluation (HOPE), ramipril reduced the primary
outcome measure of a reduction in cardiovascular endpoints, and in addition
lessened the risk of overt nephropathy and lowered albuminuria independent of
blood pressure reduction (HOPE, 2000).

In patients with type 2 diabetes and nephropathy the anti-proteinuric effects of
angiotensin receptor blockers (ARB) have been tested. Both irbesartan (Lewis
et al., 2001) and losartan (Brenner et al., 2001) reduce proteinuria and retard
renal failure again, independent of an improvement in blood pressure control.
Similar patterns are observed in populations with non-diabetic proteinuric renal
disease. A landmark study demonstrating a reno-protective effect of ramipril
over and above an effect on blood pressure is the Ramipril Efficacy in
Nephropathy (REIN) study (Ruggenenti et al., 1999b, Ruggenenti et al., 19993,
Ruggenenti et al., 1998). Ramipril reduced both proteinuria and the risk of
doubling of serum creatinine and/or ESRF in populations that had non-nephrotic
UPE rates. This effect could not be attributed to blood pressure reduction and
furthermore, the initial response to ramipril was prognostically significant. That
is, a swift reduction in proteinuria was associated with reno-protection.

In a pooled analysis of 11 trials the benefit of ACEi in non-diabetic patients
divided into quartiles of risk of progressive renal disease and baseline levels of

proteinuria was studied. At UPE of > 500 mg/day ACEi were beneficial across
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risk groups, whereas, no benefit was seen when protein excretory rates were
less than 500 mg/day (Kent et al., 2007). This contrasts with another study in a
similar population in which a reduction of MA by 50% was specifically targeted
as a therapeutic aim. Over an 8 year period a 50% reduction in MA was
associated with a rate of eGFR loss of 1.8/year compared to 4.4/year in the
standard treatment group (Araki et al., 2007). In specifically reducing albumin
excretion to levels below 500 mg/day published reports have used high doses
of benezepril (Hou et al., 2007), with benefit in terms of UPE reduction and a
reduction in renal outcomes (doubling of serum creatinine/ESRD).

The Ongoing Telmisartan Alone or in combination with Ramipril Global Endpoint
Trial (ONTARGET) was a large RCT designed to investigate potential
superiority of combined telmisartan and ramipril compared to monotherapy in
over 25,000 individuals with atherosclerotic disease. ONTARGET’s major end-
points were cardiovascular in nature and no benefit was found for combination
therapy (Yusuf et al., 2008). In a subsequent report the same investigators
described that combination treatment was associated with a reduction of
proteinuria but significantly more adverse renal events which included the need
for dialysis, a doubling of serum creatinine or death (Mann et al., 2008). Some
caveats are needed in interpreting this data. The majority of the adverse renal
events arose from a need for dialysis because of acute kidney injury, perhaps
not surprising as the studied population probably had an occult burden of reno-
vascular disease. It should also be noted that that the number of people
enrolled in this study with proteinuria was relatively small and perhaps under-

powered to detect an effect of UPE on renal and/or cardiovascular outcome.
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In summary, there is a broad body of evidence that events occurring in the renal
tubulointerstitium are critical to the progression of renal disease. In rats
induction of proteinuria is associated with tubulointerstitial fibrosis, and in
humans anti-proteinuric strategies are renoprotective. As PTCs are the most
abundant cell in the tubulointerstitium investigators have studied the effect of

proteinuric urine, or it's components on markers of tubular cell injury.

1.5 Evidence for toxicity of filtered proteins to PTC.

The evidence outlined above that relates proteinuria to renal toxicity is
associative and does not prove a cause and effect relationship. To develop this
association studies have utilised the fact that PTC injury results in
macromolecule release which can be used as biomarkers of renal damage. This
characteristic has been used in vitro and in vivo to investigate the potential

reno-toxicity of a number of agents, including albumin.

1.5.1 N-acetyl-B-glucosamindase (NAG)

NAG is a urinary enzyme originating from the lysosome that has a molecular
mass of 130kDa. It is normally excreted in the urine in a small amount as a
result of the normal exocytosis process as opposed to glomerular filtration.
When PTC are damaged it is present in the proximal tubular filtrate at an
increased concentration (Guder and Hofmann, 1992). NAG is elevated by
several agents toxic to the proximal tubular epithelium including lead, solvents,
contrast media, aminoglycoside antibiotics and chemotherapeutic agents (Price,
1992, Pergande et al., 1994). NAG levels are elevated in proteinuric conditions,
including diabetes, and positively correlate with UPE (Rustom et al., 1998,
Bazzi et al., 2002).
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1.5.2 Kidney injury molecule-1 (Kim-1).

Kim-1 is a recently discovered proximal tubular protein that is induced after
tubular injury caused by ischaemia-reperfusion and nephrotoxic injury (Ichimura
et al., 1998, Ichimura et al., 2004). Renal expression can be assessed by
immunohistochemistry of renal biopsy specimens, or by measuring the large
cleaved extracellular domain of Kim-1 that may be excreted in the urine. Urinary
assays for Kim-1 might detect early renal damage (Vaidya et al., 2006). Urinary
Kim-1 levels are more sensitive and specific in predicting acute kidney injury
than NAG, blood urea or serum creatinine (Vaidya et al., 2010). In rats induction
of proteinuria using the protein overload model increases urinary Kim-1 levels in
proportion to the UPE (van Timmeren et al., 2006). Studies of proteinuric rats
demonstrate co-localisation of renal Kim-1 expression at areas of
tubulointerstitial fibrosis. In PAN induction of proteinuia increases urinary Kim-1
levels and tubulointerstitial fibrosis. Co-administration of enalapril reduces
proteinuria, renal Kim-1 expression and urinary Kim-1 secretion (Kramer et al.,
2009).

In humans, Kim-1 may be an early biomarker of renal graft loss as a high
urinary Kim-1 excretion is associated with a falling creatinine clearance and
high proteinuria (van Timmeren et al., 2007a). Renal Kim-1 expression and
urinary Kim-1 secretion correlate and are elevated in proteinuric states including
minimal change disease, membranous GN, diabetic nephropathy and IgAN.
However, there is no direct correlation between degree of proteinuria and renal
Kim-1 expression and secretion (van Timmeren et al., 2007b). More recently, it
was reported that anti-proteinuric strategies reduce UPE and urinary Kim-1

levels in non-diabetic proteinuric patients (Waanders et al., 2009).
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To summarise, there is strong evidence to link proteinuria, PTC damage,
tubulointerstitial fibrosis and progressive renal failure. The following sections will
consider how proteinuria arises and how filtered macromolecules interact with

PTC.

1.6 The physiology of renal handling of proteins.

1.6.1 Glomerular filtration.

1.6.1.1 Glomerular structure (Figs. 1.1 A and B).

A single glomerulus is comprised of a tuft of specialised capillaries supplied by

an afferent arteriole. An efferent arteriole facilitates drainage from the

glomerulus and the structure is covered by Bowmans capsule.
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Figuré 1.1 A. Cross section of a rat glomerular capillary loop. The podocyte

(P) cell body extends into the urinary space (US). CL capillary lumen. Taken
from Kerjaschki (2001).
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Figure 1.1 B. Glomerular filtration barrier. FP podocyte foot process, SD slit
diaphragm, GMB glomerular basement membrane, EC endothelial cell, arrow
heads endothelial fenestrae. Taken from Mathieson (2004).

glomerular basement membrane consists of type IV collagens, heparin sulphate
proteoglycans and laminin (Abrahamson 1987).

The fenestrated areas of the endothelium are extremely attenuated and
possess oval or round shaped pores of up to 100nm in diameter (Larsson and
Maunsbach, 1980). Compared to other fenestrated endothelia at different sites
these pores are mostly wide open and lack a diaphragm (Jorgensen, 1966).
Projecting into the lumen of the capillary is the endothelial cell surface layer
(ESL). This layer coats the entire endothelium, including the fenestrations, and
has two components; the glycocalyx, that is predominantly bound to the plasma
membrane and a more loosely associated endothelial cell coat (Jeansson and
Haraldsson, 2006, Jeansson and Haraldsson, 2003). The ESL is strongly
negatively charged and has a potential thickness of 1 ym (Haraldsson et al.,
2008). Adriamycin treatment of rats depletes the ESL and results in proteinuria
(Jeansson et al., 2009).

The glomerular basement membrane separates the glomerular capillary

endothelium from the visceral epithelial cell layer that is comprised of
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podocytes. With contributions from both the capillary endothelium and visceral
epithelium (Abrahamson, 1987) the basement membrane consists of three
layers. These layers are distinguished on the basis of their different electron
densities and are arranged such that an electron dense lamina densa is
bounded by the electron lucent areas termed the lamina rara externa and
lamina rara interna. The composition of this basement membrane does not
differ markedly from other basement membranes (Mohan and Spiro, 1986,
Timpl and Dziadek, 1986).

The tuft of glomerular capillaries is covered by glomerular epithelial cells (the
podocyte). These cells possess an exquisitely intricate architecture. The
voluminous cell body projects into the urinary space and from it arise primary
processes that extend to the capillary wall to which they are attached by
numerous secondary foot processes. These inter-digitate with the processes
from neighbouring cells and form an intricate network of slits termed filtration
slits. The slits are narrowest at their bases where they have a diameter of 25-65
nm (Bulger, 1988). The filtration slits are bridged by an extracellular slit
diaphragm with a regular subunit structure a major component of which is
nephrin (Tryggvason, 1999). A number of other proteins such as ZO-1, P-
cadherin, CD2AP, podocin and catenins are important in maintaining the
integrity of this structure (D'Amico and Bazzi, 2003).

The spaces between these subunits have an area of about 14 nm, roughly
equivalent to the size of an albumin molecule (Rodewald and Karnovsky, 1974).
At the vascular pole the visceral epithelium is in continuity with the parietal
epithelium which is a simple squamous layer. At the urinary pole the simple

squamous epithelia gives way to the tall columnar epithelia of the proximal
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tubule. Between the parietal and visceral epithelial layers is the urinary space
from which filtrate exits via the urinary pole into the proximal tubule.

The glomerular filtration barrier is thus formed by the ESL, the capillary
endothelium with its wide open pores, the glomerular basement membrane and
the slits between the podocyte foot processes covered by the slit membrane.
Recently attention has turned to a potential flfth layer of this barrier formed by
sub-podocyte spaces that may have a role in controlling hydraulic filtration
(Salmon et al., 2007).

These distinct anatomical layers provide a functional barrier to molecules based
on their size and charge. Overall this allows the free movement of water and
small molecules whilst restraining larger molecules. Various models have been
proposed as to how this occurs derived from studies of the fractional excretion
of biologically inert molecules such as dextrans and ficoll whose size and
charge can be manipulated (see D’Amico and Bazzi 2003 for review). In a
mathematical model of glomerular permeability it is postulated that a group of
small restrictive pores allow free movement of molecules up to around 40A and
larger pores enable movement of molecules up to 80A in size. This is purely a
model with no structural evidence that functional pores exist. The relative ratio
of the small and large pores determines the overall permeability of the filtration
barrier. As the smaller pores prevail they offer the major barrier to filtration. Size
however, is not the only factor determining glomerular filtration. Albumin is a
molecule whose diameter approximates to 36A and as such could be expected
to be freely filtered at the glomerular filtration barrier. However, compared to
ficoll, a molecule of comparable size to albumin the sieving coefficient of the

latter is much reduced (Ruggenenti et al., 1999) implying filtration of the
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negatively charged albumin is hampered by the overall negative charge of the
glomerular filtration barrier.

The impedence to traffic of albumin offered by the glomerular filtration barrier is
a source of much controversy. Some investigators believe there to be only a
size restriction to free flow of albumin from the circulation into the proximal

tubule and the following section describes these competing theories.

1.6.1.2 Significant amounts of protein are filtered by the glomerulus in

health.

In health the amount of albumin lost in the urine is small and approximates to
100 mg/day (Maack et al., 1992). The fractional filtration of albumin is the
concentration ratio between the proximal tubular filtrate and blood and in rats
this is estimated by micropuncture studies to range between 0.0005 and 0.0007
(Maack et al., 1992, Tojo and Endou, 1992, Lund et al., 2003). Indirect
measures of the proximal tubular filtrate composition suggest that the fractional
filtration of albumin in humans is 0.0001 (Norden et al., 2001). Assuming a
serum albumin concentration of 45g/L, this equates to a proximal tubular filtrate
concentration of albumin of 22-32 mg/L a value broadly similar to micropuncture
studies in rats (Lund et al.,, 2003). In healthy humans the daily glomerular
filtration is about 150-180L and this approximates to a filtered load of albumin of
3300 to 5760 mg (Gekle, 2005). As this far exceeds the 100 mg/day that
appears in the urine an efficient retrieval system of filtered macromolecules
must exist.

An alternative, and controversial model of glomerular filtration has been
proposed. It is suggested that the fractional filtration of albumin is actually much

higher and is largely size dependent. In this model the vast majority of filtered
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albumin would be retrieved intact by the proximal tubule with a small fraction
being degraded within PTC and expelled back into the filtrate as its component
polypeptides (Russo et al., 2002, Russo et al., 2007, Comper et al., 2008a,
Comper et al., 2008b, Comper and Russo, 2009). Under these circumstances it
is suggested that albuminuria arises not because of a loss of glomerular
permselectivity but a failure of the proximal tubule to maintain a high
capacitance for albumin retrieval. Using fluorescently labelled albumin and two
photon microscopy a GSC of 0.031 for albumin was calculated (Russo et al.,
2007).

The model of a high permeability of the glomerular filtration barrier for albumin —
the so called Comper model - has been much criticised. An assertion of the
Comper model is that significant amounts of albumin are fragmented in the
proximal tubule and secreted in the urine. The polypeptide fragments of albumin
are not detected by conventional measures of proteinuria but can be detected
using the biuret reaction (Russo et al., 2002). The detection of urinary peptides
using the biuret reaction has been criticised as it may be subject to cross
reactivity (Hortin and Meilinger, 2005) and examination of the urinary proteome
using mass spectrometry failed to demonstrate in significant quantities the
presence of albumin degradation products greater than 750 Da in size (Norden
et al., 2004). The counter argument to that was that many of the degradation
products were less than 75 Da (Comper et al., 2008).

Independent investigators using 2-photon microscopy have been unable to
reproduce the high GSC for albumin demonstrated by Russo et al. Variables
relating to animal husbandry such as hypothermia, volume depletion along with

physiological variables such as blood pressure and GFR all affected the
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apparent results (Tanner, 2009). Technical issues relating to 2-photon
microscopy itself are also relevant. Scattering of fluorescence means that only
superficial glomeruli that are not entitirely physiologically relevant are imaged.
Furthermore, the dynamic range of the fluorescence intensity measurements
might be insufficient in the the published studies (Peti-Peterdi, 2009, Peti-
Peterdi et al., 2009). In summary there is no evidence from 2 photon
microscopy studies in which physiological and technical variables are
adequately controlled that supports a GSC for albumin that is significantly
different from micropuncture studies.

The debate centres around the amount of albumin PTC are exposed to. What is
clear is that in health, compared to the amount filtered, renal losses of albumin
are small. Therefore, an efficient retrieval system of macromolecules must exist

within the kidney that prevents significant losses.

1.7  Proximal tubular handling of filtered albumin

As less than 1% of filtered albumin is excreted in the urine it must be removed
from the proximal tubule in an efficient manner. Indeed, it has been recognised
for over seventy years that proteins entering the proximal tubule are re-
absorbed (Lambert, 1932). Subsequently, it was demonstrated that the hyaline
droplets commonly seen within proximal tubular cells in renal biopsy specimens
represented re-absorbed proteins (Oliver et al., 1954). Numerous electron
microscopy studies show that macromolecules including albumin (Maunsbach,
1966, Maunsbach, 1970, Bourdeau et al., 1972, Park and Maack, 1984,
Schwegler et al., 1991), lysozyme (Christensen and Maunsbach, 1974),

haemoglobin (Miller, 1960), horseradish peroxidise (Graham and Karnovsky,
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1966) and B2-microglobulin (Sundin et al., 1994) are re-absorbed by the
proximal tubular epithelium.

These studies have provided information on the morphological aspects of
uptake of proteins at the cell membrane (summarised in Geckle, 2005). During
endocytosis small cell membrane invaginations are formed at the microvillar
base entrapping an aliquot of tubular fluid within an endocytic vesicle. This
structure is internalised and termed an early endosomal vesicle (EEV), and as a
result of acidification of the EEV lumen the endocytosed cargo is detached from
its receptor. The contents of the EEV are then delivered to the sorting
endosome (SE) where because of sorting peptide sequences of the
endocytosed receptors the majority is re-targeted back to the plasma
membrane via recycling endosomes (RE). Endocytosed cargo destined for
lysosomal degradation is trafficked to the lysosomal compartment via late
endosomes (LE). Once in the lysosome cargo is digested into small fragments
and returned to the circulation. It is apparent that subcellular endocytic
structures are more evident in the early proximal tubule (the pars convoluta or
S1/S2 segments) and sparser in the more distal pars recta (or S2/S3 segments)
(Christensen and Nielsen, 1991, Clapp et al., 1988) .

The albumin concentration in early endosomes is about 40 fold greater than that
of the proximal tubule filtrate (Gekle, 2005). The concentration of albumin must
result from a molecular interaction between albumin and the plasma membrane.
This concentration theoretically may be the result of albumin binding to the
negatively charged microvilli. In the case of the negatively charged albumin this
is unlikely as neutralisation of the negative surface charge of the microvilli of the

PTC increases albumin uptake (Gekle, 2005). It is more likely that albumin
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resorption by the PTC is specific and a consequence of receptor mediated
endocytosis (RME). This is evidenced by the inhibition of binding of labelled
albumin by unlabelled albumin (Gekle et al., 1995, Brunskill et al., 1997) but not
other protein macromolecules such as transferrin or lactalbumin (Gekle et al.,

1996).

1.7.1 Mechanisms of endocytosis.

Endocytosis is a complex process that regulates diverse biological events
including development, intracellular communication, signal transduction, cellular
homeostasis and neurotransmission. As such it is highly regulated and
coordinated to the cell’'s overall requirements. There are a number of
mechanistically diverse processes that function in mammals namely
micropinocytosis, clathrin-mediated endocytosis, caveolae-mediated
endocytosis and clathrin and caveolin independent endocytosis. The latter two
are not thought to have a significant role within the proximal tubule and will be

discussed no further (Gekle et al., 1997).

1.7.2 Fluid phase endocytosis

Fluid phase endocytosis, or micropinocytosis, accompanies membrane ruffling
and is a response to cell stimulation by a variety of growth factor and involves
modulation of the actin cytoskeleton by the Rho-family GTPases (Conner and
Schmid, 2003).

Endocytosis is achieved as the ruffle collapses and fuses with the membrane
below sampling the fluid contained within. This process is non-specific and

contents are endocytosed at the same concentration as the bathing fluid, and
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therefore, because of the concentration increase of albumin in the PTC is

thought to have only a small role in the proximal tubule.

1.7.3 Clathrin mediated endocytosis

The proximal tubular uptake of albumin is an example of clathrin—-mediated
endocytosis (Gekle et al., 1997, Christensen et al., 1998). Clathrin-mediated
endocytosis has a critical role in regulating cell signalling and development (Di
Fiore and De Camilli, 2001, Seto et al., 2002) as it regulates the clearance and
down regulation of plasma membrane asociated activated signalling molecules.
Receptors cluster in pits and are associated with clathrin. Under physiological
conditions clathrin forms a polygonal cage which serves to facilitate the
formation of endocytic invaginations. The structure of the cage is dependent on
an association with adapter proteins (AP) such as AP180 and AP1-4, of which
AP2 is the most important in the retrieval of extracellular ligands. AP2 consists
of four subunits, and one of these, the p2 protein interacts with the NPXY region
contained within some receptors and anchors them to the clathrin coat (Collins
et al., 2002). This interaction modulates receptor shuttling between the
membrane and the endosomal compartment and is regulated by changes to the
phosphorylation status of u2 (Slepnev and De Camilli, 2000, Di Fiore and De
Camilli, 2001). Clathrin-mediated endocytosis is the major mechanism of uptake
in resorptive epithelia including the proximal tubule (Gekle et al., 1997,

Christensen et al., 1998).

1.8 The identification of the PTC binding sites for albumin.

A number of albumin binding proteins have been identified in the plasma
membrane of PTC that contribute to RME. Two different transport mechanisms
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for albumin exist in the rabbit proximal tubule that are distinguishable in terms of
both the receptor affinity (Kq) and capacity (Vmax). One mechanism is of high
affinity and low capacity and the other of low affinity and high capacity (Park
and Maack, 1984). It would therefore follow that more than one population of
receptors for albumin is likely to exist in PTC. Affinity chromatography studies
have identified two albumin binding proteins of approximately 55 and 31 kDa in
size (Cessac-Guillemet et al., 1996) This was in broad agreement with a study
of opossum kidney membranes in which somewhat smaller albumin binding
proteins of between 14 and 30 kDa in size exist (Brunskill et al., 1997). Binding
studies of opossum membranes suggest that the two binding sites differ in their
affinity constants and are consistent with the model proposed by Park and
Maack (Brunskill et al., 1997).

Megalin, a 660 kDa glycosylated protein, is a member of the low-density
lipoprotein-receptor (LDL-R) family is expressed on secretory epithelia including
the proximal tubule (Christensen et al., 1995). Studies of megalin’s role in the
PTC indicate that it mediates the uptake of a large number of ligands including
plasminogen complexes and gentamycin (Willnow et al., 1992, Moestrup et al.,
1995). Functional studies identified megalin as a PTC albumin receptor (Cui et
al., 1996). Uptake of albumin is blocked by co-administration of megalin
antibodies and receptor associated protein (RAP) which is a competitive
antagonist for binding of all known megalin ligands (Cui et al., 1996).

Cubilin is a 460 kDa protein that in enterocytes functions as the intestinal
receptor for the intrinsic factor B4, complex (Seetharam et al., 1997), and in

PTC and the yolk sac epithelium co-localises with megalin (Moestrup et al.,
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1998). In addition to co-localising with megalin, cubilin is also an albumin
binding protein that facilitates PTC endocytosis (Zhai et al., 2000).

It is unclear as to why there should be such a large difference in the molecular
size of megalin and cubilin and the albumin proteins identified in the early
studies (Cessac-Guillemat et al., 1996, Brunskill et al., 1997). Other PTC
albumin receptors are described and these are discussed below, but
alternatively, the smaller albumin binding proteins could be fragments of cubilin
(Birn et al., 2000a). The role of the LDL-R family member, megalin, is crucial in

mediating endocytosis of albumin.

1.8.1 Megalin and the low-density lipoprotein receptor gene superfamily.

In mammals there are seven core members of the LDL-R family and these
include the low density lipoprotein receptor (LDLR), the LDLR related protein
(LRP1), a closely related receptor LRP1b, megalin (LRP2), The VLDL receptor
(VLDLR), Apolipoprotein E receptor-2 (ApoER2) and MEGF7. Core members
fulfil five requirements of their structural properties which are:

1. Ligand binding type cysteine rich repeats.

2. Epidermal growth factor cysteine rich repeats.

3. YWTD domains that form a fold of (B-pleated sheet that results in a
propeller like structure formation.

4. A single membrane spanning segment.

5. A cytoplasmic tail containing one or more NPXY domains that mediate
interaction with clathrin coated vesicles or phospho-tyrosine interaction
domains (Herz et al., 2000).

For each member of the LDL-R family RAP is a ligand. Functionally, this acts as

a biological chaperone during intracellular transport and prevents the premature
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binding of the proteins to one of their numerous biological ligands (Willnow et
al., 1996b, Birn et al., 2000b). The extended LDL-R family include LRP-5, LRP-
6 and Sorla, and these proteins share some characteristics with the main

members of the LDL-R family (May et al., 2007).

1.8.1.1 Megalin: Structure and function.

Megalin has been of interest to nephrologists for many years as a potential
antigen in membranous glomerulonephritis (GN). Rats injected with a crude
extract of renal cortex develop clinical and histological features of membranous
GN due to antibodies raised against megalin expressed on the glomerular
podocyte (Kerjaschki and Farquhar, 1982). There is, however, no evidence that
megalin is involved in human membranous GN. Based on partial sequencing
and motif homology megalin is placed as a member of the LDL-R
(Raychowdhury et al., 1989). Subsequently, full length megalin has been cloned
and sequenced in rats (Saito et al., 1994) and humans (Hjalm et al., 1996). The
human gene has been localised to chromosome 2924-q31 (Korenberg et al.,
1994) and loss of function mutations have recently been identified as being
responsible for the Donnai-Barrow and facio-oculo-acoustico-renal syndromes
(Kantarci et al., 2007). The clinical features of both disorders include tubular
proteinuria. Case reports indicate that one patient carrying the Donnai-Barrow
syndrome mutation developed end-stage renal failure (Stora et al., 2009) and
another person developed focal and segmental glomerulosclerosis (Shaheen et

al., 2010).
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1.8.1.1.1 The structure and function of the extracellular domain of megalin.
Akin to other members of the LDL-R family megalin is a type 1 transmembrane

receptor composed of a huge extracellular domain, a transmembrane region
and a relatively small, though important cytoplasmic tail of 209 amino acids in
humans (Christensen and Birn, 2002).

The extracellular domain consists of four cysteine rich complement repeats
which, as in LRP, mediate ligand binding. These are separated by seventeen
EGF-like repeats and eight cysteine poor spacer regions (Fig. 1.2) that contain
YWTD motifs that are involved in the pH-dependent release of ligands in
endosomal compartments (Davis et al., 1987). There are an enormous number
of extracellular ligands for megalin (Christensen et al., 2009) (Table 1.1) but two
particularly worthy of mention are albumin (Cui et al., 1996) and EGF (Orlando

etal., 1997).

1.8.2 Cubilin

Cubilin binds megalin by a calcium dependent, high affinity interaction
(Moestrup et al., 1998). Whilst cubilin does not span the plasma membrane it
does possess a membrane anchoring region (Fig. 1.2). This is followed by eight
EGF-like repeats and 27 complement subcomponents C1r/C1s, Uegf and Bone
morphogenic peptide-1 (CUB). These regions facilitate binding to a wide range
of extracellular ligands and it is likely that the CUB1-2 regions of cubilin mediate
the interaction with megalin (Yammani et al., 2001). Loss of function mutations
of cubilin in humans result in the Imerslund-Grasbeck syndrome which is
characterised by vitamin B, deficiency and significant proteinuria (Imerslund,
1960, Grasbeck et al., 1960, Aminoff et al., 1999). Animal studies in which

targeted disruption of cubilin is inherited demonstrate a lack of apical
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expression of the protein in enterocytes and PTC and again, appreciable
proteinuria (Birn et al., 2000a, Fyfe et al., 1991).

As cubilin lacks an intracellular domain its correct cellular trafficking is
dependent on megalin. Megalin, cubilin and bound albumin localise to the apical
membrane of the proximal tubule in dogs (Birn et al., 2000). A loss of function
mutation of cubilin results in retention of cubilin in intracellular compartments
and a 5 fold increase in the rate of proteinuria. Apical expression of cubilin is
critically dependent on correct expression of megalin. In megalin deficient mice,
cubilin is correctly distributed but in significantly reduced amounts (Birn et al.,

2000).

1.8.3 Amnionless.

Cubilin also associates with the transmembrane protein amnionless (Fig. 1.2).
This association is probably responsible for the small amount of apical
expression of cubilin seen in conditions of megalin deficiency (Coudroy et al.,
2005). Amnionless contains a transmembrane domain and facilitates the
translocation of the cubilin-amnionless complex from the ER to the cell
membrane (Fyfe et al., 2004). Point mutations of the amnionless gene in three
Norwegian families result in proteinuria (Tanner et al., 2003). To date, it has not
been shown that amnionless is itself an albumin binding protein and therefore it
seems likely that the association between proteinuria and loss of function of

amnionless is due to a reduced apical expression of cubilin.
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Figure 1.2. The structure of megalin, cubilin and amnionless showing known

motifs and domains. From Nielsen and Christensen (2010).
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Table 1.1 Identified ligands for the megalin and cubilin complex.From:;
Receptor-mediated endocytosis in renal proximal tubule. E.l. Christensen et al.,
Pflugers Arch. (2009) 458: 1039-1048

Megalin Cubilin
Vitamin carrier proteins
Transcobalamin—vitamin B12 Intrinsic factor—vitamin B12
Vitamin D-binding protein Vitamin D-binding protein

Retinol-binding protein
Folate-binding protein
Other carrier proteins

Albumin Albumin
Myoglobin Myoglobin
Hemoglobin Hemoglobin
Lactoferrin Transferrin

Selenoprotein P
Metallothionein
Neutrophil gelatinase-associated lipocalin
Oderant-binding protein
Transthyretin
Liver-type fatty acid-binding protein
Sex hormone-binding globulin
Lipoproteins
Apolipoprotein B Apolipoprotein Al
Apolipoprotein E High-density lipoprotein
Apolipoprotein J/clusterin
Apolipoprotein H
Apolipoprotein M
Hormones, hormone precursors, and signaling proteins
Parathyroid hormone
Insulin
Epidermal growth factor
Prolactin
Thyroglobulin
Hedgehog protein
Angiotensin |l
Leptin
Bone morphogenic protein 4
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Enzymes and enzyme inhibitors
Plasminogen activator inhibitor-type 1
Plasminogen activator inhibitor-type 1—urokinase

Plasminogen activator inhibitor-type 1-tissue
plasminogen activator

Pro-urokinase
Lipoprotein lipase
Plasminogen
a-Amylase
a1-Microglobulin
Lysozyme
Cathepsin b
a-Galactosidase A
Immune- and stress-response related proteins

Immunoglobulin light chains Immunoglobulin light

chains
Pancreatitis-associated protein 1 Clara c;erzcl)ltztia:retory
Advanced glycation end products
az-Microglobulin
Receptors and transmembrane proteins
Cubilin Megalin
Heavy metallothionein AMN
Cation-independent mannose-6-phosphate receptor
TCI1-B12 receptor
Drugs and toxins
Aminoglycosides Aminoglycosides
Polymyxin B
Aprotinin
Trichosantin
Others
RAP (receptor-associated protein) RAP

Caz+
Cytochrome c
Receptor for seminal vesicle secretory protein Il
Coagulation factor VI
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1.8.4 Evidence for non-megalin/cubilin mediated uptake of albumin in PTC.

Conservative estimates of glomerular permeability suggest that between 3 and 5
g/day of protein permeates the glomerular filter. Loss of function of megalin, cubilin
or amnionless is associated with tubular proteinuria but not, in general, at levels
associated with the nephrotic syndrome.

Renal specific loss of megalin in mice occurs in a mosaic pattern allowing a
comparison of megalin expressing and non-expressing tubules (Theilig et al.,
2007, Motoyoshi et al., 2008). In megalin deficient tubules accumulation of
fluorescently labelled albumin is reduced to about 15% but is not entirely absent. In
PTC megalin deficiency is associated with a widespread endocytic defect (Theilig
et al.,, 2007). The mechanism of this might be related to the observation that
megalin-mediated reclamation of lysosomal enzymes is an important generator of
lysosomes in PTC (Nielsen et al., 2007). Thus, the reduction of lysosomes may
adversely affect non-megalin mediated endocytic pathways and therefore the
estimated reduction of albumin endocytosis associated with megalin deficiency

may represent an under-estimation.

1.8.4.1 Neonatal Fc Receptor (FcRn).

FcRn is responsible for the bidirectional transfer of maternal 1IgG across epithelial
barriers, thereby providing fetal humoral immunity. High affinity binding of 1gG to
FcRn occurs at pH <6.5 but not physiological pH (Roopenian and Akilesh, 2007).

However, a wider biological role for FcRn must exist as there is continued
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expression into adulthood. To date expression has been shown in the vascular
endothelium, antigen presenting cells, adult gut, blood-brain barrier, podocytes and
PTC (Roopenian and Akilesh, 2007, Haymann et al., 2000).

FcRn also binds albumin and in mice deficient in FcRn exhibit a reduced half life of
circulating albumin and IgG by between 25% and 50%. Isolated renal FcRn
deficiency in mice is associated with hypoalbuminaemia and nephrotic level
proteinuria (Sarav et al., 2009).

These findings suggest a PTC retrieval system for albumin dependent on FcRn
that is active under physiological conditions. A number of aspects of the
mechanism behind this remain unexplained. Firstly, FcRn functions to mediate
transcytosis and yet intact albumin has never convincingly been found on the
basolateral surface of the PTC, and secondly albumin binds FcRn at pH 6.5 that
may not be encountered in the proximal tubular lumen. It is possible that albumin
delivered to the acidic endosomal compartment of PTC may be salvaged by an

FcRn dependent pathway.

1.8.4.2 CD36.

CD36 is a class B scavenger receptor that has a widespread tissue distribution
including PTC, and an important role in the uptake of oxidised lipoproteins
(OxLDL) and long chain fatty acids by macrophages (Febbraio et al., 1999).
Ligation of OxLDL to CD36 stimulates signalling pathways leading to pro-
inflammatory cytokine synthesis.

In human diabetic nephropathy there is a positive association between PTC CD36
levels and apoptosis (Susztak et al., 2005), an effect ascribed to fatty acids and
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advanced glycation end product-bovine serum albumin. Expression of CD36 in
PTC is increased by high glucose (Susztak et al., 2005), after exposure to
advanced oxidation protein products (AOPP) (lwao et al., 2008), and by
dyslipidaemia (Okamura et al., 2009). AOPP-modified human serum albumin is
subject to CD36 dependent endocytosis by immortalised human PTCs (Ilwao et al.,
2008). Downstream CD36 stimulated signalling events in PTC include activation of
Src, p38 MAPK, and caspase-3 pathways, and consequently superoxide
production and secretion of fibronectin and TGF-8 secretion (Yang et al., 2007). In
hypercholesterolaemic mice CD36 deficiency attenuates TGF-8 signalling, NF-kB
activity and renal fibrosis (Okamura et al., 2009). Whether filtered unmodified
albumin binds to, and is endocytosed by CD36 in the proximal tubule to elicit these

actions remains to be fully elucidated.

1.8.5 Other protein components of the albumin endocytic apparatus in PTC.

The correct composition of a multi-molecular endocytic complex is recognised to
be critical in regulating albumin endocytosis in PTC. As well as the albumin binding
receptors described the proteins calcium activated chloride channel-5 (CLC-5) and

NHE-3 are recognised to have significant functions in regulating protein uptake.

1.8.5.1 CLC-5: Function in PTC and disease correlates.

CLC-5 functions alongside the V type H*-ATPase (Gunther et al., 1998) to create
an electro-neutral shunt by which the early endosome is acidified resulting in
ligand detachment from endocytosed receptors. However, albumin endocytosis still

proceeds when the V type H'-ATPase is pharmacologically inhibited (Wang et al.,
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2005b) and this suggests a wider role for CLC-5 in the endocytic process in
ensuring the correct intracellular trafficking of other proteins. Loss of function of
CLC-5 results in a failure of delivery of membrane bound proteins, including
megalin and cubilin to the cell membrane (Gunther et al., 2003, Christensen et al.,
2003). CLC-5 regulates the actin cytoskeleton via an interaction with the protein
cofilin (Hryciw et al., 2003). Phosphorylated cofilin binds CLC-5, which favours
actin polymerisation and maintains the structure of the endocytic complex and de-
phosphorylation of cofilin reverses this process (Ashworth et al., 2003). Exposure
of PTC in culture to albumin at concentrations up to 100 pg/ml increases CLC-5
surface expression. It is thought that PTC exposure to albumin stimulates
ubiquitination of CLC-5 by the enzyme Nedd 4-2. This targets the CLC-5/Nedd 4-2
complex for degradation within the proteosome which, by an unknown mechanism
upregulates CLC-5 and Nedd 4-2 gene transcription and expression (Hryciw et al.,
2004).

Dent’s disease is a predominantly X-linked inherited condition that results in a loss
of function of CLC-5. In addition to tubular proteinuria the clinical features include
renal stones, hypokalaemia, nephrocalcinosis and renal failure (Pook et al., 1993,
Wrong et al., 1994). In Dent’s disease the urinary excretion of megalin is reduced
indicating that a defective endocytic process fails to cycle receptor proteins back to
the membrane (Norden et al., 2002). The urinary proteome of individuals affected
by Dent’s disease has been assessed and based on a different profile of urinary
protein losses when compared to other causes of tubular proteinuria might offer a
diagnostic utility and mechanistic insight into proteinuric disease (Cuitillas et al.,

2004, Vilasi et al., 2007).
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1.8.5.2 Na*/H*-Exchanger-3 (NHE-3)

Na“/H" exchangers (NHE) are plasma membrane transport proteins that are
involved in cellular pH homeostasis and volume regulation. To date there are likely
to be over eight members of the family and the predominant isoform in the apical
membrane of the PTC is NHE-3. Along with the CLC-5/V-type H"ATPase complex
NHE-3 contributes to early endosomal acidification in the proximal tubule and
prevents premature fusion of the EEV to the plasma membrane (Gekle et al.,
2002). At this stage of the endocytic process the electro-chemical gradient of
protons favours such an acidification function for NHE-3 (D'Souza et al., 1998).

A failure of endosomal acidification attenuates vesicle fusion and flow through the
endocytic pathway (Gekle et al., 2001) and this may explain the aberrant trafficking
of megalin and cubulin observed with pharmacological inhibition of NHE-3
(Christensen et al., 2003). This is physiologically relevant because proteinuria is
the consequence of loss of function mutations, and pharmacological inhibition of
NHE-3 (Gekle et al., 2004).

NHE-3 is regulated by NHERF (NHE-regulatory factor) which is a PDZ module
containing protein (Weinman et al., 2001). PDZ proteins are so named because of
sequence homology between PSD-95, the Drosophila junctional protein Disc-large
and the tight junctional protein ZO1. Such proteins serve to maintain large
functional units such as that required for albumin endocytosis in the proximal
tubule.

It is therefore of some interest that there is a specific interaction between megalin

and NHE-3 in rabbit PTC (Biemesderfer et al., 1999). The interaction involves the
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carboxyl terminus of NHE-3 and as this entirely intracellular probably involves the
MegCT. Furthermore, megalin associated NHE-3 is inactive whereas, non-
megalin associated NHE-3 is active (Biemesderfer et al., 2001). A number of
studies have demonstrated albumin stimulation of NHE-3 activity in PTC in culture
(Lee et al., 2003, Drumm et al., 2003) and it is reasonable to speculate that this is
mediated via megalin. This may, at least in part explain the salt and water retention
seen in nephrotic syndrome. Also, this makes the potentially regulated interaction
between the PTC receptor for albumin and NHE-3 a point of potential therapeutic

intervention.

1.9 Regulation of PTC albumin endocytosis.

The components of the endocytic process are dynamically regulated to match the
extra-cellular conditions to the cellular needs. Low extracellular calcium inhibits
albumin binding to PTC (Gekle et al., 1995) as the ligand interaction with the
megalin/cubilin complex is calcium dependent (Christensen et al., 1998). G-
proteins are recognised to have a significant regulatory role on endocytosis in a
variety of tissues and are abundantly expressed in the proximal tubule (Brunskill et
al.,, 1991). Over-expression of the Gz in OK cells increases albumin uptake and
inhibition of the Gz subunit with pertussis toxin has the opposite effect (Brunskill et
al., 1996). One effect of the hydroxyl-methyl-glutarate CoA (HMGCoA)-reductase
inhibitors is to reduce post translational prenylation of G-proteins altering G-protein
localisation to phospholipid membranes. Such agents are associated with reduced
albumin endocytosis (Sidaway et al., 2004). A point of action of G-proteins is the
control of the actin/microtubule cytoskeleton. Depolymerisation of the actin
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cytoskeleton and inhibition of microtubule formation reduces albumin endocytosis
by 95% and 55% respectively (Gekle et al., 1997). Stimulation of protein kinases A
(PKA) and C (PKC) also reduces endocytic rate. The role of the latter is likely to be
isoform specific as activation of PKC-a augments albumin endocytosis in OK cells
(Hryciw et al., 2005).

Activity of phospho-inositide-3 kinase (PI-3K) augments albumin endocytosis by
PTC (Brunskill et al., 1998) an effect that could be mediated by NHE-3 (Shiue et
al., 2005). PI 3-kinase catalyses the phosphorylation of phophatidylinositides at the
3’ position. It is a heterodimer consisting of a p110 catalytic and p85 regulatory
subunit. The p110 domain contains binding sites for the p85 regulatory subunit, a
C2 and Ras-binding region and a catalytic domain. The catalytic area bears
homology to serine/threonine kinases and is capable of phosphorylating those
residues along with phosphoinositides. The p85 regulatory subunit inhibits basal
catalytic activity of the p110 subunit. Binding of the regulatory subunit to tyrosine
phosphorylated residues of other proteins detaches it from and stimulates the
catalytic subunit. The p85 region has several domains including a Rho-GAP
homology domain. Also, there is a SH3 consensus sequence, two proline rich
regions that themselves mediate interaction with SH3 regions and two SH2 regions
that bind to phosphoTyr-XX-Met regions on activated receptors. Pl 3-kinase
participates in a number of growth factor signalling pathways as well as regulating
endocytosis (Cantley, 2002). An inducible, dominant-negative mutant of PI 3-
kinase inhibits PTC albumin uptake by PTC (Brunskill et al., 1998).

It is recognised that the phospholipid composition of the cell membrane is a crucial

regulator of endocytosis. Phospho-inositide 4-phosphate (PIP-4) recruits adapter
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proteins such as AP1 and these have been implicated in scission of the golgi
apparatus to the plasma membrane carrier system (Levine and Munro, 2002). In
turn, this is regulated by the enzyme polyphosphate 5-phosphatase which is
abundantly expressed in the golgi apparatus and binds clathrin (Olivos-Glander et
al., 1995, Ungewickell et al., 2004). The gene OCRL1 encodes a protein
homologous for polyphosphate 5-phosphatase, loss of function of which results in
Lowes syndrome (Lowe, 2005). Reduced urinary excretion of megalin is reported
in individuals affected by Lowes syndrome (Norden et al., 2002) and this may
reflect reduced megalin recycling and be responsible for the tubular proteinuria
observed in affected individuals. However, in vitro loss of function of OCRL is
associated with normal megalin trafficking (Cui et al., 2010). So, at present the full
mechanism behind the tubular proteinuria seen in Lowes syndrome is unclear.

Physiological processes such as signalling through phospholipase C result in local
changes in phosphoinositide concentrations. Phospholipase C activity attenuates

apical membrane clathrin-mediated endocytosis of insulin (Carvou et al., 2007).

1.10 Phenotypic changes stimulated by proteinuria in PTC.

To explain the relationship between proteinuria, tubulo-toxicity and tubulointerstitial
fibrosis investigators postulated that components of the proteinuric urine altered
function of PTCs. This hypothesis has been extensively tested and there is a broad
body of evidence that albumin modulates signalling pathways, transcription factor
activation, chemokine secretion and apoptosis/growth of PTC in vitro and in vivo

(summarised in Table 1.2).
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Table 1.2 Alterations in PTC signalling, transcription factor activity and

secretory phenotype demonstrated under proteinuric conditions in-vitro and

in-vivo.
Signalling Transcription Mediators
Mediators Factors Altered Released
Stimulated
ERK 1 and 2 NFkB Endothelin-1
MEK1 AP-1 MCP-1
p38 MAP kinase Elk-1 RANTES
c-jun n-terminal STAT Fractalkine
kinase ;
Ribosomal p70°® (I;I;I;/ul-élgclji) Interleukin-8
kinase Osteopontin
PPARYy (by TGF-B
Protein kinase C albumin b_ound TNF-a
Protein kinase B fatty acids)
Connective
Pl 3-kinase tissue growth
NAD(P)H oxidase factor
2+
Intra_cellular [Ca“] Fibronectin
(increased)
Collagen

Complement

Reactive
oxygen species

Clusterin
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1.10.1 Signalling pathways activated by albumin in PTC.
1.10.11 Pl 3-kinase.

The dependence of PTC albumin endocytosis on Pl 3-kinase has been described
in section 1.10. PTC albumin endocytosis is both regulated by and stimulatory to
Pl 3-kinase activity providing a clear nexus between endocytosis control and cell
signalling. A subsequent study confirmed this finding and extended it to show that
the mitogenic effect of albumin on PTC is dependent on Pl 3-kinase activity (Dixon
and Brunskill, 1999). The stimulation of mitogenesis by albumin also results in the
phosphorylation of pp70°%° kinase, an enzyme involved in the translational control of
MRNA encoding components of the protein synthetic apparatus. Activity of both PI
3-kinase and pp70%° are necessary for mitogenesis to proceed suggesting that

they operate in a linear pathway.

1.10.1.2 Extracellular-signal-requlated-mitogen  activated protein  kinase

ERK).

Mitogen activated protein kinases (MAPKSs) include the ERK 1 and 2 (also known
as p42 and p44 MAPK), stress activated c-Jun terminal kinase and p38 MAPK.
These enzymes play a key role in intracellular signal transduction cascades to
integrate the transcription of genes for a variety of responses (Tian et al., 2000).
These molecules are serine/threonine kinases and their phosphorylation status
regulates their translocation to the nucleus where they modulate activity of

transcription factors.

52



The classic MAPKs, ERK-1 and -2 are activated through Ras dependent
transduction pathways and mediate cellular proliferation and differentiation by
stimulating the transcription factors c-fos and other growth responsive genes
(Cobb et al., 1994). In contrast, JNK and p38 MAPK leads to apoptotic cell death
and are activated by ultraviolet light and oxidants to name but two (Alberts, 2008).

Incubation of OK cells with recombinant human albumin time and dose
dependently increases ERK activation (Dixon and Brunskill, 2000). A maximal
effect was seen at a dose of albumin between 1 and 10 mg/ml. In HK-2 cells the
albumin stimulated secretion of fractalkine involved activation of p38 MAPK. As
well as modulating cell growth it has been suggested that MAP kinases play an
important role in regulating apoptosis in the kidney as pharmacological inhibition of
JNK inhibits renal fibrosis and apoptosis in PTC. Targeted deletion of JNK failed to
effect the fibrotic changes but did result in a significant reduction in the rate of

apoptosis (Ma et al., 2007).

1.10.1.3 Protein kinase C.

Protein kinases C (PKC) are a family of serine/threonine kinases with at least
twelve isoforms. On the basis of common structural themes they can be sub-
classified as:
* Classical PKC enzymes are composed of two cysteine rich zinc finger like
motifs (C1 region), which are essential for interaction with phorbol ester and
diacylglycerol (DAG), and a calcium binding domain (C2 region) in their

regulatory area.
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* The novel PKC enzymes do not require calcium as their C2 region is
absent. The novel PKC enzymes are activated by phosphatidylserine,
diacylglycerol or phorbol esters.

* The atypical PKC enzymes which lack the C2 region and one of the
cysteine rich finger-like motifs in the C1 region are not activated by calcium,
diacylglycerol or phorbol esters. Instead, their activation depends on
phosphatidylserine and cis-unsaturated fatty acids (Steinberg, 2008).

In HK-2 cells albumin stimulates PKC activity and inflammatory cytokine
production whereas, inhibition of PKC has the opposite effect (Morigi et al., 2002).
Downstream events of PKC activity are reactive oxygen species generation and
NF-kB activation, both of which will be discussed in more detail below. In PTC
PKC activity is not always contributory to the pro-inflammatory phenotype. PKC-
epsilon knockout mice develop albuminuria and tubulointerstitial fibrosis without
evidence of damage to other organs. It may be that PKC-epsilon exerts an
inhibitory effect on the TGF- pathway as components of this pathway were up-
regulated in this model (Meier et al., 2007). In streptozotocin treated diabetic mice
PKC-0 deletion is associated reduced PTC apoptosis in response to albuminuria
(Li et al., 2010). The specific isoforms of PKC activated by albumin in PTC have
not been fully characterised though it is probable that there will be tension between

different isoforms of PKC in regulating overall PTC function.

11014 Reactive oxygen species.

Exposure to albumin of PTC in vitro results in a sustained production of superoxide

ions/reactive oxygen species (ROS) which is catalysed by superoxide dismutase to
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form hydrogen peroxide. In a reaction favoured by catalase, hydrogen peroxide is
convered to water and oxygen (Morigi et al., 2002, Imai et al., 2004). In addition,
other filtered proteins relevant to proteinuric diseases, such as immunoglobulin
light chains stimulate ROS generation in vitro (Wang and Sanders, 2007,
Basnayake et al., 2010). The precise stimulant of albumin induced superoxide
generation in PTC is not known. However, it is recognised that some interactions
between ligand and receptor, by the nature of the physico-chemical association
generate ROS (DeYulia et al., 2005). Superoxide generation is a product of the
enzyme NADPH oxidase which is itself regulated by recruitment from the cytosol of
two components. The translocation of these two components termed p47phox and
p67phox is stimulated by PKC and Akt and appears to involve Rac1 (a small Rho-
family GTPase) (Whaley-Connell et al., 2007). Hydrogen peroxide stimulates a
variety of intracellular signalling cascades including c-Src (Giannoni et al., 2005),
ERK 1/2, UJNK, p38 MAP kinases, Pl 3-kinase (Rhee, 2006) with downstream
effects on the transcription factors NF-kB (Morigi et al., 2002) and the Jak-STAT
pathway (Imai et al., 2004). Akt/PKB as well as stimulating superoxide generation
can inhibit ASK-1 (apoptosis signal-regulating kinase-1) (Bedard and Krause,
2007). ASK-1 is a positive regulator of p38 MAP kinase, a protein that generates a
pro-apoptotic signal. Therefore, in the same cell superoxide generation can both
stimulate and inhibit apoptosis, and it is thought that the overall outcome reflects
the relative flux through these pathways and is itself regulated by the degree of
oxidative stress placed on the cell (Imai et al. 2004).

The fatty acids bound to, and not necessarily albumin per se have been shown to

be major contributors to the development of oxidative stress (Ishola et al., 2006).
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Modulation of superoxide concentration was shown to have a corresponding effect
on IL-6 protein expression. The mechanism of IL-6 production has not been fully
elucidated though it appears to involve PKC and NF-kB activity (Morigi et al., 2002)

acting in a linear pathway.

1.10.2 Transcription factors activated by albumin in PTC.

1.10.2.1 Nuclear factor kappa B (NF-kB).

NF-kB proteins are dimeric sequence-specific transcription factors involved in the
activation of a large number of genes in response to inflammation (Rothwarf and
Karin, 1999). In a resting state NF-kB is rendered inactive by virtue of its
association with an inhibitory molecule I-kB. Activation results in phosphorylation,
ubiquitination and ultimately proteolytic degradation of I-kB. NF-kB is then free to
translocate to the nucleus and regulate gene transcription.

Activation of NF-kB has been found in a large number of studies using PTC.
Albumin uptake induces NF-kB in a human PTC line (Drumm et al.,, 2003), a
process that is PKC and H2O, dependent (Morigi et al., 2002). Downstream events
include MCP-1 and fractalkine secretion (Wang et al., 1999, Donadelli et al., 2003).
Inhibition and loss of function of NF-kB reduces cortical tubulointerstitial injury
(Panzer et al., 2009) further emphasising the critical role of this molecule in

regulating tubulointerstitial fibrosis.
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1.10.2.2 Signal transducer and activator of transcription pathway (STAT)

The Jak (Janus kinase)-STAT signalling pathway is one of the most direct routes
to regulating gene transcription in biology and is a recognised feature of cytokine
signalling. Activated receptors oligomerise allowing Jaks to bind to the receptor
and cross-phosphorylate adjacent Jaks. Activated Jaks phosphorylate the host
receptor enabling SH2 domain containing STAT proteins to bind. The STATS
undergo a further phosphorylation event catalysed by Jak. The STATs then
dissociate from the receptors and dimerise via a link between their SH2 domains
and phospho-tyrosine residues. Following translocation to the nucleus they are
able to bind regulatory proteins to facilitate gene transcription. There are four
known Jaks and seven STATs which enables a degree of specificity (Alberts et al.,
2008).

Albumin has been found to activate the Jak-STAT pathway and therefore act in the
manner of a cytokine in PTC. The activation relies on the generation of reactive
oxygen species, a process dependent not only on stimulation of NADPH oxidase
but also reduced activity of glutathione peroxidase and catalase (Nakajima et al.,
2004). The activation of a ‘cytokine’ signalling pathway enables the transcription of

immuno-modulatory genes (i.e. MCP-1 and RANTES).

1.10.3 Genes regulated by albumin in PTC.

In cultured PTC albumin dose dependently increases the activity of NF-kB and the
expression of RANTES (Zoja et al.,, 1998), MCP-1 (Wang et al., 1999), IL-8

(Tang et al., 2003) and fractalkine (Donadelli et al., 2003).

57



In vivo proteinuria induces upregulation of MCP-1, TGF-3 and osteopontin mRNA.
Gene transcription preceeds an inflammatory cell infiltration of the
tubulointerstitium (Eddy and Giachelli, 1995). These effects are downstream of NF-
kKB activation (Wang et al., 1997, Zoja et al., 1998). Using the protein overload
model in rats, pro-inflammatory gene transcription is greater when lipidated-
albumin compared to a fatty acid free preparation is administered (Thomas et al.,
2002).

In PTC taken from human renal biopsy specimens from patients with proteinuric
nephropathy 168 genes were identified to be differentially regulated (Rudnicki et
al., 2007). Up-regulated genes included a number of chemokines and transcription

factors emphasising the relevance of previous experimental observations.

1.10.4 Protein expression up-regulated in PTC by albumin.

The in vitro studies described in the previous section matched increased protein
expression to gene transcription. In addition to those proteins secreted by PTC,
components of the proteinuric urine stimulate production of fibronectin, fractalkine,
complement C3 (C3), interleukins 6 and 8, TGF-3 , collagens | and IV and clusterin
(Burton et al., 1996, Donadelli et al., 2003, Tang et al., 2003, Yard et al., 2001,
Wohlfarth et al., 2003, Takase et al., 2008). Albumin also signals to increase cell
membrane expression of TGF-B receptor Il (Wolf et al., 2004). Therefore, in
addition to stimulating inflammatory cells around them PTC can autologously up-
regulate inflammatory signalling cascades.

In addition to the in vivo studies of up-regulated genes in animal models of
proteinuric nephropathy, other mediators are over-expressed in response to
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proteinuria. Particular attention has focused on TGF-3 which stimulates peritubular
myofibroblasts to a pro-fibrotic phenotype (Abbate et al., 2002). The TGF-
pathway is a point of potential therapeutic intervention in reducing renal fibrosis.
This includes using bone morphogenic peptide-7 (BMP-7), a renal developmental
morphogen (Klahr, 2003) and an antagonist of the TGF-B pathway. Infusion of
BMP-7 in a model of renal injury was anti-fibrotic and reno-protective (Zeisberg et

al., 2007).

1.10.5 The effect of proteinuria on PTC viability.

Other studies have focused on the effect of albumin on cell growth and viability. In
OK cells recombinant human albumin stimulates growth in a dose dependent way
(Dixon and Brunskill, 1999). Albumin at 1mg/ml increases thymidine incorporation
three fold. In a different PTC line, recombinant albumin concentrations between 10
and 100 mg/ml induce apoptosis (Caruso-Neves et al., 2006). These studies are
particularly interesting as these effects cannot be ascribed to serum proteins other

than albumin.

1.10.6 The axolot!

A limitation of in vivo studies is that a loss of glomerular permeselectivity has to be
induced to expose the PTC to proteinuria. Axolotls (Amblystoma mexicanum)
circumvent this problem as they have an almost unique and experimentally
advantageous structure to their nephrons. The kidney of the axolotl represents an
amphibian opisthonephros in which ciliated funnels connect the peritoneum and

the proximal tubule distal to the glomerulus. A second population of nephrons are
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conventionally structured compared to mammalian systems except axolotls lack a
loop of Henle. This structure enables investigators to have direct access to a sub-
population of proximal tubules via the coelaemic cavity.

Injection of foetal bovine serum into the peritoneum of axolotls results in an uptake
of protein droplets into PTC, tubular luminal dilation and sludging of protein. This is
closely followed by the development of an inflammatory infiltrate around the protein
laden tubules and immunohistological detection of TGF-, fibronectin and collagen
| (Gross et al., 2002). The findings are repeatable with specific proteins
(transferrin, LDL, IgG, all of human origin) but not human albumin. Nevertheless,
the general trajectory of these experiments is consistent with the hypothesis that

proteins are inherently tubulo-toxic even in the absence of glomerular damage.

1.10.7 Albumin endocytosis may not be a pre-requisite for signalling effects.

The evidence that albumin modulates PTC function is clear and compelling. What
is less obvious is whether albumin endocytosis is obligate for these effects and
whether albumin stimulated signalling events at the apical cell membrane may be
important in regulating intracellular signalling cascades.

Activation of NF-kB, and stimulated secretion of MCP-1 and collagen types I, Ill
and IV are reliant on albumin endocytosis (Wang et al., 1997, Drumm et al., 2001
and Wohlfarth et al., 2003). Whereas, albumin induced secretion of TGF-f3 at least
in vitro, is independent of uptake (Diwakar et al., 2007). Furthermore,
pharmacological activation of the peroxisome proliferator receptor-y using
thiazoledinediones inhibits albumin endocytosis but does not affect PTC MCP-1
and RANTES secretion (Chana et al., 2008).
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Some effects of albumin are more likely to be mediated by events at the cell
membrane rather than being dependent on endocytosis. In vitro albumin stimulates
ERK induced IL-8 production in PTC via the native EGF-R. Pharmacological
inhibition of the EGF-R phosphorylation attenuates this effect (Reich et al., 2005)
and downstream NF-kB activation and cell proliferation (Lee and Han, 2008). The
EGF-R is patho-physiologically relevant in progressive renal disease as EGF-R
deficiency in knockout mice is reno-protective (Terzi et al., 2000). Mechanistically,
this process is poorly understood, but ligand binding to another member of the
LDL-R family, LRP1, transactivates the neurotrophic Trk receptor (Shi et al., 2009).
Inhibition of ligand binding by RAP reduces receptor transactivation thereby
implicating the extracellular domain of LRP in Trk activation. This may involve ROS
as ligand binding to some receptors generates H2O,, which in vitro stimulates

EGF-R phosphorylation and activation (DeYulia et al., 2005).

1.10.7.1 Megalin deficiency attenuates inflammatory cytokine production.

The best characterised mechanism of albumin uptake in PTC is via the
megalin/cubilin complex. To test the hypothesis that albumin endocytosis is not
necessary to elicit signalling, experiments using a renal specific megalin knockout
mouse model have been undertaken. An assumption of this approach is that the
megalin/cubilin complex is the sole system that results in albumin uptake in PTC.
Mice exhibit a mosaic pattern of megalin loss such that 20-40% of tubules will
continue to express megalin. Two groups have utilised this model with

contradictory and not easily explicable results.
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A crescentric form of glomerulonephritis was induced in renal specific knockout
mice by injecting mouse anti-glomerular basement serum. After 18 days the mice
developed proteinuria with histology confirming the crescentric glomerular changes
but also tubulointerstitial damage. Tubular damage was related to severely
damaged glomeruli but not, albumin endocytosis. In fact, megalin expressing, and
therefore albumin endocytic-competent cells secreted enhanced quantities of TGF-
B, intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion
molecule-1 (VCAM-1). Secretion of these proteins was reduced but not abolished
in megalin deficient cells. However, as it was glomerular damage, rather than
megalin expression that predicted tubular damage the authors suggested that
inflammatory mediator production was in some way protective (Theilig et al.,
2007).

Using the same renal specific megalin knockout mice, but a different mechanism of
proteinuria induction led others to come to a contrary conclusion. Unselective
proteinuria with little histological evidence of glomerular damage was induced in
renal specific megalin knockout mice. Markers of PTC damage (heme-oxygenase-
1), inflammatory cytokine production (MCP-1) and apoptosis were all more marked
in megalin-expressing cells compared with non-megalin expressing segments
(Motoyoshi et al., 2008).

Taken together these studies place megalin as an important molecule in mediating
the pro-inflammatory effects of albumin. Some of these effects can be attributed to
megalin’s established role as a cargo receptor but they are also consistent with cell

regulatory properties that will be considered in the following section.
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1.11 The crucial biological role of megalin.

There is clear evidence that albumin is able to stimulate a number of signalling
pathways within PTC with distinct, and patho-physiologically relevant
consequences. It may of course be that these effects are reliant on more than one
mechanism but it is clear that albumin binding and/or uptake by PTC via megalin is
critical. The traditional view of megalin is that it is essentially biologically inert and
simply functions as a cargo receptor which facilitates the uptake of an array of
ligands. However, the phenotype of megalin knockout mice and humans with
megalin loss of function mutations is severe, suggesting that megalin has a much
more crucial biological role and as a signalling molecule may link PTC albumin

exposure and albumin-induced cellular events.

1.11.1 The megalin knockout mouse.

The role of megalin in development is exemplified by the phenotype of the megalin
knockout mouse. These mice demonstrate a severe forebrain abnormality termed
holoproscencephaly (Willnow et al., 1996a). This is characterised by an absence of
the corpus callosum, microphthalmia, a common ventricular system and a prolapse
of the choroids plexus. This is such a lethal phenotype that only 2% of the pups
survive the perinatal period. The neurological phenotype is not the only defect. A
major contributant to the perinatal lethality of this phenotype is respiratory failure
and those pups that do survive demonstrate appreciable proteinuria. Targeted
disruption of megalin in the embryo but not the yolksac, results in a similar

phenotype indicating that failure of endocytic uptake of essential nutrients from the
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maternal circulation is not the underlying mechanism of the debilitating phenotype
(Spoelgen et al., 2005).

The sonic hedgehog (Shh) signalling pathway gives an interesting insight into how
megalin may regulate extracellular signalling pathways and give rise to the severe
phenotype seen. Disruption of the Shh pathway in the developing embryo results
in holoprosencephaly (Farese and Herz, 1998). Furthermore, Shh binds to megalin
with high affinity and in contrast to other megalin ligands is not destined for
lysosomal degradation (McCarthy et al., 2002). It may be that megalin regulates
Shh signalling (a) directly by transducing a signal (b) indirectly by limiting the
availability of Shh at its recognised receptor, patched (Ptc) or (c) by transcytosing
Shh so it is transported for long range signalling and neural arrangement. A further
level of complexity is added with the recognition that bone morphogenic peptide 4
(BMP4) is both a megalin ligand and a negative regulator of Shh. Overexpression
of BMP4 results in a holoprosencephalic phenotype very similar to that seen in
Shh and megalin deficiency (Farese and Herz 1998). Therefore, it may be that
megalin regulates signals by limiting the availability of extra-cellular binding
partners that positively or negatively regulate intracellular signalling pathways.
Megalin knockout mice are useful as a model of low molecular weight proteinuria
(Leheste et al., 1999). The role of the PTC in the retrieval of the considerable
amount of protein filtered by the glomerulus has been discussed previously. In
megalin knockout mice the specific molecules excreted in increased amounts were
the plasma carriers of lipophilic compounds such as vitamin D binding protein and
retinol binding protein. As such urinary losses of retinol and 25-OH vitamin D3 were

increased in megalin deficiency. Overall, megalin has a crucial role in vitamin
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homeostasis. The total amounts of albumin excreted were similar between wild
type and knockout mice indicating that some other retrieval system must operate

as well.

1.11.2 Megalin as a regulator of apoptosis.

Apoptosis contributes to a loss of functional PTC in proteinuric nephropathy. The
role of albumin in regulating an apoptotic signalling pathway involving PKB/akt, PI-
3 kinase and megalin is crucial in this regard (Caruso-Neves et al., 2006). In the
LLC-PK1 PTC line megalin anchors PKB to the region of the cell membrane where
the latter is active, and stimulates a survival pathway involving PI-3 kinase. Low
concentrations of albumin support this pathway by promoting membrane
association of megalin. Conversely, high concentrations of albumin downregulate
megalin expression at the plasma membrane and consequently PKB activity is
also reduced, and pro-apoptotic pathways stimulated.

Clusterin is a secreted glycoprotein whose role in regulating apoptosis is variable
and cell-type specific. In cell culture studies albumin stimulates PTC secretion of
clusterin which inhibits NF-KB dependent survival pathways (Takase et al., 2008).
Secreted clusterin is a megalin ligand and may act in a paracrine/juxtacrine fashion
(Christensen et al., 2009), though whether megalin is the sole clusterin receptor in
these cells is unclear. Therefore, PTC megalin may modulate apoposis and
clusterin bioactivity by (a) mediating PTC-albumin interactions; (b) directly
mediating clusterin uptake; or (c) by limiting availability of clusterin at a second

receptor.

65



1.11.3 Megalin regulates vitamin D metabolism.

The renal specific megalin KO mouse described earlier was generated introducing
a lox P recombination site into the murine megalin gene. Simultaneously, a strain
of mouse with a renal specific expression of Cre recombinase was developed.
Subsequent generations that were doubly transgenic had a Cre mediated
inactivation of the megalin gene and less than 10% megalin protein expression
within the kidney (Leheste et al., 2003).

The phenotype of the renal specific megalin knockout mouse is very similar to
mice lacking vitamin D binding protein (DBP). That is, renal specific megalin
deficiency is associated with severe plasma vitamin D deficiency, hypocalcaemia
and osteomalacia and and increased urinary levels of DBP. This emphasises the
crucial role that tubular retrieval of proteins filtered by the glomerulus fulfils in
physiology. Although, this process reflects an endocytic function of megalin the
relationship between vitamin D and the TGF-$ pathway is described in 1.12.4 and

1.13.6.

1.11.4 Other pathways potentially requlated by megalin.

Expression profiling using microarray has confirmed an essential role for megalin
in vitamin D3 metabolism (Hilpert et al., 2002). In megalin deficient mice there is a
down-regulation of the mRNA encoding 25-OH vitamin D-24-hydroxylase and 25-
(OH) vitamin D-1a-hydroxylase. In addition a number of genes relating to the TGF-
B pathway are up-regulated in knockout mice although TGF-B levels are similar

between the groups with no evidence of renal fibrosis. The explanation for this may
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be that one of cofactors activated by TGF-B (SMAD3) is also a coactivator of the
vitamin D3 receptor (Yanagisawa et al., 1999). Convergence of the pathways on
SMAD3 may, when both pathways are active in the same cell be mutually
regulating. Therefore, in the converse situation to that described above increased
activity through the vitamin D pathway attenuates the activity of TGF-
(Aschenbrenner et al., 2001). In megalin knockout mice there is renal up-regulation
of the enzyme HMG CoA-reductase. This enzyme, which is involved in cholesterol
biosynthesis has become a major therapeutic target in contemporary medicine.
HMG-CoA reductase inhibitors have a wide use in reducing cardiovascular risk but
in PTC and podocytes reduce albumin uptake (Sidaway et al., 2004, Eyre et al.,

2007).

1.11.5 Regulated intramembrane proteolysis (RIP) of megalin.

RIP is a widely conserved process that links cell surface receptor function to gene
transcription. Initially, PKC dependent matrix metalloproteinase (MMP) mediates
ectodomain cleavage of the receptor. Subsequently the remaining
transmembrane—cytosolic receptor fragment is cleaved by the y-secretase family
of proteases, and for several receptors the released cytosolic fragment
translocates to the nucleus where it regulates gene transcription (Biemesderfer,
2006).

In cell culture studies using the opossum kidney (OK) derived proximal tubular cell
line, megalin has been found to be processed in this way. In this cell culture model,
RIP of megalin appears to occur both constitutively and in response to ligation of
the receptor by one of its known ligands, vitamin D binding protein (Zou et al.,
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2004). Although it is entirely possible that other megalin ligands such as albumin
stimulate RIP of megalin, this remains to be determined. To date, nuclear
translocation of the cytosolic fragment of megalin has not been directly observed.
However overexpression of the transmembrane/cytosolic fragment of megalin in
OK cells inhibits transcription of the megalin and NHE-3 genes, and inhibition of y-
secretase attenuates this effect (Li et al., 2008).

Whilst these studies rely on in vitro observations, there is some evidence that RIP
of megalin may also occur in proteinuric patients. Individuals with diabetic
nephropathy and albuminuria display enhanced urinary shedding of the
extracellular fragment of megalin compared to non-albuminuric diabetic patients,
and it could be speculated that this is mediated by increased MMP activity in the
albuminuric diabetic kidney (Thrailkill et al., 2009).

In vivo over-expression of the transmembrane and cytoplasmic tail of megalin
(MegCT) has recently been reported to have no effect on the apical expression
levels of native megalin and endocytic capacity of the proximal tubule (Christ et al.,
2010). The different findings of the in vitro and in vivo studies may reflect the
difference between acute and chronic changes in the intracellular concentration of

MegCT.

1.12 Potential signalling role of megalin in PTC.

The severe phenotype of megalin deficient mice and the evidence that megalin is
processed by RIP, suggests divergent roles for megalin as a mediator of

endocytosis and as a regulator of signalling pathways. The concept of other
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members of the LDL-R family functioning as signalling pathway regulators is better

developed than is the case for megalin and will be considered first.

1.12.1 Signalling functions of LRP-1.

LRP-1 is a 600 kDa ubiquitously expressed type 1 transmembrane receptor (Herz
et al.,, 1988). It exists as a heterodimer in which a large 515kDa extracellular
subunit and is non-covalently linked to a subunit of 85kDa that contains a small
extracellular region, a transmembrane region and a cytoplasmic tail. In the liver,
LRP-1 functions in co-operation with LDL-R in the removal of cholesterol
containing lipoproteins from the circulation (Willnow et al., 1995). The phenotype of
LRP-1 knockout mice indicates a wider biological role. These mice have a high
perimplantation mortality and those that survive have severe cephalic
abnormalities (Lillis et al., 2008). LRP-1 has a critical role in maintaining the blood
brain barrier (Herz, 2003), regulation of the inflammatory response in the lung
(Gardai et al., 2003) and modulating vascular tone (Nassar et al., 2004). Targeted
disruption to LRP-1 in vascular smooth muscle cells results in smooth muscle cell
proliferation, aneurysm formation and an increased susceptibility to cholesterol
induced atherosclerosis (Boucher et al., 2003). It is believed that changes to the
phosphorylation status of the cytoplasmic tail of LRP-1 are crucial in initiating some

of the biological effects associated with LRP-1.

1.12.2 LRP-1 is phosphorylated.

Tyrosine phosphorylation of LRP1 occurs as a result of transformation of

fibroblasts with v-Src (Barnes et al., 2001) which may be a critical step in
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tumoriogenesis. One of the two NPXY regions in the cytoplasmic tail of LRP-1 act
as a binding site for the PTB region of another adapter protein SHC. It is thought
that localisation of SHC to the cell membrane results in tyrosine phosphorylation of
SHC. Such phosphorylation modulates the interaction with the Grb10-Sos
complex. This provides a platform from which the Ras and MAP kinase signalling
pathway can be activated (Barnes et al., 2003).

Tyrosine phosphorylation of LRP-1 is dependent on an interaction with the PDGFf3
receptor dimer (Loukinova et al., 2002, Boucher et al., 2002). Stimulation of
vascular smooth muscle cells with PDGF (but not other growth factors such as
EGF and IGF) results in PI-3 kinase and Src dependent tyrosine phosphorylation
of LRP-1 in the second NPXY domain. PKCa stimulated phosphorylation of serine
and threonine residues in the cytoplasmic tail of LRP-1 may have a permissive
effect on subsequent tyrosine phosphorylation (Ranganathan et al., 2004).
Mutation of the serine and threonine residues results in greatly diminished
tyrosine phosphorylation and impaired binding to SHC.

Physiologically, the interaction of LRP-1 and the PDGF-R may underlie the
observation that ApoE as a ligand of LRP-1 inhibits vascular smooth muscle
migration in response to PDGF (Swertfeger et al., 2002). In a vascular smooth
muscle specific LRP-1 knockout mouse the loss of function of LRP-1 results in
increased smooth muscle migration, disruption to the elastic lamina and aneurysm
formation (Boucher et al., 2003). All these changes are abrogated by the
administration of the PDGF-R inhibitor gleevec. The mechanism of the LRP-1
modulation of the PDGF derived signal is unclear. A further effect of ApoE is to

diminish the PDGF stimulated activation of MAP kinase (Ishigami et al., 1998) the
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activity of which regulates smooth muscle migration (Cospedal et al., 1999).
Mechanistically, the cytoplasmic domain of LRP-1 sequesters JIP-1 and JNK and
inhibits the JNK-MAP kinase pathway (Lutz et al., 2002).

Taken together this data indicates that there is a marked cross talk between LRP-1
and the PDGF-R. Not only is the phosphorylation of LRP-1 at least in part
dependent on the PDGF-R but events downstream of the PDGF signal can be

modulated by the cytoplasmic tail of LRP-1.

1.12.3 The effect of LRP-1 phosphorylation on receptor mediated endocytosis.

Studies link LRP-1 phosphorylation with receptor function. Potentially,
phosphorylation of the NPXY motif may alter the interaction of LRP-1 with clathrin
coated pits and therefore endocytosis. However, the predominant endocytosis
signal for LRP-1 is a YXXL motif and a dileucine sequence (Li et al., 2000). PKA
stimulated phosphorylation of the cytoplasmic tail of LRP-1 at the serine 76
enhances endocytic rate (Li et al., 2001). These results are incongruent with other
reports in the literature where mutation of 4 phospho-acceptor sites in LRP-1,
including serine 76, augment endocytosis (Ranganathan et al., 2004). So, at
present, the relationship between phospho-status of LRP-1 and endocytic rate is

not clear.

1.12.4 Megalin as a putative phospho-acceptor protein and modulator of signalling

pathways.

Having established that other members of the LDL-R have important signalling

functions the evidence favouring a similar role for megalin will be considered.

71



Some knowledge of the signalling pathways potentially modulated by megalin can
be inferred from the binding partners of the MegCT. Using MegCT as bait in yeast
two hybrid screening several binding partners for megalin have been identified.
Protein/protein interaction was confirmed using GST pulldown assays and
SEMCAP-1, JIP-1 and 2, PSD-95, OMP-25, PIP4,5-kinase, ICAP-1 and Dab1
have been identified as binding partners of MegCT. Based on the known biological
functions of these binding proteins megalin may have a role in regulating G-protein
signalling, MAP kinase activity, synaptic organisation, cytoskeletal attachment,
phosphoinositide signalling, integrin signalling and cell differentiation. This study
was based on biochemical and genetic techniques and did not confirm an
interaction in intact cells. Nevertheless, there is a clear implication that megalin
has some function in cell signalling (Gotthardt et al., 2000).

Other molecules interacting with MegCT include disabled-2 (Dab-2) (Oleinikov et
al., 2000), ankyrin-repeat family A protein (ANKRA) (Rader et al., 2000) and the
megalin-binding protein (MegBP) (Petersen et al., 2003).

Dab-2 is a molecule that is downregulated in a number of malignancies (Morris et
al., 2002). Through its phospho-tyrosine binding (PTB) modules Dab2 modulates
signal transduction pathways and/or regulates protein trafficking within cells.
Targeted disruption of the dab2 gene in mice results in a very similar phenotype to
those in which there is a lack of TGF-f signal (Morris et al., 2002). Dab-2 is known
to interact with the transforming growth factor-B (TGF-B) pathway and this is
recognised to be altered in proteinuric renal disease (Hocevar et al., 2001,
Bottinger and Bitzer, 2002). The finding, using a variety of techniques that MegCT

(through its third NPXY domain) interacts with Dab-2 is particularly interesting
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(Oleinikov et al., 2000). There is a mutual regulation of protein expression and
subcellular distribution between megalin and Dab-2 (Nagai et al., 2005). It is likely
that the MegCT-Dab-2 interaction regulates endocytic activity as anti-Dab-2
antisera transfected into BN16 cells attenuates RAP (a high affinity ligand of
megalin) uptake. In addition in visceral endoderm cells internalisation of megalin
requires Dab-2 (Maurer and Cooper, 2005). From these data it is possible to
appreciate that MegCT via its interaction with dab2 may be able to regulate diverse
signalling pathways.

In further studies using the yeast two hybrid system the ankyrin containing protein
ANKRA was identified as a binding partner for MegCT (Rader et al., 2000). Ankyrin
is a cytoskeletal protein that functions to link transmembrane proteins with actin
(Sedgwick and Smerdon, 1999). Rader and colleagues postulated that via its
interaction with ANKRA MegCT may be able to modulate the Raf-1 kinase
pathway. Active Raf-1 kinase stimulates anti-apoptotic pathways in mouse
fibroblasts (Kebache et al., 2007).

There is a very limited literature around ANKRA. In rats it has been shown to
modulate the a-subunit of the calcium activated potassium channel (Lim and Park,
2005). In a further role distinct from any aspect of the endocytic pathway ANKRA
up-regulates major histocompatibility complex class Il antigens (MHCII) via an
interaction with human histone deacetylases (HDACs) which serve as signal
responsive transcription repressors (Wang et al., 2005a).

Therefore, this interaction between ANKRA and megalin is intriguing as it

potentially regulates gene transcription.
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Megalin binding protein (MegBP) interacts with MegCT using a yeast two hybrid
screen. An interaction in intact cells (BN16) has been shown using fluorescently
tagged MegBP and immunofluorescently labelled megalin. Interestingly,
overexpression of MegBP does not affect endocytic rate (as measured by uptake
of fluorescently labelled RAP) but is associated with non-apoptotic cell death within
24 hours (Petersen et al., 2003). Further studies using MegBP as bait in a yeast
two hybrid screen identified a number of transcriptional regulators as binding
partners. Amongst these is SKl-interacting protein (SKIP) that functions as a
transcriptional co-activator of the vitamin D receptor (Zhang et al 2002). SKI family
members are also known to down regulate the TGFf signalling pathway (Wu et al.

2002).

1.12.5 The sequence of the MegCT.

At 209 amino acids in length the human MegCT is much larger than equivalent
regions in other LDL-R family members. The cytoplasmic tail of LRP1 for example
consists of 110 amino acids. MegCT has unique sequence motifs (Hjalm et al.,
1996, Saito et al., 1994) that may mediate interaction with intracellular binding
partners. These motifs include three NPXY domains serving to mediate
endocytosis within clathrin coated pits (Chen et al., 1990) or interaction with
phospho-tyrosine interaction domains (Songyang et al., 1995b), four Src
homology-3 (SH3 binding regions conforming to the XpFPpXP SH3-binding site)
consensus recognition motif (Yu et al., 1994) and one Src homology-2 (SH2)
recognition motif for, amongst other molecules the p85 regulatory subunit of Pl 3-
kinase (Songyang et al., 1993). In addition there are numerous consensus
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sequences for phosphorylation by protein kinase C, casein kinase |l and
cyclicAMP/GMP dependent kinases (PKA/PKG) (Rader et al., 2000). The

functional significance of these regions remains to be determined.

1.13 Aims.

Proteinuric nephropathy is associated with a significant mortality and morbidity and
accompanies common medical conditions such as diabetes and hypertension.
There is a pressing need to better understand the mechanisms of progressive
renal disease.
Albumin, other filtered proteins and growth factors (a) bind and are endocytosed by
receptors on the PTC and (b) stimulate an array of intracellular signalling cascades
that has a distinct effect on PTC phenotype ultimately favouring a loss of renal
function. Albumin binding to its established PTC receptor megalin may stimulate
intracellular events. Traditional dogma has it that megalin functions solely as a
cargo receptor, reclaiming nutrients that would otherwise be lost in the urine. The
signalling function of megalin suggested by the severe phenotype of the megalin
knockout mouse and identification of a number of signalling related binding
partners for the megCT argues that the paradigm that megalin is a cargo receptor
is no longer appropriate.
The aim of this project was to identify whether megalin functioned as a phospho-
acceptor protein and in particular establish:

* Does phosphorylation of megCT occur?

* If so, what agents present in the proteinuric urine regulate phosphorylation

of megCT?
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* What kinases are responsible?

* Are there any functional associations of megCT phosphorylation?

1.14 Hypothesis.

Megalin is an agonist regulated phospho-acceptor protein whose post-translational

modification has distinct functional consequences on PTC.
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2 Materials and Methods.

2.1 Materials.

Standard chemical reagents of analytical grade were obtained from Sigma (Poole,
UK) and Elgastat purified water was used throughout. DMEM:F12, Hanks
balanced salt solution (HBSS), penicillin/streptomycin, L-glutamine and foetal calf
serum and all other tissue culture reagents were purchased from Invitrogen Life
Technologies (Paisley, UK).

Wild-type OK cells were a gift from Dr. J. Caverzasio (University Hospital, Geneva,
Switzerland). Human proximal tubular cells were obtained from the normal pole of
nephrectomy samples taken from people with renal cell carcinoma. HK-2 cells
were given by Dr. M. Dockrell, SW Thames Institute for Renal Research, St. Helier
Hospital, Carshalton, Surrey.

Essentially-fatty acid free recombinant human albumin was purchased from Sigma
(Poole, UK). Epidermal growth factor, insulin-like growth factor-1, phorbol-12,13
dibutyrate, AG1478, wortmannin, Ro-31 8220, carbobenoxyl-L-leucyl-leucyl-L-
leucinal (MG-132), protease inhibitor cocktail Il and gamma-secretase inhibitor X
were bought from Calbiochem (Nottingham, UK). FITC-labelled bovine serum
albumin was obtained from Sigma (Poole, Dorset). Glutathione sepharose™ and
protein A sepharose were bought from GE Healthcare (Uppsala, Sweeden).
[*?P]-ATP was purchased from Perkin Elmer Life Sciences (Cambridge, UK) and
32P_orthophosphate obtained from Amersham Pharmacia Biotech (Little Chalfont,

UK).
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All PCR primers were synthesised by Invitrogen Life Technologies (Paisley, UK)
and restriction enzymes and DNA T4 ligase purchased from New England Biolabs
(Hitchin, Herts, UK) or Invitrogen (Paisley, UK). Endo-free Plasmid maxi and mini
kits, QIAquick PCR purification kit, QIAquick gel extraction kit and QIAquick
reaction cleanup kit were obtained from Qiagen Ltd (Crawley, UK). Fugene-6
transfection reagent was purchased from Roche Diagnostics (Lewes, UK).
Anti-megalin-CT rabbit serum was produced by CovalAb UK Ltd (Cambridge, UK)
and goat anti-CD8 antibody bought from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA, USA). HRP-labelled goat anti-rabbit and HRP labelled rabbit anti-goat
secondary antibodies were purchased from Sigma (Poole, UK).

The TOPO TA cloning kit was bought from Invitrogen Life Technologies (Paisley,
UK) and the plasmid pCMV-Script purchased from Stratagene (La Jolla, CA, USA).
The vectors pGEX-4T-MegCT and pBS-SKII-CD8 were kind gifts from Dr. A.
Oleinikov (University of California) and Prof. F. Karet (University of Cambridge,
UK) respectively.

All tissue culture plastic ware was from Nuncleon (Denmark). Four well chamber
slides were from Sigma (Poole, UK) and glass coverslips from Chance Proper
(UK).

Protein electrophoresis gel equipment and PRECISION PLUS protein blue
standard markers were from Bio-Rad (Hercules, USA). Nitrocellulose membrane
(0.4 ym pore size) was supplied by Schleicher and Schuel (London, UK).
Hyperfiim-ECL and chemiluminescence (ECL) reagents were from Amersham

Pharmacia Biotech (Little Chalfont, UK).
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MS/MS spectrometry was performed by the Protein and Nucleic Acid Laboratory at
the University of Leicester. Reagents and equipment were MonoTip (GL Sciences
Inc), chymotrypsin (Roche Applied Science), Voyager DE-STR MALDI-TOF mass
spectrometer (Applied Biosystems, Warrington, UK), 4000 Q-Trap mass
spectrometer (Applied Biosystems, Warrington, UK), C18 300 A Acclaim PepMap
media (Dionex), Jupiter Proteo 4 uM 90 A media (Phenomenex, UK) and the

MASCOT search tool (Matrix Science Ltd., London, UK).

2.2 General methods.

2.2.1 Cell culture.

2211 Choice of cell type.

Three different kidney proximal tubular cell lines were chosen for these
experiments. To ensure biological applicability of the early studies to the
proteinuric state in man human primary cell cultures were used. These were
derived from tissue taken from the unaffected poles of kidneys removed because
of renal cell cancer. When considering functional associations of MegCT
phosphorylation albumin endocytosis was studied as this process may have a
significant patho-physiological role in the development of proteinuric renal disease.
Primary cell cultures exhibit little endocytic activity and therefore the immortalised
opossum kidney (OK) derived cell line was used. The OK cell line maintains
characteristics of the proximal tubular epithelium (Malstrom et al., 1987, Nakai et
al., 1987) and had been used previously in the host laboratory and demonstrates

avid albumin endocytosis (Brunskill et al., 1996). To achieve over-expression of

79



the MegCT in intact cells a chimaeric CD8-MegCT protein was developed. This
was transiently and stably transfected into OK derived cells instead of primary
human PTC lines for the following reasons:

* During the course of this work urological practice changed such that most
nephrectomies were performed laparoscopically. Associated with this was a
long warm ischaemic time of the kidney and an inability to salvage tissue
from which viable cell lines could be established.

* Primary cell lines would not retain their PTC phenotype over sufficient
passages to develop stably transfected cell lines.

* Expression of the chimaeric protein may affect albumin uptake and a model
consistent with previous studies was needed.

As using a human primary PTC line was no longer feasible to continue the studies

of megalin phosphorylation the immortalised human PTC line HK-2 was used.

2.2.2 |Isolation and culture of human PTC.

This was based on an established method (Detrisac et al., 1984). The tissue was
obtained from the unaffected pole of kidneys removed because of renal cell
carcinoma. A sample of kidney weighing approximately 50g was removed and
transferred to a sterile container holding HBSS supplemented with benylpenicillin
(100 1U/ml) and streptomycin (50ug/ml) at 4°C.

The kidney was transferred to a tissue culture cabinet and the renal capsule
removed using sterile forceps. The outer cortex was removed and diced using a
sterile scalpel blade. The diced tissue was placed in 30ml universal containers,

suspended in HBSS and centrifuged at 1000rpm for 5 minutes at 4°C. The HBSS
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was aspirated and this washing procedure repeated 3 times. The tissue was then
transferred to a 60ml sterile container and suspended in 30ml of HBSS containing
30mg of collagenase type Il. With the lid loosely applied to allow gas exchange the
container was placed in the tissue culture incubator. The mixture was stirred with a
sterile bar for 30 minutes. The collagenase reaction was stopped by the addition of
10ml of HBSS containing 40mg/ml of BSA. The digested kidney was then washed
twice with HBSS and then added to the top of a sieve of 500pm mesh size. The
tissue was forced through the sieve using the plunger from a 10ml syringe. It was
then passed successively through 250um and 90um sieves. The glomeruli were
retained on top of the 90um sieve whilst the tubular fragments passed through and
were collected. The tubular fragments were washed twice with HBSS before
seeding into four prepared 75cm? flasks.

The flasks were prepared by coating with collagen type | and foetal calf serum.
50ug/ml of bovine collagen type | solution was prepared in 0.1M acetic acid. 7.5ml
was placed in each flask to produce 50ug collagen/cmz. The flasks were left in the
cell culture cabinet overnight to allow evaporation of the acetic acid and adherence
of the collagen to the plastic. The collagen solution was aspirated and the flasks
washed three times with HBSS. Heat inactivated foetal calf serum was then added
to each plate in sufficient quantity to cover the bottom of the flasks which were
then incubated at 4°C overnight. The foetal calf serum was then removed by
aspiration and the flasks washed three times with HBSS before storage at 4°C and
use within 1 month.

The cells were grown in the following medium: DMEM:F12 with the addition of 25

mM HEPES buffer, recombinant human epidermal growth factor (10 ng/ml), bovine
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insulin (5 pg/ml), transferrin (human, iron free, 5 yg/ml) sodium selenite (5 ng/ml),
tri-iodo-thyronine (4 pg/ml), hydrocortisone (36 ng/ml), benzylpenicillin (100 1U/ml)
and streptomycin (50 ug/ml). This media was termed defined growth media (DGM).
The media was changed after 3 days and then on alternate days until confluence
was reached. Typically, this was after 10 to 14 days.

Confluent monolayers of cells were then passaged. The media was removed from
each flask and the cells washed three times with calcium and magnesium free
HBSS. 5ml of trypsin/EDTA (0.25% trypsin, 1 mM EDTA) solution was added to
each flask which was then incubated for 5 minutes at 37°C. The reaction was
stopped by the addition of 10ml of DGM supplemented with 10% foetal calf serum.
Trypsinised cells were collected by centrifugation at 1000rpm, the pellet re-
suspended in DGM supplemented with 5% foetal calf serum and plated out in 6
well plates at a concentration of 2 x 10° cells/well. The plated cells were allowed to
reach confluence, typically after two or three days. Cell monolayers produced this
way have previously been characterised as proximal tubular in origin in the host

laboratory (Burton et al., 1996).

2.2.3 Culture of OK cells.

Wild type OK derived cells were maintained in DMEM:F12 supplemented with 10%
FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin and 10 mM
HEPES. OK derived cells were passaged (typically split 1:5) exactly as described
for hPTC. Cells were used between the passage numbers 65 and 87. Passaged

cells reached confluence after a week and the culture media was changed on
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alternate days. Prior to experimentation cells were cultured in DMEM/F12 low

glucose (5 mM) for 48 h.

2.2.4 Culture of HK-2 cells.

HK-2 cells (passages 18-30) were maintained in DMEM/Ham's F12 (DMEM/F12)
medium, supplemented with 10% FCS, glutamine (2 mM), penicillin (100 1U/ml),
and streptomycin (100 pg/ml). Cells were cultured at 37°C in a humidified
atmosphere of 5% CO; in air. Cells were passaged weekly and typically split 1 in 4.
Media was replaced on alternate days. Before treatment, cells were cultured in

DMEM/F12 low glucose (5 mM) for 48 h.

2.2.5 Preparation of human renal cortex homogenate.

Polyclonal anti-MegCT antisera were characterised using renal cortex homogenate
as a source of intact megalin. The homogenisation procedure was performed on
ice or at 4°C. The renal capsule was removed and the remaining tissue diced into
2 mm pieces. 5 ml of ice cold homogenisation buffer was added. The tissue was
homogenised with 20 manual strokes of a tissue homogeniser. The homogenate
was centrifuged at 50g for 5 minutes and the supernatant collected. The pellet was
homogenised once again following the same procedure and the supernatants

combined and frozen at -80°C until further use.

2.2.6 Polyacrylamide gel electrophoresis and immunoblotting.

2.26.1 Preparation of proteins for electrophoresis.

Proteins were suspended in 2x gel loading buffer and boiled for 5 minutes.
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2.26.2 Polyacrylamide gel electrophoresis of proteins.

Cell proteins in loading buffer were then applied to a well of a polyacrylamide gel
and electrophoresed at 200V for approximately 45 minutes according to the
method of Laemelli (Laemmli, 1970). At least one lane of each gel was reserved
for the application of pre-stained molecular weight standards to determine the
molecular weights of proteins of interest in the cell lysates. Separated proteins
were analysed in gels by Coomassie staining, or after transferring to a

nitrocellulose membrane for immunoblotting.

2.26.3 Coomassie staining, Gel Drying and Autoradiography.

Proteins separated by PAGE were visualised by soaking the entire gel in
Coomassie staining solution followed by submersion in Coomassie destaining
solution. Stained gels were dried on blotting paper before being exposed to

autoradiograph film for varying times at -80°C.

2264 Immunoblotting of Proteins after PAGE.

Separated proteins were transferred from polyacrylamide gels to nitrocellulose
membranes in a semi-dry transfer cell according to the method of Towbin et al.
(Towbin et al., 1979). The polyacrylamide gel was placed on a nitrocellulose
membrane and sandwiched between three sheets of blotting paper pre-soaked in
transfer buffer. Transfer of proteins from the gel to the nitrocellulose membrane
was stimulated by the application of a current of 0.65 mamps/cm? for 120 minutes

at room temperature. During this time the nitrocellulose membrane was orientated
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towards the anode and the gel towards the cathode. Efficacy of transfer was
confirmed by assessing the transfer of the pre-stained molecular weight standards
from the gel to the nitrocellulose membrane.

Membranes were then washed for 5 minutes at room temperature in Tris buffered
saline (TBS); followed by a second 5 minute wash in TBST. To prevent non-
specific antibody binding, membranes were blocked by immersion in 5% milk in
TTBS for 1 hour at room temperature.

Nitrocellulose membranes were then incubated with the primary antibody diluted in
blocking solution for either 1 hour at room temperature or overnight at 4°C.
Following this incubation the nitrocellulose membranes were washed three times
with TBST for 10 minutes. Horseradish peroxidase (HRP) conjugated secondary
antibodies were suspended in blocking solution and applied to the nitrocellulose
membranes with the second incubation proceeding for 60 minutes at room
temperature. Following the final wash ECL plus reagents were added to the
membrane and drained off after 5 minutes. Each nitrocellulose membrane was
then sealed in Saran wrap and exposed to photographic film for varying times in

order to achieve optimal visualization of the protein bands of interest.

2.2.7 Transfection of chemically competent E. Coli, bacterial culture and

formation of glycerol stocks.

Competent cells were thawed on ice and to a 100 ul aliquot of cell suspension was
added 1 ng of plasmid DNA. After gentle agitation the mixture was incubated on
ice for 30 minutes before being heat shocked for exactly 45 seconds at 42°C.
Following a further 2 minute incubation on ice 900 pl of SOC media was added.
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Each transfection was incubated horizontally in a shaking incubator at 225 rpm at
37°C for 1 hour. Individual colonies of transfected DH5a cells were grown by
spreading 100 pl of the transfection mixture on LB agar plates (containing 50 pg/ml
ampicillin) and incubating overnight at 37°C.

An individual colony was selected and used to innoculate 100 ml of 2X YTA media
and grown overnight at 37°C with shaking.

Glycerol stocks of transfected bacteria were made by combining 10 ml of the
overnight culture with 4.5 ml of a 50:50 mixture of sterile culture media and

glycerol. Stocks were stored at -80°C.

2.2.8 Large and small scale plasmid DNA preparation.

Two to five ml of Luria Broth supplemented with either ampicillin or kanamycin was
inoculated with a single colony of bacteria and incubated at 37°C on a rotator
platform at 220 rpm for 8 hours. This starter culture was diluted 1 in 1000 and
incubated overnight, with shaking at 37°C Bacteria were pelleted by centrifugation
at 6000g for 15 minutes at 4°C and plasmid DNA purified using a Qiagen maxi or

midi prep kit following exactly the manufacturers instructions.

2.2.9 Determination of protein concentration.

Total protein content was determined by the method of Lowry et al (1951). Briefly,
duplicate protein standards were created by dilution of 1 mg/ml BSA from 0-200
gg/ml in a volume of 250 pl. The unknown samples with an approximate
concentration of protein between 0-200 pg/ml were prepared in volume made up to

250 pl with distilled water. Thereafter, to each tube, 1ml of alkaline copper sulphate
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reagent was added, vortexed and incubated for 10 minutes at room temperature.
Folin-Ciocalteau reagent was diluted with distilled water 1:3 and 100 pl added to
each tube, vortexed and incubated at room temperature for 15 minutes. Finally 1
ml of distiled water was added to each tube before the absorbance of the
developed Dblue/purple colour was measured at 750 nm using a
spectrophotometer.

The absorbance versus the protein concentration of each standard was plotted
using GraphPad Prism software to give a standard curve from which the protein

concentrations of the unknown samples were determined.

2.2.10 Determination of DNA concentration.

DNA absorbs light with a wavelength of 260 nm (Azo). To calculate DNA
concentration sample was diluted by a factor of between 50 and 100 by
suspending in 1 ml of DNAase free water, gently mixing and allowing to stand for
10 minutes. The suspension was applied to a glass cuvette and the absorbance
measured. A DNA concentration of 50 ug/ml records an absorbance of 1, by
relating the absorbance of the sample to this the DNA concentration was
calculated. A second absorbance was measured at 280 nm Aggg). This is the
wavelength at which cellular debris is maximally absorbent. Measuring the ratio of

Azs0 and Azgp indicated the purity of the DNA. A ratio of 1.5 was acceptable.

2.2.11 Statistical analysis.

Data are expressed as mean + SE. Where required, statistical analysis of multiple
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comparisons was performed using one-way analysis of variance with Tukey's

correction. Differences were considered significant at p < 0.05.
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3 Phosphorylation Studies of a MegCT-GST Fusion Protein.

3.1 Introduction.

The 209 amino acid MegCT is longer than the equivalent region in other LDL-R
family members and possesses unique sequence motifs (Fig. 3.1). Human MegCT
contains three NPxY domains that act as coated pit internalisation sequences
(Chen et al.,, 1990) and/or mediate interaction with phospho-tyrosine interaction
domains (Songyang et al., 1995a), three Src homology-3 (SH3) binding regions
conforming to the XpFPpXP SH3 binding site consensus motif (Yu et al., 1994),
one Src-homology-2 (SH2) recognition motif for the p85 regulatory subunit of Pl 3-
kinase (Songyang et al.,, 1993) and one RXXX(p)SXP site for binding 14-3-3
domain containing proteins (Aitken, 2006).

A number of intracellular binding partners of the MegCT have been identified
including the MAP kinase scaffold proteins JIP-1 and -2 (JNK interacting proteins)
(Gotthardt et al., 2000), post synaptic density protein-95 (PSD-95) like membrane
associated guanylate kinase proteins (Larsson et al., 2003) and adapter molecules
such as SEMCAP-1 (semaphorin binding protein) (Gotthardt et al., 2000),
disabled-2 (Dab-2) (Oleinikov et al., 2000), autosomal recessive
hypercholesterolaemia (ARH) (Nagai et al., 2003), megalin binding protein
(megBP) (Petersen et al., 2003) and ankyrin-repeat family A protein (ANKRA)
(Rader et al., 2000). Whilst some of these proteins have a role in regulating

endocytosis they also imply a role of MegCT in Ras and ERK signalling,
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Figure 3.1 Amino acid sequence of the megalin cytoplasmic tail. The 209
amino acid sequence of the human MegCT is depicted and shows the
presence of sequence motifs potentially involved in signalling. The thick black
lines are above the peptide sequences that were used to immunise rabbits in
the production of polyclonal antisera described in chapter 4.
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GTP-binding protein signalling, JNK scaffold assembly, inositol metabolism and
Raf-1 kinase binding.

In addition there are multiple potential phosphorylation sites in MegCT including
consensus sites for PKC, casein kinase Il, glycogen synthase kinase-3 (GSK-3),

protein kinase B and cAMP/cGMP-dependent protein kinase (Hjalm et al., 1996).

3.2 Aims of these studies.

The aim of these studies was to determine using an in vitro approach whether
MegCT is a phospho-acceptor protein and if so, to determine potential kinases that
regulate phosphorylation.

The essence of the studies described in this chapter is that by using cell lysate
from agonist stimulated PTC only kinases that mediate MegCT phosphorylation
that are relevant to PTC function would be tested. That is, a degree of specificity is
maintained as kinases are present at intracellular concentrations even if MegCT is
more abundant. At the outset it was postulated that MegCT phosphorylation may
occur following ligation of megalin or other receptors and this assay enabled that

hypothesis to be tested.

3.3 Methods.

3.3.1 Rationale for use of a MegCT-GST fusion protein.

Recombinant proteins, or fragments of protein fused to glutathione-S-transferase
(GST) are easily and rapidly purified. GST fusion proteins have been widely used

as an in vitro method of detecting with a degree of specificity protein/protein
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interactions and post translational modifications of proteins (Smith and Johnson,
1988). Typically GST fusion proteins bound to glutathione sepharose beads are

easily manipulated and collected by centrifugation from reaction mixtures.

3.3.2 Generation of a MegCT-GST fusion protein.

To generate a MegCT-GST fusion protein the Glutathione-S-transferase Gene
Fusion System (Amersham Pharmacia Biotech) was used. The pGEX vectors
allow for inducible, high level expression of genes as fusions with Schistosoma
Japonicum GST. MegCT cDNA as supplied was ligated between the EcoRI/Xhol
sites of pGEX-4T1 (Fig. 10.1). Propagation of pGEX-4T1 in bacterial culture was

achieved by transfecting the E. Coli strain DH5a as described in chapter 2.

3.3.3 Expression, purification and collection of MegCT-GST fusion protein.

A scraping of frozen glycerol stock of pGEX-4T1-MegCT transfected DH5a E. Coli
was used to inoculate 200 ml of 2X YTA media which was incubated at 37°C with
shaking overnight. The overnight culture was diluted 1:100 into fresh pre-warmed
2X YTA media and grown at 30°C until the A600 reached 1 (typically 4 hours).
Sterile IPTG was added to a final concentration of 1 mM and incubation continued
for a further 2 hours whilst expression of the fusion protein was induced. Bacteria
were collected by centrifugation at 8000 rpm at 4°C for 10 minutes. The
supernatant was discarded and the pellet resuspended in 5 ml of ice cold PBS.
The cell wall of the bacteria was disrupted by brief sonications on ice until partial
clearing of the cell suspension was observed. The fusion protein was solubilised

by the addition of 20% Triton X-100 to a final concentration of 1% followed by
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gentle mixing for 30 minutes. Insoluble cell debris was removed by centrifugation
at 12,000g for 10 minutes at 4°C and the supernatant decanted and pellet
discarded. The fusion protein was collected by the addition of 2 ml of a 50% slurry
of glutathione sepharose 4B in PBS to the supernatant followed by further gentle
mixing for 30 minutes at room temperature. Fusion protein bound to glutathione
sepharose beads was collected by centrifugation for 5 minutes at 500g. In total the
pellet was washed 3 times with 10 ml of PBS before being finally re-suspended in

2 ml of PBS.

3.3.4 Stimulation of MegCT-GST fusion protein phosphorylation.

Confluent monolayers of PTC were quiesced overnight in serum free media. The
media was aspirated and freshly prepared agonists diluted in 1 ml of serum free
media were added to each well and incubated for 20 minutes. Stimulation was
halted by placing each 6 well plate on ice, the stimulating solution was aspirated
and each well washed with ice cold PBS. Cells were lysed in JNK lysis buffer for
10 minutes on a rotator platform.

Insoluble cell debris was removed by centrifugation (10,000g for 10 minutes at
4°C), the supernatant was placed in a sterile eppendorf tube to which was added
75 ul of GST-MegCT complexed to glutathione beads suspended in PBS. Binding
of cell proteins within the lysate and the GST-MegCT fusion protein proceeded by
incubating the mixture for 60 minutes at 4°C on an end over end rotator. The
beads were then washed once in 1 ml of lysis buffer and twice with 1 ml of kinase

buffer.
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Table 4.1 Summary of agents used in the studies of MeqCT

phosphorylation alongside rationale for their use.

Agonist

Rationale

1 Human serum
albumin (HSA)

A major component of proteinuric urine
An agonist of the megalin-cubilin complex

2 EGF

A megalin ligand
Recognised as a player in proteinuric
nephropathy

3 PDBU-a
stimulator of
PKC

PKC deletion reduces interstitial fibrosis and
is renoprotective

PKC activity stimulated by HSA in PTC
PKC activity regulates PTC albumin
endocytosis in vitro.

4 Angiotensin-II

An attempt to establish in vitro correlate of
clinical trial evidence showing renoprotective
effects of ACE inhibition.

Angiotensin Il modulates PTC albumin
endocytosis.

5 IGF-1 IGF-1 present in proteinuric urine and is a
megalin ligand in neuronal cells.
IGF-1 inhibits PTC apoptosis in vitro.

6 Bradykinin Regulates intracellular calcium and would

stimulate calcium dependent protein kinases.
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Washed beads were collected by centrifugation at 5000 rpm for 3 minutes. To
each washed pellet was added 40 pl of kinase buffer containing 0.4 ul of [y*?P]ATP
and 0.4 ul of a 2 mM ATP stock solution. Phosphorylation of the fusion protein
occurred during a 30 minute incubation at 30°C. The beads were collected as
previously and separated by PAGE. Dried gels were exposed to autoradiograph

film.
3.4 Results.
3.4.1 A MegCT-GST fusion protein is phosphorylated in vitro.

To test the hypothesis that MegCT is a phospho-acceptor protein, cell lysate
stimulated phosphorylation of a MegCT-GST fusion protein complexed to
glutathione sepharose beads was examined. There was considerable basal
phosphorylation of MegCT-GST seen under all conditions. When incubated with
lysates derived from cells pre-stimulated with HSA, bradykinin and PDBU MegCT
phosphorylation was augmented. Pre-stimulation with angiotensin 1l did not
increase the phosphorylation of MegCT-GST. No phosphorylation of GST alone
was seen (Fig. 3.2). Pre-stimulation with HSA, EGF and PDBU augmented
phosphorylation by 141.9 + 11.4%, 148.6 £ 15.7% and 151.9 £ 14.1% respectively
(Fig. 3.3). No phosphorylation of GST alone was observed.

To determine whether the phosphorylation observed in vitro was physiologically
relevant, a concentration response experiment to EGF was performed (Fig. 3.4).
Maximal phosphorylation of MegCT-GST fusion protein was stimulated by EGF at

a concentration between 500 and 1000 pg/ml, resulting in a 3.42 and 3.02 fold
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Figure 3.2 Phosphorylation of a meg-CT-GST fusion protein. hPTC were
stimulated with the indicated concentrations of agonist. After stimulation cell
monolayers were washed and lysed. Cell lysates were incubated with meg-CT-
GST complexed to glutathione beads for 60 minutes at 4°C. Collected beads were
washed and incubated with kinase buffer in the presence of y[*°P]-ATP for 30
minutes at 30°C. Beads were washed and applied to polyacrylamide gels and
subjected to electrophoresis. Dried gels were exposed to autoradiograph film of
which panel A is a representative example. Panel B. Densitometric analysis of
radiolabelled bands. Densitometric values of bands obtained under non-stimulated
conditions were normalised to 1 and stimulation expressed relative to that. Pilot
data obtained from one experiment.

96



52 kDa

% of Control

Densitometry
(&)
(=]

Basal  Alumin BGF PDBU

non-stim 1 mg/ml 1 ngfml 1uM
Figure 3.3 Phosphorylation of a meg-CT-GST fusion protein. Monolayers of
hPTC were incubated with the indicated concentrations of recombinant human
serum albumin (HSA), EGF or PDBu. Stimulated cells were treated exactly as
previously. Panel A is a representative autoradiograph. Equal loading of protein
into each well is shown by a dried Coomassie stained gel is shown. Panel B.
Densitometric analysis of data obtained from all experiments. Data represents
mean + SEM of six experiments. *p < 0.01 compared to non-stimulated controls.
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Figure 3.4 EGF concentration response of meg-CT-GST fusion protein
phosphorylation. Monolayers of hPTC were incubated with the indicated
concentrations of EGF for 20 minutes. The contents of each well was washed and
lysed and incubated with megalin cytoplasmic tail fusion protein for 60 minutes.
Kinase activity using megalin cytoplasmic tail-GST fusion protein as a substrate
proceeded for 30 minutes at 30°C. Beads were washed and subjected to PAGE
and the dried gel exposed to autoradiograph film. A Dried Coomassie stained gel
to demonstrate equal protein loading to each well. B. Representative
autoradiograph.
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graduated increase in the phosphorylation seen under that of unstimulated
conditions. At the highest concentration of EGF used (10 ng/ml) there was a
reduction in the fold increase in phosphorylation to 1.97 that of unstimulated

controls.

Growth factors other than EGF may be relevant to PTC function and alter the
phosphorylation status of megalin. To investigate this possibility a time course of
IGF-1 stimulated phosphorylation was performed. By inspection, the
autoradiograph indicated increased phosphorylation in response to IGF-1 that was
maximal after 10-20 minutes of prestimulation (Fig. 3.5 B). Evidence of stimulation
persisted at the last time point tested of 60 minutes. Changes in the densitometric
analysis failed to reach statistical significance (Fig. 3.5 C).

Later experiments would investigate OK cell FITC-albumin endocytosis in cells
stimulated by agents responsible for MegCT phosphorylation to test if the two were
functional associated. To show that agonist stimulated changes to MegCT was not
restricted to human primary cell lines the experiments were repeated using OK
cells. There was substantial basal phosphorylation of MegCT-GST. Pre-incubation
with HSA, EGF (100 pg/ml), EGF (500 pg/ml) and PDBU increased stimulation by
115 £+ 23.6%, 143.8 + 20.4%, 313 + 42.8% and 377 + 31.5% respectively (Fig. 3.6)
indicating that human and OK cells were qualitatively and quantitatively similar in

terms of MegCT phosphorylation.
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Figure 3.5 Time course of IGF-1 stimulated phosphorylation of meg-CT-GST
fusion protein. Monolayers of hPTC were incubated with IGF-1 for the time
indicated or PDBU for 20 Kinase activity using megalin cytoplasmic tail-GST fusion
protein as a substrate proceeded for 30 minutes at 30°C. Beads were washed and
subjected to PAGE and the dried gel exposed to autoradiograph film. A Dried
Coomassie stained gel to demonstrate equal protein loading to each well. B.
Representative autoradiograph. C. Densitometric analysis of autoradiograph where
the unstimulated condition has been normalised to 1 and stimulated lanes
expressed as relative to that. Results shown are mean + SD of two experiments.
There were no statistically significant differences between the conditions
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Figure 3.6 Phosphorylation of a meg-CT-GST fusion protein stimulated by
OK cell lysate. Monolayers of OK were incubated with the indicated
concentrations of recombinant human serum albumin (HSA), EGF or PDBu.
Stimulated cells were treated exactly as previously. Panel A is a representative
autoradiograph with the corresponding Coomassie stained gel shown as evidence
of equal protein loading. Panel B. Densitometric analysis of data obtained from all
experiments. Data represents mean + SEM of three experiments. *p < 0.05
compared to non-stimulated controls.
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3.4.2 Multiple kinases regulate MegCT-GST fusion protein phosphorylation.

To begin identification of the kinases responsible for MegCT phosphorylation
hPTC were treated with a number of protein kinases inhibitors prior to agonist
stimulation, cell lysis and lysate application to MegCT-GST-glutathione beads. Two
representative blots are shown (Fig. 3.7 A).

Key findings of the densitometric analysis are shown in Fig. 3.7 B. HSA (1 mg/ml)
increased MegCT phosphorylation over basal by 141.9 + 4.6%. Pre-treatment with
wortmannin, Ro 81-3220, PD98059 and AG1478 that inhibit Pl 3-kinase, PKC,
MEK and EGF-R kinase respectively, reduced the stimulated phosphorylation over
basal to 97.7 + 2.1%, 121.4 + 2.1%, 120.2 £ 7.7% and 110.0 £ 2.6%.

Stimulation with 1 ng/ml EGF resulted in an increase in phosphorylation over basal
of 148.6 + 6.4%. Pre-treatment with AG1478 and wortmannin reduced this to 117.1
+ 53% and 1184 * 2.4% respectively. Incubation with PDBu increased
phosphorylation by 151.9 £ 5.7%. Pre-treatment with Ro 81-3220 reduced this

111.70 £ 1.4%.

3.5 Discussion.

Current thinking regarding certain members of the LDL-R family favours a role as
signal transducers as well as mediating endocytosis. Supporting a hypothesis that
megalin has a crucial role beyond endocytosis is the phenotype of the megalin
knockout mouse. These animals exhibit a severe forebrain abnormality, respiratory
failure and proteinuria, which are incongruent with a simple ligand retrieval function

of megalin. Proteinuria is an established prognostic marker of progressive renal
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Figure 3.7 Effect of kinase inhibitors on phosphorylation of meg-CT-GST
fusion protein phosphorylation. hPTC were incubated with agonists with or
without pre-incubation with the indicated kinase inhibitors. Lysed cells were mixed
with megalin cytoplasmic tail fusion protein complexed to glutathione sepharose
beads. Washed beads were incubated in kinase buffer at 30°C for 30 minutes in
the presence of y[*?P]-ATP. After washing beads were separated by PAGE and
exposed to autoradiography. A. Representative autoradiographs of the
experiments. B. Key results following densitometric analysis of phosphorylated
megalin cytoplasmic tail GST fusion protein bands. The kinase inhibited
stimulation is normalised to that obtained under non-inhibited conditions. Data
expressed as mean = SEM, n = 3 individual experiments. *p < 0.05.
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disease and the PTC receptor for a number of filtered proteins megalin is thought
to be a significant player in renal patho-physiology. The contribution of megalin to
proteinuric nephropathy may be mediated by (i) Retrieval into the PTC of
excessive amounts of ligand macromolecules present in the tubular filtrate (ii)
Modulating the bio-availability of megalin ligands that may activate signalling
pathways in PTC and (iii) Megalin itself transducing extracellular signals.

Mindful of the multiple potential sites for phosphorylation these studies were
designed to investigate whether megalin is a phospho-acceptor protein and, if so
whether phosphorylation is a regulated process. To ensure biological applicability
of these experiments to proteinuric nephropathy human PTC were used. The data
in this chapter describe for the first time the agonist regulated phosphorylation of
MegCT.

Proteinuric nephropathy occurs as a result of (i) PTC exposure to
macromolecules/growth factors (ii) activation of intracellular pathways, such as
PKC. Progression can be reduced by agents that interrupt the renin-angiotensin |l
system. The agents used in the initial studies of MegCT phosphorylation reflected
these observations. By pre-incubating glutathione sepharose bound MegCT-GST
fusion proteins with hPTC cell lysates and then washing prior to initiating
phosphorylation by addition of V[**P]-ATP, the aim was to identify activated kinases
in stimulated cell lysates that showed some specificity for interaction with MegCT.
In this way albumin, IGF-1 and EGF were shown to activate kinases capable of
phosphorylating MegCT, as was PKC when activated by PDBU. These findings
are congruent with earlier observations of albumin-activated signaling pathways,

including PKC in PTC and a key role for EGF in progressive renal disease. The
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lack of effect of angiotensin-Il, albeit from a single pilot experiment was perhaps
surprising given that agents that inhibit its action are reno-protective. Potential
MegCT phosphorylation stimulated by angiotensin Il may be worth re-visiting as
subsequent studies show that, angiotensin-Il activates PKB and augments albumin
endocytosis (Caruso-Neves et al., 2005) and activated PKB is associated with
megalin (Caruso-Neves et al., 20006).

By using specific kinase inhibitors an understanding of the pathways leading to
MegCT phosphorylation by albumin, EGF and PDBu can be deduced. That Ro 31-
8820 inhibited the PKC induced phosphorylation was unsurprising. Ro-31 8220
pre-incubation partially, but non-significantly reduced albumin stimulated MegCT
phosphorylation. The specific EGF-R kinase inhibitor attenuated EGF and albumin
induced phosphorylation. Inhibition of Pl 3-kinase attenuated EGF and albumin
stimulated MegCT phosphorylation. This may have been expected as Pl 3-kinase
is activated downstream of EGF-R. MEK inhibition differentially inhibited albumin
induced MegCT phosphorylation whilst having no significant effect on that
stimulated by EGF. This indicates the pathways to increased MegCT
phosphorylation activated in response to albumin and EGF are not entirely the
same.

These studies are the first to describe agonist regulated phosphorylation of the
MegCT in PTC. They are entirely consistent with recent studies that confirm
megalin to be phosphorylated constitutively in LLC-PK1 cells (Yuseff et al., 2007)
and in response to clusterin in the prostate cancer cell line R3327 MAT LyLu
(Ammar and Closset, 2008). Functional effects associated with megalin

phosphorylation in these studies are diminished endocytosis (Yuseff et al., 2007)
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and protection against TNFa induced apoptosis (Ammar and Closset, 2008). The
findings of these studies serve to emphasise the likely multi-functional patho-
physiological roles of megalin.

Inhibition of the EGF-R reduces MegCT phosphorylation in response to EGF in
vitro thus implying EGF induced MegCT phosphorylation is mediated by the EGF-
R and not as a consequence of EGF binding to megalin. Studies of the PDGF-R
and LRP protein exemplify how growth factor signalling and members of the LDL-R
family interact. Phosphorylation of LRP is stimulated by a process involving the
PDGF-R, PI 3-kinase and non-receptor associated tyrosine kinase Src (Barnes et
al., 2001, Boucher et al.,, 2002, Loukinova et al., 2002). Furthermore, ligand
binding to LRP reduces MAP kinase signalling (Ishigami et al., 1998) and inhibits
functional effects of signalling through the PDGF-R (Swertfeger et al., 2002,
Boucher et al., 2003). In our studies EGF-R mediates phosphorylation of MegCT
but it remains to be determined if the EGF signalling pathway is altered as a result.
These studies indicate that EGF is not the only growth factor to regulate MegCT
phosphorylation. IGF-1 was associated with a non-significant increase in MegCT
phosphorylation. The non-significance of this study was perhaps a reflection of the
fact that only two experiments were performed and that repetition might result in a
clear stimulation of MegCT phosphorylation by IGF-1. In a number of different PT
cell types IGF-1 protects against apoptosis induced by nephrotoxins (Ortiz et al.,
2005, Varlam et al., 2001). IGF-1 may be a stimulant of MegCT phosphorylation
but unlike EGF is not recognised to be a megalin ligand.

The enzyme Pl 3-kinase is implicated in a number of PTC processes and is a

regulator of MegCT phosphorylation. Pl 3-kinase is both a downstream kinase of
106



the EGF-R and a regulator of albumin endocytosis in PTC (Brunskill et al., 1998).
Wortmannin, an inhibitor of Pl 3-kinase inhibits EGF and albumin induced
phosphorylation of MegCT. In a rat prostate cell line, Pl 3-kinase mediates
clusterin stimulated phosphorylation of megalin. Functionally, this phosphorylation
event favours further clusterin binding to megalin (Ammar and Closset, 2008).
Clusterin is a regulator of apoptosis and protects rat prostate cells from TNFa
induced cell death. In PTC too, Pl 3-kinase regulates apoptosis by phosphorylating
PKB. This results in phosphoryation and inhibition of BAD and thereby inhibits
apoptosis (Caruso-Neves et al., 2006). Megalin appears to have a crucial role in
binding and locating PKB to the cell membrane. Active PKB is released from
megalin by a Pl 3-kinase dependent process. What regulates the initial binding
and release of PKB from megalin isn't clear but may well be related to a
phosphorylation event. The site of PKB binding to megalin is yet to be investigated
but the consensus site for phosphorylation by PKB conforms to the sequence
RXXS/T. This matches a sequence in the MegCT between residues 4 and 7.

The partial inhibition of HSA stimulated MegCT phosphorylation by the specific
EGF-R kinase inhibitor AG1478 is consistent with a model in which some albumin
induced effects in PTC are mediated by the EGF-R. For instance, albumin induced
ERK activation, IL-8 production and DNA synthesis are downstream of EGF-R
activation and dependent on Src kinase activity (Reich et al., 2005, Lee and Han,
2008).

Albumin induced phosphorylation of MegCT is dependent on ERK activity. The
MegCT contains two threonine phospho-acceptor sites in a proline rich region that

conforms to an ERK 1/2 consensus sequence for phosphorylation. Albumin
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stimulates ERK activity in OK cells in a time course compatible with the MegCT
phosphorylation observed in this study (Dixon and Brunskill, 2000). In PTC ERK is
stimulated by oxidative stress and has an inhibitory influence on PKB (Sinha et al.,
2004). The sites and burden of MegCT phosphorylation may be the result of a
complex series of interactions between ROS, ERK and Pl 3-kinase/PKB activity
that potentially reflect the oxidative stress of the cell at the time (Fig. 3.8). This
concept would dovetail with the observation that albumin’s effect on cell viability is
concentration dependent. At high concentrations albumin downregulates megalin
expression whereas at lower concentrations it is preserved (Caruso-Neves et al.,
2006).

In summary, these data provide confirmation of our hypothesis that MegCT is
phosphorylated in a regulated fashion. By using cell lysate derived from human
PTC the identified kinases stimulating MegCT phosphorylation are physiologically
relevant. However, using a cell free system is a limitation of this work as cellular
segregation of proteins is lost and this could be important in intact cells. To confirm
the observations described in this chapter phosphorylation of MegCT in intact cells

was studied.
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Figure 3.8 Schematic representation demonstrating some of the different
kinases that regulate MegCT phosphorylation by albumin. The different
kinases stimulating MegCT phosphorylation are shown and the sites of MegCT
phosphorylation may reflect the prevailing albumin concentration and/or oxidative
stress of the PTC. Under relatively low conditions of oxidative stress the kinases
on the left hand side of the diagram may be active. This may stimulate a pattern of
MegCT phosphorylation that favours binding and inhibition of PKB by MegCT.
Under conditions of high oxidative stress the right hand side of the diagram is
favoured by the activation of a different set of kinases and pattern of MegCT
phosphorylation. In summary, MegCT phosphorylation status might be the result of
a complex series of kinase reactions that could orchestrate cell fate.
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4 Characterisation of Polyclonal Rabbit anti-MegCT Antisera.

4.1 Introduction.

It was anticipated that large quantities of anti-MegCT antisera would be required
for the experiments outlined in this thesis. The requirements of the anti-sera were
that supply should not be limiting and that preferentially the epitopes recognized
would not contain any putative phosphorylation sites. At the time of commencing
these experiments anti-sera against megalin were not available commercially
therefore, CovalAb were commissioned to produce antibodies to MegCT. This is
discussed further in chapter 4. The anti-MegCT sera produced was characterised
against MegCT-GST fusion protein, HK-2 cell lysate and a homogenate of human
renal cortex taken from the unaffected pole of nephrectomy specimens taken from

people with renal cell carcinoma.

4.2 Aims.

To produce and characterise polyclonal anti-human MegCT antisera.

4.3 Materials and Methods.

Production of polyclonal anti-MegCT antisera was undertaken by CovalAb (Lyons,

France).

110



4.3.1 Immunisation of rabbits against human MegCT.

Two peptides that were thought to be maximally immunogenic to rabbits were
selected from the entire sequence of human MegCT. The peptides selected for
immunisation in conjunction with CovalAb were CUK-41A - SLVKPSENGNGVTFR
(amino acids 20 — 34) and peptide CUK-41B TVSENVDNKNYGSPI (amino acids
96-110). The TFR sequence in peptide CUK 41A conforms to consensus
sequence for phosphorylation by PKC. Their localisation in the entire sequence is
shown in Fig. 3.1. A BLAST search revealed no protein homology with any other
human peptides.

All animal work was carried out by CovalAb. A 5ml pre-bleed of two New Zealand
White rabbits coded 215 758 and 215 908 was taken on Day 0 before prior to
immunisation with 1 ml of an equal mixture of conjugated antigen and Complete
Freund Adjuvent. A second and third vaccination occurred on days 21 and 42
respectively. A test bleed was taken on day 53 before a fourth and final
immunisation under the same conditions as previously was performed on day 63.
A further bleed was taken on day 74 and the rabbits sacrificed on day 81 and the

blood collected.

4.3.2 Determination of antibody titre.

The immunoreactivity of rabbit serum against MegCT was assayed by ELISA by
CovalAb. Immunogenic peptide was covalently coupled to the base of a 96 well
plate. Applied serum was serially diluted in a range between 1/500 and 1/64,000.

Arbitarily, the titre was expressed as the inverse of the dilution. This was
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determined as the dilution giving an optical density ratio of 1 when measured at

450 nm.

4.3.3 Characterisation of rabbit anti-human MegCT antisera.

Antisera was characterised against MegCT present in a MegCT-GST fusion

protein, human renal cortex homogenate and HK2 cell lysate.

4.4 Results.

4.41 The immunoreactivity of rabbit serum anti-MegCT.

The immunoreactivity of serum derived from two different rabbits against two
peptides derived from MegCT was tested and the results shown in Table 4.1. At
day 74 Rabbit 215 758 demonstrated immunoreactivity to both MegCT peptides
with the response against CUK-41B greater than CUK-41A (antibody titre 64,000
vs. 2000). Rabbit 215 908 showed little immunoreactivity against peptide CUK-41A
(antibody titre <500) but a good response to CUK-41B (antibody titre 32,000).
Informed by these results serum from rabbit 215 758 was used in subsequent

studies.

Peptide | Bleeding | Rabbit 215 758 | Rabbit 215908
CUK-41A | Day 74 2000 <500
CUK-41B | Day 74 64,000 32.000

Table 4.1 Antibody titres of rabbits 215 758 and 215 908 to two different
epitopes of MegCT. Antibodies were measured by ELISA and titre is expressed
as the inverse of the serum dilution that resulted in an optical density reading of 1
at 450 nm. The interpretation of the titres supplied was <500 — no immunoreactivity
of the serum, 500 < titre < 2000 — low immunoreactivity of the serum and = 2000 —
good immunoreactivity of the serum.
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4.4.2 Rabbit anti-sera recognised the megalin component of a MegCT-GST

fusion protein.

Immunoreactivity of rabbit anti-MegCT sera was tested against samples taken at
stages of the purification of MegCT-GST. Samples were subjected to PAGE and
western blotting using rabbit anti-MegCT sera as the primary antibody. Sera from
both rabbits taken at various days following peptide immunisation behaved in a
similar way. Pre-immune sera taken from rabbits prior to peptide immunisation
showed no immunoreactivity against MegCT-GST (Fig. 4.1). Immunoreactivity
against MegCT-GST of sera taken from both rabbits at 53 and 81 days post
peptide immunisation is seen (Fig. 4.1). The band intensity was greatest against
purified MegCT-GST and no reactivity against GST alone demonstrated. The time
of exposure of autoradiogaph film to the ECL reagents varied and therefore no
comment can be made on the relative immunoreactivity of sera derived from the

different rabbits.

4.4.3 Intact megalin was detected in human renal cortex homogenate by rabbit

anti-sera.

Sera from rabbit 215 758 was used to identify immunoreactivity against intact
human megalin derived from a homogenate of renal cortex. As a positive control
immunoblots derived using rabbit 215 758 serum were compared with a

commercially available goat anti-human megalin antibody that became available
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Figure 4.1 Polyclonal rabbit antisera react with the megalin cytoplasmic tail
component of MegCT-GST fusion protein. Samples of glutathione sepharose —
GST (1), non-induced pGEX-4T1-MegCT transformed bacteria (2), IPTG induced
pGEX-4T1-MegCT transformed bacteria (3) and MegCT-GST fusion protein
purified on glutathione sepharose beads (4) were subject to PAGE and western
blotting performed using anti-MegCT antisera as the primary antibody. Following
incubation with an anti-rabbit HRP labelled secondary antibody blots were
developed by enhanced chemiluminescence and exposed to X-ray film. One
representative blot of at least two is shown. The anticipated mass of MegCT-GST
is 52 kDa.
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Figure 4.2 Anti-MegCT rabbit sera and a commercially available goat anti-
MegCT antibody recognise intact megalin from a human renal cortex
homogenate. 20 ug of cell protein from a human renal cortex preparation were
separated on a 4-20% Tris-HCI gradient gel. Nitrocellulose membranes were then
probed with either rabbit 715758 sera (A) or goat anti-MegCT antibody (Santa
Cruz)(B). The panel on the left was the blot obtained using anti-MegCT antibodies
whereas that on the right was the same membrane stripped and re-probed using
naive sera from the relevant species. The horizontal arrow indicates intact megalin
whereas the horizontal bar marks the position of the 250 kDa protein marker.
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during the course of these studies (Fig. 4.2 A and B). A number of protein bands
were detected including one approximately 600 kDa in mass consistent with intact
megalin. Proteins of 150 and 100 kDa in mass were also detected and no bands

were detected when sera from human megalin naive animals was used.

4.4.4 Rabbit antisera is immunoreactive against intact megalin in HKZ2 cell lysate.

Protease activity during the homogenisation process of human real cortex may
have resulted in megalin fragmentation and the multiple bands detected on the
immunoblots. To further investigate the specificity of the interaction between the
rabbit sera and MegCT immunoblots of cell lysate derived from HK2 cell lysates
were performed. One major immunoreactive peptide of a large molecular mass
was detected (Fig. 4.3B) that was not present when sera from a human megalin
naive rabbit was used (Fig. 4.3A). Faint bands present in figs 4.3 A and B may

represent non-specific binding of the secondary antibody.

4.5 Discussion.

This chapter describes the production and characterisation of a rabbit anti-human
MegCT antibody. Immunoreactivity and specificity of the MegCT antibody for
megalin in the form of fusion protein, cultured cells and kidney cortex lysate has
been shown. The antisera produced compares favourably with a commercially

available antibody. Taken together these data were reassuring that the antibody
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Intact megalin

Figure 4.3. Immunoblot demonstrating ability of anti-MegCT antisera to
detect intact megalin in HK2 cell lysate. 20 ug of HK2 cell lysate were loaded
onto a 4-15% Tris-HCI gradient gel. Primary antibody incubation was with either
naive rabbit sera (A) or sera from rabbit 715758 immunised against MegCT (B).
The arrow indicates intact megalin. The panel on the left was exposed to
autoradiograph film for four times as long as the panel on the right. The entire
length of the gel is shown to demonstrate no immunoreactive peptides of a lower
molecular weight.
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produced was specific for MegCT and a suitable tool to be used in experiments
described later in this thesis.

The initial studies by CovalAb indicated there was differential immunoreactivity to
MegCT of sera derived from different rabbits. The anti-sera was used in later
studies to immunoprecipitate megalin from lysed cells and in this respect the sera
from the two rabbits could not be expected to perform equivalently. In the studies
described hereafter, the serum used was from rabbit 215758.

Rabbit anti-MegCT antisera recognised MegCT in the form of MegCT-GST and
intact megalin, thus implying maintainence of the tertiary structure of megalin in
fusion protein form or that tertiary structure of megalin is not important with regard
to recognition by anti-sera.

Rabbit anti-MegCT serum detected a number of protein bands in human renal
cortex homogenate. A similar pattern has been described with rabbit renal cortex
by Petersen (Petersen et al., 2003) and is indicative of the problems in
manipulating such a large protein, even in the presence of protease inhibitors. This
degradation pattern of megalin was not seen in HK2 cell lysate and this probably
related to rapid denaturation of cellular proteases by reducing lysis buffers.

In summary, this chapter describes the production of an antibody with specificity
for MegCT in a variety of different forms. The antibody that was developed
performed similarly to antibodies that were available commercially and produced

similar patterns to others described in the literature.
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5 Studies of Megalin Phosphorylation in Intact Cells.

5.1 Introduction.

The experiments described in chapter three demonstrated phosphorylation of a
MegCT-GST fusion protein in a cell free system. To further test the hypothesis that
megalin phosphorylation could be important in human proteinuric nephropathy
experiments using intact PTC were performed. The large size of native megalin
was anticipated to be a considerable hindrance in these experiments and therefore
a method was devised to immunoprecipitate only the MegCT. Following stimulation
of [*?P]-orthophosphate loaded hPTC the extracellular fragment of megalin was
cleaved by light trypsinisation enabling the remaining transmembrane and

intracellular fragment to be collected by immunoprecipitation.

5.2 Aims.

To develop the findings that megCT-GST is phosphorylated in vitro by examining

patterns of megalin in intact cells.

5.3 Methods.
5.3.1 Stimulation of [**P]-Orthophosphate loaded PTC.

hPTC were grown to confluence in 6 well plates. Prior to stimulation cellular
monolayers were quiesced in serum free culture media overnight. Each well was
washed twice with phosphate free Krebs solution. To radiolabel the cellular stores

of ATP, 50mCi of *[P]-orthophosphate were diluted in 1ml of Kreb’s phosphate
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free buffer and added to each well. Loading proceeded during a 4 hour incubation
at 37°C. After loading with [**P]-orthophosphate, agonists were added directly to
each well with stimulation proceeding for the time points indicated.

Following stimulation plates were placed on ice and each well washed once with
ice cold Kreb’s solution. To cleave the extracellular domain of megalin 1 ml of

0.25% trypsin was added to each well and incubated for 5 minutes at 4°C.

5.3.2 Immunoprecipitation of radiolabelled MegCT.

Each well was washed once with 2ml of ice cold PBS before 1ml of ice cold RIPA
buffer containing protease and phosphatase inhibitors. Cell lysis occured during a
10 minute incubation on ice following which each well was scraped and the
contents placed in a pre-chilled 1.5ml eppendorf tube. Insoluble cell debris was
collected by centrifugation at 13,000 rpm for 2 minutes in the cold room. The
supernatant was removed to a clean eppendorf and the mixture was pre-cleared
by the addition of 1ul of megalin naive rabbit serum and 40pl of protein A-agarose.
The beads and their associated immune complexes were collected following a 1
hour incubation at 4°C by pulse centrifugation and the supernatant removed to a
clean 1.5ml eppendorf tube. To each sample was added 2ul of rabbit anti-MegCT
sera. Following mixing at 4°C for 1 hour 50ul of protein A-agarose was added to
each sample and mixed for an additional 2 hours. The beads were collected by
pulse centrifugation at 2,500 rpom and washed three times with RIPA buffer. After
the final wash, 35ul of 2x gel loading buffer was added and heated at 95°C for 5
minutes. The agarose beads were pelleted by centrifugation and the supernatant
containing reduced proteins removed for further analysis.
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5.3.3 Analysis of immunoprecipitated proteins.

Immunoprecipitates were separated by PAGE on a 12% polyacrylamide gel.
Protein bands were stained with Coomassie blue, destained and the gel dried on
blotting paper. The dried gel was exposed to autoradiograph film and retained as

evidence of equal protein loading.

5.4 Results.
5.4.1 MegCT is phosphorylated in intact cells.

To investigate the physiological relevance of the in vitro MegCT-GST fusion
protein phosphorylation described, studies were designed to investigate MegCT
phosphorylation in intact cells. The size of megalin is a hindrance of the study of
the intact molecule. To circumvent this, a method was developed in which the
extracellular portion of megalin was cleaved with trypsin and the intracellular
MegCT immunoprecipitated from [*2P]-orthophosphate loaded cells.

MegCT immunoprecipitated from hPTC demonstrated increased phosphorylation
in response to HSA, EGF and PDBu (Fig. 5.1) by 260 £ 55%, 217 + 28.8% and
336 * 46.6% respectively. The level of basal phosphorylation was much less and
no phosphorylated band was detected when pre-immune rabbit sera was used to
immunoprecipitate MegCT from PDBu stimulated hPTC. This experiment was

performed to exclude non-specific binding of MegCT to the rabbit serum used.
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Figure 5.1 Phosphorylation of meg-CT in intact cells. The cytoplasmic tail of
megalin was immunoprecipitated from agonist stimulated [*?P]-orthophosphate
loaded lysed cells and immunoprecipitates subjected to PAGE. Gels were stained,
dried and exposed to autoradiograph film. A. Representative autoradiograph. B.
Dried Coomassie stained gel from the same experiment to demonstrate equal
protein loading. C. Densitometric analysis of phosphorylated megalin cytoplasmic
tail protein bands. Data is expressed as mean + SEM, n = 4 experiments. ** p <
0.01, *p <0.05.
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Overall, the results of MegCT phosphorylation in intact cells were variable. One
potential reason for this may have been that the time course varied from the in
vitro conditions described. A time course of MegCT phosphorylation in response to
HSA and EGF was performed that confirmed that maximal phosphorylation was
evident after 20 minutes. The phosphorylation was considerably more sustained

under conditions of HSA stimulation (Fig. 5.2).

5.4.2 Kinase regulation of MegCT in intact cells.

Because of the difficulty in handling large amounts of radioactivity the kinase
inhibitors used in studies of MegCT phosphorylation in intact cells was limited to
AG1478 and Ro 81-3220. The same pattern of kinase sensitivity was seen. hPTC
monolayers were loaded with [*’P]-orthophosphate and pre-incubated under
control conditions or with either AG1478 or Ro 81-3220. Cells were stimulated with
HSA, EGF and PDBu. Stimulation under non-inhibited conditions was normalised
to 100% and the effect of kinase inhibition expressed as relative to that. When pre-
incubated with AG1478 MegCT stimulated phosphorylation by HSA and EGF was
reduced to 46.13 * 6.03% and 41.23 = 13.28% that of control condition
respectively (Fig. 5.3). Pre-incubation with Ro 81-3220 inhibited PDBu induced

phosphorylation to 40.06 + 15.20% of that seen under control conditions.

5.5 Discussion.

Studies of MegCT phosphorylation in intact cells were hindered by its low
endogenous expression levels and enormous size of megalin. The method of

cleavage of the extracellular domain of megalin prior to immunoprecipitation of the
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Figure 5.2 Time course of EGF and human serum albumin stimulated
phosphorylation of the meg-CT in intact cells. hPTC were loaded with [**P]-
orthophosphate and stimulated for the time points shown. The extracellular portion
of megalin was cleaved by light trypsinisation on ice and the cytoplasmic tail of
megalin immunoprecipitated. Immunoprecipitates were resolved by PAGE, the
gels stained, dried and exposed to autoradiograph film. The experiment was
performed once only and the corresponding Coomassie stained gel is shown as
evidence of equal protein loading.
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Figure 5.3 Effect of protein kinase inhibitors of meg-CT phosphorylation.
hPTC were loaded with [32P]-orthophosphate and pre-incubated with or without
protein kinase inhibitors. A (i-iii). Autoradiographs showing agonist stimulated
phosphorylation under uninhibited and inhibited conditions. B. Densitometric
analysis in which uninhibited stimulation is normalised to 100% and inhibited
stimulation expressed as a percentage of that. Data shown mean + SEM, n =3.
*p=<0.05.
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MegCT introduced a delay which despite the presence of phosphatase inhibitors
could have altered the phosphorylation status of MegCT. In combination, these
problems along with the large amount of radioactivity needed rendered the
experiments technically challenging.

Despite these caveats, in comparisom with the data obtained using the MegCT-
GST fusion protein an identical pattern of megalin phosphorylation in response to
albumin, EGF and PDBu was seen with the same susceptibility to kinase inhibition.
The MegCT phosphorylation in response to EGF was variable between
experiments when using intact cells. This may reflect either less phosphorylation or
variable expression of megalin. Another explanation may be the technical
problems  associated with  immunoprecipitation  resulting in  rapid
dephosphorylation. A further consideration may be that in PTC the EGF-R is
largely restricted to the basolateral surface of the PTC with only 10% expressed at
the apical surface (Gesualdo et al., 1996) although this ratio is increased under
proteinuric conditions. Megalin is largely apically restricted and therefore the two
receptors are in distinct subcellular locations. Stimulation in vitro will not be
affected by this as much as megalin phosphorylation in intact cells and the kinase
activity will appear more robust.

The studies demonstrating basolateral restriction of the EGF-R were performed by
immunohistochemistry of biopsy specimens (Gesualdo et al., 1996). Therefore, it
remains unknown how dynamic the process of redistribution of EGF-R from the
basolateral to apical surface may be under proteinuric conditions. This is important
in considering the dependence of albumin stimulated MegCT phosphorylation to

on the EGF-R.
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The possibilities are that albumin signals through the 10% of EGF-R that is apically
restricted and/or stimulates a rapid redistribution from the basolateral to the apical
cell surface. Potentially this could be investigated by real time imaging of live cells
transfected with a fluorescently labeled EGF-R. Transcytosis of intact albumin
across the cell from the apical surface has never been demonstrated and this
would seem to be an unlikely mechanism by which albumin could stimulate the
basolateral EGF-R.

The published literature does not indicate the mechanism by which albumin
stimulates the EGF-R (Reich et al., 2005, Lee and Han, 2008). In these studies the
functional effects of albumin on PTC were not only dependent on the EGF-R but
also the cellular kinase Src. Whether the dependence on Src is up- or downstream
of the EGF-R is not established. Bearing in mind that a number of tissues
expressing the EGF-R that are exposed to albumin with no published reports of a
signaling effect, it seems unlikely that there is a straightforward ligand-receptor
interaction between the albumin and the EGF-R.

Perhaps the likeliest mechanism leading to EGF-R activation is that albumin
exposure increases production of ROS which could diffuse from intracellular
compartments to the basolaterally restricted EGF-R. Albumin stimulated EGF-R
activation and downstream MegCT phosphorylation warrants further investigation
as a pathway that may be susceptible to pharmacological intervention.

In summary, this chapter indicates concordant findings between constitutive and
stimulated phosphorylation of MegCT in intact cells and the previously discussed
Meg-CT-GST fusion protein. The technical challenges of studying MegCT

phosphorylation in intact cells were considerable. A chimaeric protein that enabled
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overexpression of MegCT was developed to overcome these problems, and these

studies are described in the following chapter.
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6 Development and Phosphorylation of a MegCT-CD8

Chimaeric Protein.

6.1 Introduction.

Studies of megalin in intact cells were hampered by the low native expression of
megalin and difficulties in experimentally manipulating such a large molecule. To
circumvent these twin problems an alternative approach was sought that would
enable overexpression of the MegCT. Other groups faced with these problems
have developed truncated forms of megalin (by removing portions of the
extracellular domain) and used such mini-megalin receptors to investigate
megalin’s cellular trafficking and to introduce specific point mutations (Marzolo et
al., 2003, Yuseff et al., 2007). The investigations described later in this thesis
specifically related to MegCT and in order to exclude phosphorylation occurring at
sites on the extracellular domain of megalin a chimaeric protein containing MegCT
and CD8 was developed. CD8 was used as the extracellular and transmembrane
vehicle for MegCT as when used previously as part of chimaeric proteins it has not
affected protein trafficking of its attached moiety i.e. it acts as a neutral reporter
(Inrke et al., 2000). The ability of CD8 to act as a neutral reporter was important as
the correct cellular trafficking and physiological function of megalin are crucially

related.
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6.2 Strategy for the development of a MegCT-CD8 chimaeric protein.

The strategy for the development of a MegCT-CD8 chimaeric protein is outlined in
Fig. 6.1. Oligonucleotide primers were designed so that MegCT and CD8 cDNA
could be amplified from appropriate expression vectors whilst introducing
recognition sequences for digestion by restriction endonucleases that would not
digest at sites other than the termini of the cDNA. Following digestion with
appropriate restriction endonucleases cohesive ended DNA would be created that
would ligate with a complementary sequence of cDNA (Fig. 6.2). It was anticipated
that during a reaction catalysed by DNA T4 ligase the DNA fragments would
assemble as in Fig 6.1 to form a circularised piece of DNA.

Many variations on the above strategy were developed which are described in the
results section below and summarised in Table 6.1. Details regarding the PCR

primers used are given in Table 6.2.

6.3 Aims.

The aims of this work were to:
* Develop a megCT-CD8 chimaeric protein that could be overexpressed in
OK cells.
* To study the subcellular distribution of a MegCT-CD8 chimaeric protein.

* Determine whether a MegCT-CD8 chimaeric protein is phosphorylated.
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6.4 Methods.
6.4.1 Primer design and conditions for the PCR.

Primers were synthesised by Invitrogen (Paisley, UK) and were designed to
introduce restriction endonuclease sites within the cDNA whilst providing sufficient
bases at the ends of the generated cDNA to enable each restriction enzyme to
function efficiently. Primers were designed using Oligo Perfect™ Designer

software provided by Invitrogen.
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Ligation

Figure 6.1. Scheme for generating a circular plasmid containing the cDNA
that will encode a MegCT-CD8 chimaeric protein. A circular plasmid capable of
bacterial transfection is generated by a series of ligation reactions between
cohesive ended cDNA. The approaches used to achieve this are detailed within

the text.
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5’ GGGGTCGACCACTATAGAAGGACC. .. .GAAGACTCT. ...

3" CCCCAGCTGGTGATATCTTCCTGG. .. .CTTCTGAGA. ...
.. .GAAGTATAGCTCGAGAAAZ'
...CTTCATATCGAGCTCTTTS5'
LL sacll
57 GGGG TCGACCACTATAGAAGGACC....GAAGACTCT. ...
37" CCCCAGCT GGTGATATCTTCCTGG....CTTCTGAGA. ...

.. .GAAGTATAGC TCGAGAAA3’
.. .CTTCATATCGAGCT CTTT5'

Figure 6.2. Generation of cohesive ended DNA following a Sall and Xhol
digestion of MegCT cDNA. The & and 3’ overhang of the MegCT cDNA
produced by PCR is shown in black, the introduced restriction endonuclease sites
in red and the coding region in blue. Following restriction endonuclease digestion a
four base pair overhang is created at both ends of the MegCT cDNA. In a reaction
catalysed by DNA T4 ligase this will join with complementary appropriately
digested DNA — either a pre-digested vector or linear segment of DNA. The
efficiency of the restriction endonuclease digestion is dependent on the region
shown in black to be of a sufficient length to act as a platform for enzyme activity.
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Table 6.1. A summary of strategies used for the development of a MeqgCT-CD8 chimaeric protein.

Vector

pCMV-script

pCMV-script

BSIl SKI-CD8

pCRII-TOPO

pCRII-TOPO

pCMV-script

pCMV-script-
CD8

pCMV-script-
CD8

pEGFP-N1

Pre- Cloning or Insert(s) for Source of DNA fragment for
existing expression ligation. ligation.
insert. vector.
Nil Expression CD8 and PCR amplification from BSII
MegCT SK-CD8 and pGEX-4T1-
MegCT
Nil Expression CD8 and As above. DNA fragments
MegCT pre- purified, sall digested and
ligated at sall ligated
site
CD8 Cloning MegCT PCR  amplification from
pGEX-4T1-MegCT
Nil Cloning MegCT PCR amplification (using Taq
polymerase) from pGEX-4T1-
MegCT
Nil Cloning CD8 PCR amplification (using Taq
polymerase) from BSIl SK-
CD8
Nil Expression CD8 sacll/sall digestion of pCRII-
TOPO-CD8
CD8 Expression MegCT sall/xhol digestion of pCRII-
TOPO-MegCT
CD8 Expression MegCT sall/apal digestion of pCRII-
TOPO-MegCT
Nil Expression CD8-MegCT PCR  amplification from

pCMV-script-CD8-MegCT
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sites ligated
between.

sacll/xhol

sacll/xhol

aflll/not!
Cloning
vector

Cloning
vector

sacll/sall

sall/xhol

sall/apal

xhol/sacll

Rationale of method.

Anticipated to be the most straightforward method

Less risk of concantamer formation

Partial digest of MegCT (aflll is a MegCT cutter)
would result in a product that could be subcloned
into an expression vector

Digestion and purification would result in a DNA
fragment with guaranteed cohesive ends

Digestion and purification would result in a DNA
fragment with guaranteed cohesive ends

Start of stepwise approach

Continuation of stepwise approach

More base pairs separate the sall/apal (cf.
sall/xhol) sites within the MCS of pCMV-script-
CD8 resulting in a more efficient digestion
Transfection into mammalian cells results in a
GFP tagged CD8-MegCT chimaeric protein

Sucessfi
unsuces

Unsucces

Unsucces

Unsucces

Successf

Successf

Successf

Unsucces

Successf

Successf



Target Name Restriction Sequence (5’ to 3’) Modification Orientation T,
of endonuclease introduced by primer cc)
primer site introduced

MegCT MEG2F sall GGGGTCGACCACTATAGAAGGACCGGCTCC Nil F 63

MegCT MEG2R xhol CGGCTCGAGCTATACTTCAGAGTCTTCTTT Nil R 57

CD8 CD8F sacll GGGCCGCGGGAATTCGGCGGCTCCCGCGCGCCT Nil F 73

CD8 CD8R sall GGGGTCGACCCGCTTGCACTAAAGGGTGAT Nil R 62

MegCT MEG3F afill GGGCTTAAGCACTATAGAAGGACCGGCTCC aflll site introduced F 61

MegCT MEG3R notl GGGGGGGGGCGGCCGCGATACTTCAGAGTCTTCTTTAAC notl site introduced R 68

CD8 CD82F sacll GCGGCGCGGCCGCGGGCCACCATGGCCTTACCAGTGACC  Increased 5 overhang F 76

GCC

CD8 CD82R sall GCGGGGCGGGTCGACCCGCTTGCAGTAAAGGGTGAT Increased 5’ overhang R 68

MegCT MEG4F sall GCGGGGCGGGTCGACCACTATAGAAGGACCGGCTCC Increased 5’ overhang F 70

MegCT MEG4R xhol GCGGGGCGGCTCAGCTATACTTCAGAGTCTTCTTT Increased 5’ overhang R 63

MegCT ';{/IEGAPA apal GCGCGGCGCGGGCCCCTATACTTCAGAGTCTTCTTT apal site introduced R 66

MegCT MEGGFP  sacll GGGGCGGGGGCGGCCGCGTACTTCAGAGTCTTCTTT Termination signal R 63
R removed, change of RE

CD8 CD8GFPF  xhol GCGGCGCGGCTCGAGGCCACCATGGCCTTA Change of RE F 67

Table 6.2. Sequences and properties of primers used for PCR for these studies.
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PCR was performed in a total volume of 50 ul. The components of each reaction
were 45 ul of PCR supermix, forward and reverse primers diluted to a final
concentration of 200 nM, 10 pg-1 ng template DNA and made up to a final volume
of 50 ul with DNAase free water. Two different forms of supermix were purchased
(Invitrogen, Paisely, UK) and used depending on whether a proof or non-proof
reading form of DNA polymerase was required. Accuprime™ Pfx supermix
contains the proof reading Thermococcus species KOD thermostable polymerase
(22 U/ml) along with 66 mM Tris-SO4 (pH 8.4), 30.8 mM (NH4),SO4, KCI, 1.1mM
MgSO4, 330 uM dNTP’s and AccuprimeTM proteins. Non-proof reading
polymerases generate a 5’ overhang of the cDNA that was required for ligation into
the cloning vector TOPO 2.1. For these reactions PCR Supermix was used. This
was comprised of 22 U/ml recombinant Taq DNA polymerase, 22 mM Tris-HCI (pH
8.4), 55 mM KCI, 1.6 mM MgCl; and 220 pM each of dGTP, dATP, dTTP and
dCTP.

An MJ Research PTS-200 Peltier Thermal Cycler with a heated lid was used for all
reactions. Amplification of samples was performed using an initial denaturation
step at 95°C (5 minutes) followed by 30 cycles consisting of denaturing at 95°C for
one minute, one minute of primer annealing at 55°C and one minute of nucleotide
extension at 72°C. A final elongation step at 72°C for seven minutes was included
in all PCR amplifications. Negative controls were performed by replacing template
DNA with DNAase free water. If the conditions had previously been ascertained to
result in a single PCR product it was purified using a Qiagen PCR purification kit

by exactly following the manufacturers instructions. If multiple products were
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obtained the band of appropriate size was extracted from an agarose gel and

purified.

6.4.2 Separation and Visualisation of DNA products.

DNA was separated using a 1% agarose gel containing 0.5 pg/ml ethidium
bromide alongside a DNA ladder. The gel was submerged under TAE buffer
containing 0.5 pg/ml ethidium bromide. Bands were visualised and photographed

over ultraviolet illumination.

6.4.3 Gel Extraction of DNA bands.

Relevant DNA bands were excised from the agarose gel and purified using a
Qiagen Gel Extraction kit following precisely the manufacturers instructions.
Purified DNA was collected and suspended in DNAase free water. The
approximate concentration of purified DNA was estimated by comparison with
known amount of DNA ladder separated on a 1% agarose gel containing 0.5 pg/ml

ethidium bromide or by spectrometry.

6.4.4 Restriction endonuclease digestion of DNA.

DNA digestion by restriction endonucleases was performed in a final volume of 10
ul or 20 pl. The temperature, duration and buffer of each digestion varied
depending on the enzymes used and these are charted below. Digested DNA was
purified using a QIAgen Reaction cleanup kit. This kit salvages all DNA that is
greater than 70 base pairs in length. So, following plasmid digestion when the

unwanted fragment was larger than that, the reaction products were purified by
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agarose gel electrophoresis and subsequent gel extraction. Purified DNA was

collected into DNAase free water.

Restriction Buffer BSA added Temp. of Time of
enzyme incubation incubation.
(°C) (mins)
Sacll NEB4 Yes 37 60
Sall Sall specific Yes 37 60
buffer
Xhol NEB3 Yes 37 60
Sall/Xhol NEB3 Yes 37 60
Aflll/Hindll NEB2 Yes 37 60
Aflll/Notl NEB4 Yes 37 60
Afill NEB2 Yes 37 30
Notl NEB5 Yes 37 60
EcoRI/Xhol NEB4 Yes 37 60
Sacll/Xhol NEB2 Yes 37 120
Apal NEB2 Yes 25 60
Sacll/Sall Performed sequentially
Sall/Apal Performed sequentially

6.4.5 Ligation of DNA fragments.

Three different methods were used to successfully ligate DNA fragments into
expression or cloning vectors. Common details are outlined below, and the precise
conditions described in the results section.

6.4.5.1.1 The 16 hour duration T4 DNA ligation.

Ligation reactions took place in a total volume of 20 ul. The components of which
were assembled on ice and consisted of varying volumes of vector and insert, 2 pl

of T4 ligase buffer (New England Biolabs). The concentration of the DNA
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fragments was estimated by comparison to a known standard on an agarose gel
containing ethidium bromide. The amount in ng of each component to be used was
calculated using the formula below. In general the molar ratio of insert to vector
was three.

ng of vector Xkb size of insert insert

ng of insert = - X molar ratio ——
g°f kb size of vector vector

The reaction was catalysed by the addition of 400 units of T4 DNA ligase and
proceeded at 16°C for 14 hours. A proportion of the ligation mixture was used

directly for the transfection of DH5a E. Coli as described previously in this chapter.

6.4.5.1.2 The five minute T4 DNA ligation.
Due to suspected problems with the T4 DNA ligase used in the reactions

described above an alternative supplier and method was sought. In a reaction
volume of 20 ul were mixed vector and DNA, the concentrations of which had been
estimated using the approach described previously. To 30 fmoles of vector were
added 90 fmoles of insert, the mass of DNA required was calculated from the
formula;

1pug size of DNA in bp

DNA = l.DNA x x
a fmo 3000 fmol. 1000 bp

The reaction was catalysed by the addition of 1 unit of T4 DNA ligase and the
reaction allowed to proceed at room temperature for five minutes in T4 ligase
buffer (Invitrogen). Two ul of the ligation reaction was used to transfect competent

DH5a E. Coli. as described previously.
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6.4.5.1.3 The TOPO TA cloning kit.
The TOPO TA cloning kit enables the ligation of freshly produced PCR products

into the cloning vector TOPO 2.1 (Appendix B. Fig. 10.5). Propagation of the
freshly prepared PCR product — flanked by the introduced restriction enzyme sites
- in a cloning vector had one major advantage. Following appropriate restriction
endonuclease digestion and subsequent purification there was a high probability of
producing cohesive ended DNA.

Taq polymerase adds a single deoxyadenosine residue to the 3’ end of PCR
products. The linearised vector supplied in the TOPO TA cloning kit has a
overhanging 3’ deoxythymidine residue. In the presence of topoisomerase the
PCR product is ligated efficiently within the cloning vector.

The TOPO cloning reaction was performed following the manufacturer’s
instructions. Each reaction took place in a final volume of 6 ul and consisted of 1 pl
each of fresh PCR product, salt solution (1M NaCl, 0.06M MgCl,) and plasmid,
along with 3 pl of sterile water. Each reaction proceeded for 5 minutes at room
temperature.

Circular plasmid DNA was propagated by transfecting Mach1-T1 E. Coli and

ultimately plasmid DNA isolated as described previously.

6.4.6 DNA sequencing.

DNA sequencing was performed by the Protein and Nucleic Acid Laboratory at the

University of Leicester.
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6.4.7 Transfection MegCT-CD8 Chimaeric construct info OK cells.

6.4.7.1 Transient transfection.

Transient expression of the CD8-MegCT chimaera within OK cells was achieved
using the polyanionic transfection reagent Fugene 6. On the day prior to
transfection OK cells were plated out at a density of 150,000 cells/well of a 6 well
plate in culture media devoid of antibiotics. On the day of transfection exponentially
growing OK cells were between 50 and 60% confluent. Fugene 6 was used exactly
as per manufacturer’s protocol. To each well was added 1ug of chimaeric cDNA
and 3ul of fugene 6 transfection reagent which had been diluted with 97ul of serum
free/antibiotic free DMEM F12. To achieve uniform transfection across each well
the transfection mixture was added dropwise.

Cells were grown to confluence without a change in media. Typically this was
achieved within 24 hours. Following which the cells were incubated in serum free

DMEM F12 prior to experimentation.

6.4.7.2 Stable transfection.

To establish cell lines stably expressing the CD8-MegCT chimaeric construct the
same procedure as described in the above section was followed. 48 hours after
transfection cells were harvested using trypsin/EDTA, diluted 1 in 10 and grown in
DMEM F12 culture media supplemented with 300ug/ml G418. Individual colonies
of G418 resistant cells were amplified separately and screened for expression of

the chimearic protein.
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6.4.8 Visualisation of OK cells transiently transfected with MegCT-CD8 chimaeric

protein.

To determine whether transiently expressed MegCT-CD8 was associated with the
plasma membrane indirect immunohistochemistry and confocal microscopy was
performed. OK cells were grown on glass coverslips and transiently transfected as
described previously. Cells were allowed to grow to about 50% confluence with the
anticipation that single cells would be visible on the coverslip. Monolayers of cells
were fixed in 2% paraformaldehyde in PBS, pH 7.4 for 2 minutes followed by two
10 minutes washes with PBS pH 7.4. Fixed cells were permeabilised by incubating
with PBS, pH 7.4 containing 0.05% Triton-100. Non-specific protein binding was
blocked by a one hour incubation at room temperature with PBS-0.05% Triton 100,
pH 7.4 containing 10% goat serum. Cells were labelled by incubating with a
polyclonal goat anti-CD8 antibody diluted 1:100 in PBS-0.05% Triton 100, pH 7.4
at 4°C overnight. Non-bound antibody was removed by three 10 minute washes
with PBS pH 7.4. A FITC labelled rabbit anti-goat secondary antibody was diluted
1 in 200 in PBS pH 7.4, containing 10% goat serum and added for one hour at
room temperature. Following two final washed with PBS pH 7.4 labelled cells on
coverslips were mounted on glass slides with citifluor AF1 mountant.

Images were collected using a Laser Scanning Confocal Microscope (Olympus
Fluoview 300) with either the x40 or the x60 oil immersion objective at a scan
resolution of 1024 x 1024 pixels. Three dimensional reconstructions were obtained
by collecting a series of 12-29 images in a z-series with a slice thickness of 0.5-1.0

microns. Using Olympus Fluoview software the images were reconstructed from
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each z-series, rotated around a chosed axis and sored in AVI format for simple

visualisation.

6.4.9 Phosphorylation of MegCT-CD8 Transiently expressed in OK Cells.

OK cells transiently expressing MegCT-CD8 were loaded with [**P]-
orthophosphate and stimulated with agonists exactly as described in section 5.2.1.
Following cell monolayer lysis the MegCT-CD8 chimaeric protein was
immunoprecipitated using antisera directed against an epitope in the extracellular

region of CD8. Immunoprecipitates were treated exactly as described previously.
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6.5 Results.

6.5.1 Propagation of pGEX-4T1-MegCT.

To confirm the vector pGEX-4T1-MegCT still contained MegCT cDNA between the
EcoRl and Xhol sites of the MCS a test digest was performed. A 2 ug aliquot of
plasmid DNA was subjected to digestion with 10 units each of EcoRIl and Xhol.
The products of the reaction were separated on an ethidium bromide stained
agarose gel and the results shown in Fig 6.3. Two products were obtained. A
larger band that runs alongside the 5 kb DNA marker is consistent with the
linearised pGEX-4T1, whereas the 600 bp fragment represents the excised
MegCT cDNA. This confirmed that the pGEX-4T1-MegCT was a suitable template

from which to expand the MegCT cDNA using PCR.

6.5.2 Propagation of pBS SKII-CD8.

The plasmid DNA supplied to us contained wild type CD8 cDNA ligated between
the Hindlll and Aflll sites of the MCS of pBS-SKII. To confirm the continued
presence of the insert in the harvested plasmid DNA a test digest was performed.
A 2 pg aliquot of plasmid DNA was subject to digestion with 10 units of Aflll and
Hindlll. The products of the reaction were separated on an ethidium bromide
stained agarose gel and the results shown in Fig 6.4. Lanes 2 and 4 represents a
test digest on the plasmid DNA as supplied or following a maxi-prep respectively.
In both digests a 800 bp DNA fragment of the CD8 cDNA is liberated by the

reaction.
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5 Kb m— Linearised pGEX-4T1

MegCT cDNA

500 bp

Figure 6.3 MegCT insert is present in pGEX-4T1-MegCT. pGEX-4T1-MegCT
was digested with EcoRI and Xhol. Digest products were applied to a 1% agarose
gel containing 0.5 pg/ml ethidium bromide and separated by electrophoresis.
Bands were visualised and photographed over UV light. Two products of the
enzyme digestion are seen; the upper band at 4.9 kbp is the linearised pGEX-4T1
whilst the lower 600 bp fragment represents the MegCT cDNA.
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<«—— Hindlll/Aflll digested
pBS-SKIl cDNA

Hindlll/Aflll digested
CD8 cDNA

Figure 6.4 A Hindlll/Aflll digest of BS-SKII-CD8 verifies presence of CD8
cDNA. Restriction enzyme digests were performed on BS-SKII-CD8 as supplied
or following a large scale plasmid production. Plasmid DNA were digested with
Hindlll and Aflll. Also shown are the products of the same reaction without either
restriction enzyme. Non-digestion has resulted in multiple bands consistent with
the presence of supercoiled plasmid whereas digestion liberates a 800 bp
fragment consistent with CD8 cDNA.
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In lane 3 multiple bands are present of around 4 kb in size, whereas in lane 5 a
single band is present. In lanes 2 and 4 no restriction enzymes were included in
the reaction and as a result the plasmid DNA was non-linearised and no insert
DNA was seen. Having confirmed the presence of the DNA insert the plasmid was

used as a template for PCR leading to the expansion of CD8 cDNA.

6.5.3 Amplification of MegCT cDNA by PCR from pGEX-4T1-MegCT.

The initial strategy to develop the chimaeric CD8-MegCT protein is depicted in Fig
6.1. Therefore, MegCT cDNA was expanded from pGEX-4T1-MegCT using
primers that incorporated Sall and Xhol restriction enzyme recognition sequences
at the 5’ and 3’ termini respectively.

The results of amplification of MegCT cDNA using primers at a concentration of
0.1, 1 and 10 yM are seen in Fig 6.5. All three conditions resulted in a broadly
equivalent amount of MegCT cDNA being generated. There is a single band visible
that indicated that the reaction conditions were optimal (Fig 6.5).

In all PCR experiments henceforth an appropriate negative control of exactly the
same PCR conditions without the plasmid DNA being added. In all experiments no

PCR product was formed under these conditions.

6.5.4 Amplification of CD8 cDNA from BS-SKII-CD8 using PCR.

Primers were designed to introduce Sacll and Sall restriction endonuclease
recognition sequences into the CD8 cDNA PCR product. Figure 6.6 (panel A)
shows the products of a PCR reaction. Despite optimising conditions multiple

bands were seen representing multiple PCR products.
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To produce a single product a different PCR mix was used — Accuprime Supermix.
A single PCR product was seen which is consistent with the estimated size of CD8

cDNA of approximately 800 bp (Fig. 6.6 (panel B)).
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<«— pGEX-4T1-MegCT

<— MegCT cDNA

Figure 6.5. Amplification of MegCT cDNA from pGEX-4T1-MegCT by PCR.
PCR reactions were performed using primer (MEG2F and MEG2R) at
concentrations of10,1 and 0.1 uM. Each condition resulted in a good yield of PCR
product that is running just above the 500 bp marker. Each band was excised from
the agarose gel, purified and the product of all three reactions combined.

149



A B

1000 bp—> I l
CD3 cDNA
1000 bp ——> CD8 cDNA
Nl
P

’

W O
W
o R

& .
@Q% \QQ;O
& @
ST et

Figure 6.6. CD8 cDNA is amplified by PCR from BS-SKII-CD8 and
optimisation of conditions results in a single PCR product. PCR reactions
were performed using PCR Supermix™ with Tag polymerase (A) or Accuprime™
supermix with Pfx polymerase (B). Multiple non-specific bands are seen in panel A.
In contrast, the greater affinity offered by the Accuprime™ supermix results in a
greater yield of a single PCR product. The faint band at the bottom is created by
free nucleotides.
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6.5.5 Subcloning of CD8 and MegCT cDNA into Sacll/Xhol digested pCMV-

Script.

A 5 pl aliquot of pCMV-Script (1mg/ml) was digested with Sacll and Xhol to
produce cohesive ended DNA that was anticipated to ligate with appropriately
digested CD8 and MegCT cDNA. DNA fragments were separated by agarose gel
electrophoresis (Fig. 6.7). Two fragments were obtained. A heavier 4.3 kb
fragment consistent with linearised Sacll/Xhol digested pCMV-Script and a small
60 bp region removed from the MCS of pCMV-Script. The heavier fragment was
excised from the gel, purified and resuspended in 30 pl of sterile water. To prove
complete digestion of the vector had occurred a 5 pl aliquot of purified Sacll/Xhol
digested pCMV-Script was incubated with T4 DNA ligase as described in 6.4.5.1
and the products used to transfect DH5a as described in 2.2.7. No colonies were
formed indicating that linearised vector failed to recircularise and confer ampicillin
resistance on the bacteria. In all ligation reactions described in this chapter an
identical reaction to that described above was used as a negative control.

DNA fragments were estimated by comparison with a known mass of DNA marker
(Fig 6.8). A DNA ladder was diluted such that each marker contained 100 ng of
DNA. By comparison it was estimated that the approximate amounts of cDNA were
100 ng/5 pl of purified Sacll/Xhol digested pCMV-Script, 50 ng/5 ul Sacll/Sall
digested CD8 and 25 ng/5 ul Sall/Xhol digested MegCT. Four different ligation
reactions were setup in which the molar ratios of vector:insert DNA varied between
1 and 4. The volume of each purified DNA fragment added to each reaction was as

shown below.
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4 Kbp <+——Sacll/Xhol digested pCMV-Script

marker

<+—— Sacll/Xhol excised fragment

Figure 6.7. A Sacll and Xhol digest of pCMV-Script results in a 4.3 kb
linearised DNA fragment. pCMV-Script was digested with Sacl/l and Xhol.
Reaction products were separated by agarose gel electrophoresis and the gel
photographed. Two products of the restriction endonuclease digest are seen. The
upper band is the c.4.3 kb linearised pCMV-Script whilst the lower bands size is
difficult to estimate, it lies below the lowest 200 bp marker and is compatible with
the 60 bp fragment anticipated from the digest. The upper band was excised from
the gel and purified. A small aliquot of purified DNA was subject to a ligation
reaction, the products of which failed to transform competent DH5a E.Coli . This
confirmed complete digestion had occurred and that the two ends of the digested
DNA were non-cohesive
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Sacll/Xhol digested
pCMV-Script

Sacll/Sall digested
— CD8 cDNA

<— SalliXhol digested

500 bp——> MegCT cDNA

Figure 6.8. Pre-ligation quantification of DNA fragments by comparison with
DNA ladder standard. Each DNA band of the ladder shown contains 100 ng of
DNA. By visual comparison it was estimated that 25 ng/5ul of MegCT cDNA, 50
ng/5ul of CD8 cDNA and 100 ng/5ul of linearised pCMV-Script were present. A
number of ligation reactions were performed with the components informed by this
estimation.
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Molar ratio of pCMV-Script CcD8 MegCT
insert:vector in () () ()

ligation reaction

1:1 1 0.6 0.4
21 1 1.1 0.7
3:1 1 1.7 1.1
4:1 1 2.2 1.5

Following a 16 hour ligation reaction the products of which were used for a
bacterial transformation, the failure of individual colonies of DH5a cells to grow
indicated that the vector had not re-circularised and bacteria remained ampicillin
sensitive. As a control pCMV-script was singularly digested with Sall, purified and
re-ligated under the same conditions as above. T4 ligase was active as colonies of
ampicillin resistant bacteria grew after transfection. In all future ligations this

reaction was used as the positive control for T4 activity.

6.5.6 Sall digestion of MegCT and CD8 and ligation.

For the approach described in the section above three separate successful ligation
reactions were required for the formation of circularised plasmid. There was the
potential for concatamer formation, where, for example two Sacll digested CD8
cDNA fragments may ligate thereby reducing the probability of successful ligation
with Sacll digested pCMV. Therefore, a second approach was used in which CD8
and MegCT cDNA were ligated at the Sall site. It was anticipated that a second
ligation reaction would then be set up to subclone the entire CD8-MegCT cDNA
fragment into Sacll/Xhol digested pCMV-script.

Sall digested CD8 and MegCT cDNA were ligated using a 16 hour ligation

reaction. The products were visualised on an ethidium bromide stained agarose
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gel (Fig 6.9 A). A 1.4 kb DNA fragment was seen which was consistent with the
expected size of the CD8-MegCT cDNA fragment. This was excised and purified
from the agarose gel.

A 5 pl aliquot of Sacll/Xhol digested pCMV and Sacll/Xhol digested CD8-MegCT
were compared on an ethidium bromide stained agarose gel (Fig.6.9 B). By
comparison with a known amount of marker it was estimated that 50 ng/5 ul of
Sacll/Xhol digested pCMV and 10 ng/5 ul of Sacll/Xhol digested CD8-MegCT
were present.

Ligation reactions were setup to differ in the molar ratio of insert to vector and the

components of each reaction were as follows.

Molar ratio of pCMV CD8-MegCT T4 ligase T4 buffer DNAase free
insert to water
vector (uh) (uh) (ul) (ul) (u)
1:1 0.5 1.6 1 1 5.9
2:1 0.5 3.2 1 1 4.2
3:1 0.5 4.8 1 1 2.7
4:1 0.5 6.5 1 1 1

Of each ligation reaction 2 pl were taken to transfect chemically competent DH5a
bacteria as described previously. No colonies were formed indicating a failure of

circularised plasmid to form.

6.5.7 Attempted ligation of Notl/Aflll digested MegCT cDNA into Notl/Aflll

digested BS-SKII-CD8.

A strategy was developed that would enable ligation of Notl/Aflll digested MegCT
into BS-SKII-CD8 as it had been supplied. An anticipated pitfall to this approach
was that the MegCT cDNA contained an Aflll restriction endonuclease recognition
site
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15kb MegCT-CD8

Unligated CD8
0.5kb

Linearised

pCMV-Script
(50 ng/5ul) Purified Sacll/Xhol
digested meg-CT-

CD8 (10 ng/5 pl)

Figure 6.9. Formation of ligated MegCT-CD8 cDNA and pre-ligation
quantification of Sacll/Xhol MegCT-CD8 cDNA and pCMV. CD8 and MegCT
cDNA was amplified and purified as described previously. Purified DNA was
digested with Sall. Digested DNA was purified and 1 ug of CD8 cDNA and 1.3 ug
of MegCT cDNA were ligated.. Panel A shows the results of the ligation reaction
with a visible band consistent with the expected size of the CD8-MegCT cDNA of
1.4 kb.
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(Fig. 6.10 A). Aflll digestion of MegCT would produce a mixture of full and partial
length MegCT and if this approach was successful plasmid DNA isolated from
individual bacterial colonies would be sequenced to ensure the full MegCT cDNA
was present.

The PCR products were visualised on an ethidium bromide stained agarose gel
and a single band of 600 bp consistent with MegCT cDNA seen (Fig 6.10 B). The
band was excised from the agarose gel and the DNA purified and quantified by
spectrometry. Five pl aliquots of Aflll/Notl digested BS-SKII-CD8 and Aflll/Notl
digested MegCT were compared on an ethidium bromide stained agarose gel with
a DNA ladder (Fig. 6.10 C). It was estimated that 80 ng/ul of Aflll/Notl digested
BS-SKII-CD8 and 16 ng/pl of Aflll/Notl digested MegCT were present. A number of
ligation reactions were performed that differed in the molar ratio of vector and

insert and the components are shown below.

Molar ratio of BS-SKII-CD8 MegCT T4 ligase T4 ligase DNAase free
insert:vector () buffer water
(W) (ul) (ul) (ul)
11 1 1.1 1 1 5.9
2:1 1 2.2 1 1 4.8
3:1 1 3.3 1 1 3.7
4:1 1 4.4 1 1 2.6

Two pul of each ligation reaction were used to transform chemically competent

DH5a bacteria. No ampicillin resistant bacterial colonies grew.

6.5.8 Introduction of greater 5’ and 3’ overhang into CD8 and MegCT cDNA.

The digestion efficiency of restriction endonucleases is dependent on the number
of base pairs present either side of the recognition sequence. For instance

increasing the number of base pairs 5’ to a recognition sequence from 1 to 3
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subclone that DNA fragment into BS-SKII-CD8. CD8 cDNA was supplied in BS-

SKIl with an Aflll site introduced at the end of the cDNA encoding the
transmembrane domain. Primers were designed to introduce a 5’ Aflll and 3’ Notl
site within MegCT cDNA. MegCT cDNA would then be directly ligated into pBS-
SKII-CD8. An Aflll site is present in MegCT cDNA at the site shown (panel A).
Following an Aflll digestion in sub-optimal conditions it was anticipated that a
proportion of the molecule would remain intact. Panel B demonstrates the product
of a PCR reaction using MEG3F and MEG3R to amplify MegCT cDNA. The
MegCT cDNA was gel purified and Aflll digested and following purification was

Notl digested.
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increases the cleavage efficiency of Sacll from 0 to 50%. One possibility for the
failed approaches was that there was incomplete digestion and lack of cohesive
ended DNA. CD8 and MegCT cDNA with increased overhang were amplified by
PCR and the products of both PCR reactions were visualised on an ethidium
bromide stained agarose gel. Single PCR products of CD8 cDNA (Fig. 6.11 A
lane 1) and MegCT (Fig. 6.11 A lane 2) are seen. DNA bands were excised and

purified using an agarose gel extraction kit and quantified by spectrometry.

6.5.8.1 Ligation of CD8 and MegCT cDNA fragments produced with an

increased overhang.

Five pl aliquots of appropriately digested pCMV-Script, CD8 cDNA and MegCT
cDNA that were produced to have an increased 5’ and 3’ overhang were separated
on an ethidium bromide stained agarose gel and the results shown in Fig. 6.11 B.
By comparison with known markers (not shown) it was estimated that 100 ng/5 pl
MegCT cDNA, 300 ng/5 pl pCMV-Script and 100 ng/5 pl CD8 cDNA were present.

Ligation reactions were setup as shown below.

Molar ratio pCMV MegCT CD8 cDNA T4 ligase T4 ligase DNAase
insert:vector cDNA buffer free water
(Wl) (Wl) (Wl) (Wl) (Wl) (D)
1:1 1 0.24 0.25 1 1 6.5
2:1 1 0.48 0.5 1 1 6.0
3:1 1 0.72 0.75 1 1 5.5
4:1 1 0.96 1.0 1 1 5.0

Two pl of each ligation reaction was used to transform chemically competent

bacteria. There were no colonies of bacterial growth.
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Figure 6.11. PCR primers designed to introduce a greater 5’ and 3’ overhang
into CD8 and MegCT cDNA results in a significant yield of PCR product. To
potentially increase the digestion efficiency of restriction endonucleases a greater
5" and 3’ overhang of CD8 and MegCT cDNA were introduced by increasing G or
C residues 5’ to the restriction enzyme recognition sequence. A MegCT cDNA
(lane 1) and CD8 cDNA (lane 2) were amplified by PCR using the primers
MEG4F/MEG4R and CD82F/CD82R respectively. B Pre-ligation quantification of
Sall/Xhol digested MegCT cDNA, Sall/Xhol digested pCMV-Script and Sacll/Sall
digested CD8 cDNA. It was estimated that the concentrations of DNA were 100
ng/5 ul MegCT cDNA, 300 ng/5 ul pCMV-Script and 100 ng/5 ul CD8 cDNA.
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6.5.9 Cloning of CD8 cDNA and MegCT cDNA into pCRII-TOPO.

Separate cloning of CD8 and MegCT into the cloning vector pCRII-TOPO had two
benefits. Extraction of the inserted DNA from circularised plasmid guaranteed that
the fragment had cohesive ends and offered a ready supply of the relevant cDNA
without repeating PCR. PCR products were cloned into pCRII-TOPO using the
TOPO TA cloning kit. The multiple cloning site (MCS) of the vector supplied with
this kit has a single 3’-thymidine overhang with topoisomerase non-covalently
linked to it. PCR products generated using Taq polymerase have a single
deoxyadenosine residue added to the 3’ end which enables ligation between the
MCS termini.

CD8 and MegCT PCR products were generated using Taq polymerase and gel
purified. (Fig 6.12 A). Separate ligation reactions were set up using CD8 and
MegCT cDNA and performed as instructed by the manufacturers of the TOPO TA
cloning kit. The ligation mixture was used to transform DHS5a E.Coli. Six colonies
from the MegCT plate and seven from the CD8 plate were expanded and used for
plasmid mini-preparations. Ten pl each pCRII-TOPO-CD8 were digested with Sacll
and Sall (Fig 6.12 B lanes 7-13). A 10 pl aliquot of the plasmid pCRII-TOPO-
MegCT was digested with Sall and Xhol (Fig 6.12 B lanes 1-6). As can be seen
there was differential carriage of the CD8 and MegCT cDNA and as a result
colonies 1 and 7 were selected for further expansion and plasmid DNA isolated

using a maxi prep Kkit.
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Figure 6.12 Sub-cloning of CD8 and MegCT cDNA into the non-expression
vector pCRIl TOPO. MegCT and CD8 cDNA were subcloned into separate pCRII
TOPO from which they could later be excised. Depending on the restriction
enzymes used this yields cDNA with cohesive ends for ligation into an expression
vector. Panel A. MegCT and CD8 cDNA is produced as previously. One ul of
fresh PCR product was into pCRII-TOPO and used to transform DH5a E. Coli. Six
colonies from the MegCT and 7 from the CD8 plate were amplified separately and
the plasmid DNA purified. Panel B. TOPO-MegCT was subject to a Sall/Xhol
digest and TOPO-CD8 to a Sacll/Sall digest. The lower band represents
successfully ligated DNA product.
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6.5.10 Subcloning of CD8 cDNA into pCMV-Script.

To progress the CD8 cDNA was subcloned from pCRII-TOPO-CDS8 into the
eukaryotic transcription vector pCMV-Script. To achieve this 5 ug of pCRII-TOPO-
CD8 was digested with Sacll and Sall to generate the fragment annotated in
Fig.6.13 A lane 1. The 800 bp fragment was excised from the agarose gel and
purified. A 1 ug aliquot of pCMV-Script was digested with Sacll and Sall to give the
band shown in Fig. 6.13 A lane 2. A ligation reaction was performed and the
products used to transform DH5a E.Coli. Multiple kanamycin resistant colonies
grew and one colony was expanded and plasmid DNA isolated. Of this DNA a 1 pl
aliquot was digested with Sacll and Sall to prove the presence of the CD8 cDNA
(Fig. 6.13 B). As shown digestion has liberated a 800 bp fragment from the vector

pCMV-Script-CD8 confirming carriage of the inserted DNA.

6.5.11 Subcloning of MegCT cDNA into pCMV-Script-CD8.

A 5 ug aliquot of pCRII-TOPO-MegCT was digested with Sall and Xhol to generate
the 600 bp band seen in Fig. 6.13 A lane 3 which was then gel purified. A 5 ug
aliquot of pCMV-Script-CD8 was digested with Sall and Xhol. Aliquots of MegCT
cDNA and pCMV-Script-CD8 were separated on an agarose gel to quantify them.
(Fig. 6.14). Multiple ligation reactions were set up with conditions ranging between

3 and 30 fmol of Sall/Xhol digested pCMV-Script- CD8 and 9 and 90 fmol of
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Figure 6.13 Subcloning of Sacll/Sall digested CD8 cDNA into pCMV-script.
TOPO-CD8 and pCMV was digested with Sacll/Sall. After purification, the amount
of DNA was quantified (panel A). It was estimated that 500 ng/5 ul of CD8 cDNA
and 1000 ng of pCMV script (lane 2) were present. Ligation reactions were
performed and the products used to transform competent DH5a E.Coli. Colonies of
bacteria containing circular plasmid was present on all plates and 1 colony was
expanded and the plasmid DNA purified. To confirm the purified plasmid DNA
contained the CD8 insert 1 ul of DNA was digested with Sacll and Sall in
sequential digestion reactions. The products of the reaction were separated on a
1% agarose gel containing 0.5 ug of ethidium bromide and photographed (panel
B). The two bands confirm the successful ligation of CD8 into pCMV. This plasmid
was labelled pCMV-CD8.
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Figure 6.14 Attempted sub-cloning of Sall/Xhol digested MegCT cDNA into
Sall/Xhol digested pCMV-CD8. Following the successful ligation of CD8 cDNA
into pCMV script the second part of the strategy was to insert MegCT cDNA. The
cDNA encoding MegCT was excised from pCRIl TOPO by digesting with Sall and
Sacll. pCMV Script-CD8 was digested under the same conditions and the products
separated on a 1% agarose gel containing ethidium bromide. By comparison it was
estimated that 300 ng/5ul of plasmid and insert was present. Multiple ligation
reactions were set up but aliquots of each ligation reaction failed to transform
competent DH5a E.Coll.
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Sall/Xhol digested MegCT cDNA. The products of the ligation reaction failed to
transfect DH5a E.Coli.

On inspection of the DNA sequence of pCMV-Script it was apparent the Sall and
Xhol sites were separated by only 3 base pairs (Fig. 6.15 A). This reduced the
restriction endonuclease efficiency and resulted in incomplete digestion of pCMV-
Script-CD8 and hence the failed ligations. Figures 6.15 B and C informed the
strategy that followed. The vector pCRII-TOPO-MegCT contained a Sall
recognition site by virtue of the MegCT PCR product and there is a 3’ Apal site in

the MCS. Similarly pCMV-Script-CD8 contains both 5’ Sall and 3’ Apal sites.

6.5.12 Preparation of Sall/Apal MegCT cDNA and Sall/Apal pCMV-Script-CD8 for

ligation.

Aliquots of Sall/lApal pCMV-Script-CD8 and Sall/Apal MegCT cDNA were
separated on an agarose gel and the relative amount of each estimated at 100
ng/pl and 40 ng/pl respectively (Fig. 6.16).

Ligation reactions were performed that contained between 10 and 30 fmol of
pCMV-Script-CD8 and 30 and 90 fmol MegCT cDNA. A 1 pl of each ligation
reaction was used to transfect DH5a E.Coli. The ligation mixture that contained the
highest concentration of DNA resulted in the growth of kanamycin resistant
colonies of bacteria.

Nine colonies were amplified and plasmid DNA isolated using a mini-prep kit. A 5
ul aliquot of DNA was subject to digestion with Sacll and Xhol and the products
separated on an agarose gel (Fig. 6.17). As can be seen Sacll /Xhol digestion of
isolated plasmid resulted in a 1.4 kb fragment consistent with CD8-MegCT cDNA
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along with a 4.3 kb linearised pCMV-Script. Two colonies, the DNA from which
was visualised in lanes 2 and 9 (Fig. 6.17) were further expanded and plasmid

DNA isolated using a maxi-prep kit.
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Figure 6.15 The Sall and Xhol sites are contiguous within pCMV-script. A.
The Sall (red) and Xhol (blue) sites lie contiguously within pCMV-script reducing
the probability of a successful restriction endonuclease digestion at both sites. The
Apal site (green) is separated by 9 bp from the Sall site so the chances of an
adequate digestion are greater. Apal is an appropriate choice as it lies 3’ in the
MCS of pCRII-TOPO (B) and pCMV-Script, of which the full region is shown (C).
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Figure 6.16 Pre-ligation quantification of Sal/l and Apal digested meg-CT and
pCMV-Script-CD8. pCRII-TOPO-meg-CT and pCMV-Script-CD8 were digested
sequentially with Sall at Reaction products were separated on a 1% agarose gel
with ethidium bromide, the bands of interest excised and the DNA purified. Aliquots
of the purified DNA were separated on an agarose gel and compared to the DNA
markers. It was estimated that 500 ng/5 ul of Sall/Apal digested pCMV-Script-CD8
and 200 ng/5 ul of SalllApal meg-CT were present. Ligation reactions were
performed and an aliquot of each reaction was used to transform chemically
competent DH5a E.Coli. The products of the ligation reaction involving the highest
concentrations of DNA successfully transformed the competent bacteria.
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Figure 6.17. A Sacll/Xhol digest of plasmid DNA isolated from nine colonies
of transformed DH5a E.Coli results in the release of a 1.4 kb DNA fragment
consistent with the size of MegCT-CD8 cDNA. Plasmid DNA was isolated from
each colony and subjected to a Sacll/Xhol digestion and the products applied to an
agarose gel and subjected to electrophoresis. The bands were visualised and
photographed. A 1.4 kb DNA fragment was present in all samples and was of a
size consistent with MegCT-CD8 cDNA.
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6.5.13 Introduction of a full Kozak initiation sequence into the CD8-MegCT cDNA.

Using a variety of conditions there was a consistent failure to achieve expression
of the CD8-MegCT chimaeric protein following transient transfection of OK cells.
Transcription is under the control of the immediate early gene of the human
cytomegalovirus which had achieved excellent levels of protein expression in OK
cells previously. To improve transcription efficiency the basic ATG initiation
sequence was supplemented with a 5 GC rich region by re-designing a forward
primer (CD8KOZ).

The vector pCMV-Script-CD8-MegCT at a concentration of 1 ng was used as a
template in a PCR that utilised CD8KOZ and MEG4R (forward and reverse primers
respectively) at a final concentration of 1 yM in Accuprime supermix. The reaction
resulted in a single c. 1.4 kb PCR product (Fig. 6.18 A). After purification, CD8-
MegCT cDNA was subject to a Sacll/Xhol digestion. The vector was prepared for
ligation by a Sacll/Xhol digestion of 0.5 pg of pCMV-Script. The products of both
digestions were separated on an agarose gel (Fig. 6.18 B) and complete
linearization of the vector was seen to have occurred. The estimated
concentrations of DNA were 20 ng/ul of pCMV-Script and 10 ng/ul CD8-MegCT
cDNA. A ligation reaction was set up to include 10 fmol pCMV-Script (0.7 ul) and
30 fmol CD8-MegCT cDNA (1 ul). After a 5 minute ligation reaction 2 ul of the
ligation mixture were used to transfect DH5a E. Coli and following an overnight

incubation multiple kanamycin resistant bacterial colonies were present.
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Figure 6.18 Introduction of complete Kozak sequence into the CD8-MegCT
cDNA to achieve optimal translation. A. PCR primers were designed to
introduce a full Kozak sequence 5 to the Sacll restriction enzyme recognition
sequence. CD8-MegCT was expanded from pCMV-Script-CD8-MegCT using the
forward primer CD8KOZ and the reverse primer MEG4R. The PCR products
applied to a 1% agarose gel supplemented with 0.5 ug/ml ethidium bromide. A
single product of c. 1400 bp is seen. B The remainder (45 pul) of the PCR product
and 0.5 pg of pCMV-Script were digested with Sacll and Xhol. Purified DNA
fragments were collected and aliquots applied to an agarose gel for quantification
prior to a ligation reaction. The estimated concentration of pCMV-Script was 100
ng/5ul and CD8-MegCT 50 ng/5pul.
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Seven colonies were expanded and plasmid DNA isolated using a mini-prep kit. A
5 ul aliquot of plasmid DNA was subject to a Sacll /Xhol restriction endonuclease

digestion and the products separated on an agarose gel (Fig. 6.19). Plasmid
digestion resulted in the release of a 1.4 kb fragment in at least 5 of the lanes
indicating successful ligation. Large scale plasmid production was achieved using
bacterial reference culture corresponding to plasmid preparations 1 and 7 (marked

by an asterisk).

6.5.14 Sequencing of pCMV-Script-CD8-MegCT.

Sequencing of pCMV-Script-CD8-MegCT was performed on a commercial basis
by the Protein and Nucleic Acid Laboratory (PNACL) at the University of Leicester.
Three mis-matches were identified. TGC was replaced by TAC at position 335,
GGG by GGA at position 582 and GTG by GCG at position 723 (Fig. 6.20). The
latter mutation resulted in an amino acid change from valine to alanine. The other

mutations were non-coding changes.

6.5.15 Transient expression of MegCT-CD8 chimaeric protein in OK cells.

OK cells were transiently transfected with pCMV-MegCT-CD8 using the Fugene-6
transfection reagent. Control cells were transfected with pCMV-script alone.

Monolayers of cells at 50% confluence were transfected for 48 hours using ratios
of plasmid DNA to transfection reagent that varied between 0.5 to 2 ug plasmid
DNA to 3 pl of fugene-6. Immunoblotting using anti-MegCT antisera of transiently
transfected cell lysate confirms expression of a 47 kDa protein consistent with the

anticipated mass of the MegCT-CD8 chimaeric protein (Fig. 6.21 A). Optimal
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Figure 6.19. A Sacll/Xhol digest of plasmid DNA isolated from nine colonies
of transformed DH5a E.Coli results in the release of a 1.4 kb DNA fragment
consistent with the size of MegCT-CD8 cDNA. Plasmid DNA from 7 separate
bacterial colonies was isolated and subjected to a Sacll/Xhol digest. The entire
reaction was applied to an agarose gel and subjected to electrophoresis. The
bands were visualised and photographed. A 1.4 kb DNA fragment was present in
five of the seven samples and was of a size consistent with MegCT-CD8 cDNA.
Two colonies (indicated with a asterisk) known to contain the insert from the
patched plate were used to separately innoculate fresh media and plasmid DNA
isolated using a maxi-prep kit. Plasmid DNA derived from those two colonies was
submitted for sequencing and also used to transiently and stably transfect OK
cells.
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ATGGCCTTACCAGTGACCGCCTTGCTCCTGCCGCTGGCCTTGCTGCTCCACGCCGCCAGGC
CGAGCCAGTTCCGGGTGTCGCCGCTGGATCGGACCTGGAACCTGGGCGAGACAGTGGAGCT
GAAGTGCCAGGTGCTGCTGTCCAACCCGACGTCGGGCTGCTCGTGGCTCTTCCAGCCGLGL
GGCGCCGCCGCCAGTCCCACCTTCCTCCTATACCTCTCCCAAAACAAGCCCAAGGCGGLCG
AGGGGCTGGACACCCAGCGGTTCTCGGGCAAGAGGTTGGGGGACACCTTCGTCCTCACCCT
GAGCGACTTCCGCCGAGAGAACGAGGGCTACTATTTCTGCTCGGCCCTGAGCAACTCCATC
ATGTACTTCAGCCACTTCGTGCCGGTCTTCCTGCCAGCGAAGCCCACCACGACGCCAGCGC
CGCGACCACCAACACCGGCGCCCACCATCGCGTCGCAGCCCCTGTCCCTGCGCCCAGAGGL
GTGCCGGCCAGCGGCGGGEGEGEGCGCAGTGCACACGAGGGGGCTGGACTTCGCCTGTGATATC
TACATCTGGGCGCCCTTGGCCGGGACTTGTGGAGTCCTTCTCCTGTCACTGGTTATCACCC
TTTACTGCAAGCGGGTCGACCACTATAGAAGGACCGGCTCCCTTTTGCCTGCTCTGCCCAA
GCTGCCAAGCTTAAGCAGTCTCGTCAAGCCCTCTGAAAATGGGAATGGGGCGACCTTCAGA
TCAGGGGCAGATCTTAACATGGATATTGGAGTGTCTGGTTTTGGACCTGAGACTGCTATTG
ACAGGTCAATGGCAATGAGTGAAGACTTTGTCATGGAAATGGGGAAGCAGCCCATAATATT
TGAAAACCCAATGTACTCAGCCAGAGACAGTGCTGTCAAAGTGGTTCAGCCAATCCAGGTG
ACTGTATCTGAAAATGTGGATAATAAGAATTATGGAAGTCCCATAAACCCTTCTGAGATAG
TTCCAGAGACAAACCCAACTTCACCAGCTGCTGATGGAACTCAGGTGACAAAATGGAATCT
CTTCAAACGAAAATCTAAACAAACTACCAACTTTGAAAATCCAATCTATGCACAGATGGAG
AACGAGCAAAAGGAAAGTGTTGCTGCGACACCACCTCCATCACCTTCGCTCCCTGCTAAGC
CTAAGCCTCCTTCGAGAAGAGACCCAACTCCAACCTATTCTGCAACAGAAGACACTTTTAA
AGACACCGCAAATCTTGTTAAAGAAGACTCTGAAGTA

Figure 6.20 Schematic representation of the nucleotide sequence of the
cDNA encoding the MegCT-CD8 chimaeric protein. The full sequence is as
shown. The residues highlighted in are mismatched nucleotides only one of which
results in an amino acid sequence change.
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expression was achieved using 1 pg/well of plasmid DNA and 3 pl of fugene-6
transfection reagent. Two discrete bands are present indicating that under these
conditions the chimaeric protein was present as a dimer. To confirm the protein
band detected in 6.21 A as the MegCT-CD8 chimaeric protein immunoblotting of
the OK cell lysate using anti-CD8 antibody was performed. A representative
immunoblot is shown in Fig. 6.21 B and confirms expression of a 47 kDa CD8
containing protein in transiently transfected cells. Optimal expression was
achieved using 1 pg of pCMV-MegCT-CD8 cDNA and 3 ul of fugene-6. At higher
concentrations of DNA expression of the chimaeric protein declined, and
immunoblotting against CD8 detected a single discrete protein band. Control

transfections using pCMV-script did not result in expression of CD8.

6.5.16 Stable transfection of MegCT-CD8 and CD8.

In an estimation of transfection efficiency it was estimated to be only about 20%. In
order to investigate the role of over-expression of MegCT on albumin endocytosis
the expression of the MegCT-CD8 chimaeric protein had to be more generalised.
Therefore, cell lines stably expressing MegCT-CD8 and CD8 were generated.

OK cells were transiently transfected with either pCMV-MegCT-CD8 or pCMV-
CD8 and selected for resistance to G418. Individual cells were clonally expanded
over a period of weeks. Different clones were screened for expression of MegCT-
CD8 or CD8. Figure 6.22 A depicts an immunoblot using an anti-MegCT primary
antibody. There are differential levels of expression of the MegCT-CD8 chimaeric
protein with expression being greatest in colonies 3 and 4. Colonies of G418
resistant cells were screened for CD8 expression. Immunodetection using anti-
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CD8 antibody of CD8 protein was greatest in colony 3, with lesser amounts in

colonies 1 and 2 and none in colony 4 (Fig. 6.22 B).
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Figure 6.21 Optimisation of conditions for transient transfection of OK cells
with MegCT-CD8 chimaeric protein. (A) Monolayers of OK cells at 50%
confluence grown in 6-well plates were transiently transfected pCMV-CD8-MegCT.
Cell protein was harvested and applied to a 10% polyacrylamide gel, subjected to
PAGE and immunoblotted using a rabbit anti-MegCT primary antibody. A band is
seen that represents a protein of around 43 kDa which is consistent with the
expected mass of the chimaeric protein. Consistently, the protein travels as a
dimer when detected by anti-MegCT antisera. Optimal transfection was seen when
a ratio of 3 ul Fugene-6: 1ug of pCMV-CD8-MegCT was used. No band is seen
when monolayers are transfected with pCMV-Script. (B) In a repeat of the
experiment described in (A) transient expression of CD8-MegCT chimaeric protein
was detected using a goat anti-CD8 primary antibody.
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Figure 6.22 Immunoblot depicting screening of OK cells stably transfected
with MegCT-CD8. OK cells were stably transfected with pCMV-MegCT-CD8 were
selected by incubation with media containing G418. Individual cells were selected
and clonally expanded over weeks before being screened for the expression of
MegCT-CD8 chimaeric protein by western blotting using anti-CD8 antibody. There
was differential expression of MegCT-CD8 between clones and no protein was
detected when cells were transfected with pCMV-script alone (panel A.). Panel B.
Immunoblot depicting screening of OK cells stably transfected with CD8. OK
cells were stably transfected with pCMV-CD8 and treated as above. Colonies were
screened for the expression of CD8 by western blotting using anti-CD8 antibody.
Cellular protein levels were measured prior to PAGE and equal amounts added to
each well. There was differential expression of CD8 (33 kDa) between clones and
no protein was detected when cells were transfected with pCMV-script alone.
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6.5.17 A MegCT-CD8 chimaeric protein transiently expressed in OK cells was

associated with the cell membrane.

For the MegCT-CD8 chimaeric protein to be an adequate mimic of native megalin
an association with the cell membrane of OK cells had to be shown. The confocal
photomicrographs shown in Figs. 6.23 A-B demonstrate fluorescence associated
with the cell membrane. The primary antibody was directed against an epitope in
the extracellular domain of CD8 and the cells used were permeabilised. A 3-
dimensional reconstruction of the z-series of photomicrographs (Supplementary
movie 1.) demonstrates that the distribution of the chimaeric protein is non-
polarised and that in areas the fluorescence clumps consistent with an aggregation
of MegCT-CD8 either with itself or as part of a multi-molecular complex. Similar
findings were observed using a GFP tagged MegCT-CD8 which is reassuring as it

implies membrane association of the entire chimaeric protein (data not shown).

6.5.18 MegCT-CD8 chimeric proteins transiently transfected into OK cells are

phosphorylated.

To support our observations of MegCT phosphorylation in intact cells studies of
phosphorylation of the chimeric MegCT-CD8 protein were undertaken. This
method was developed so that there was no delay to immunoprecipitation of
MegCT while trypsinisation of the megalin extracellular domain proceeded.
Furthermore, it overcame the problems associated with a low cellular abundance
of megalin. Cells transiently transfected with MegCT-CD8 chimeric receptor were

loaded with [*?P]-orthophosphate. Following which, stimulation with HSA (1 mg/ml),
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EGF (500 pg/ml) and PDBu (1 pyM) increased phosphorylation of MegCT-CD8 by

142 £ 13.2%, 177.3 £ 33.5 and 174 + 36% that of control respectively (Fig. 6.24).
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Figure 6.23 Indirect immunofluorescence and confocal microscopy confirm
expression and membrane association of MegCT-CD8 chimaeric protein. OK
cells were grown on coverslips and monolayers at 50% confluence were
transiently transfected with pCMV-CD8-MegCT. Cells were grown for a further 24
hours before being fixed with paraformaldehyde. Indirect immunohistochemistry
was performed on permeabilised cells using goat anti-sera directed against CD8
as the primary antibody and FITC-labelled anti-goat F(ab) secondary that was
raised in rabbits. Fluorescence was visualised by confocal microscopy at x400
(panel A) and x800 (panel B) magnification. After treatment under identical
conditions OK cells transfected with pCMV alone were visualised (panel C).
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Figure 6.26 Phosphorylation of a CD8/meg-CT chimeric protein in transiently
transfected OK cells. Transiently transfected OK cells were loaded with [**P]-
orthophosphate and stimulated with the indicated agonists. CD8/meg-CT was
immunoprecipitated using anti-CD8 antisera. Immunoprecipitates were subjected
to PAGE, the gels dried and exposed to autoradiograph film. A representative
autoradiograph is shown (A). The corresponding Coomassie stained dried gel is
shown (B). Densitometric analysis of phosphorylated CD8/meg-CT from a number
of experiments is shown (C). Data shown is mean + SEM, n = 3.
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6.6 Discussion.

To investigate possible MegCT phosphorylation in intact cells a chimaeric MegCT-
CD8 protein was developed. This chapter describes (i) several strategies that were
used to develop a MegCT-CD8 chimaeric protein (ii) the transient expression of
MegCT-CD8 in OK cells (iii) the investigation of the cellular localisation of the
MegCT-CD8 chimaeric protein and (IV) the phosphorylation of a MegCT-CD8
protein. This is the first description of the production of a chimaeric protein
containing MegCT as published studies to date have used truncated versions of
megalin.

The production of circularised pCMV-MegCT-CD8 capable of transiently
transfecting OK cells was not straightforward. The discussion of how this was
achieved will be used to question why other strategies failed. The conditions
needed for the generation of antibiotic resistant bacterial colonies can be
summarised as;

1. Production of a clean, high fidelity PCR product by amplification from an
appropriate vector.

2. Adequate restriction enzyme digestion of the & and 3’ termini of DNA
components of the T4 ligation reaction.

3. Successful ligation and the avoidance of concatemar formation.
Concatamars are formed when cohesive DNA termini assemble to form a
long DNA sequence of repeating oligonucleotides.

4. Sufficient, though not excessive circularised plasmid DNA concentrations to

result in bacterial transfection.
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The vectors containing the cDNA encoding MegCT and CD8 were both confirmed
to carry the appropriate insert. The conditions for cDNA amplification by PCR were
optimised although single reaction products were difficult to achieve. By extracting
and purifying a single DNA band excised from an agarose gel it was ensured that
appropriately sized and pure DNA fragments were used in further reactions.
Successful restriction endonuclease digestion of oligonucleotide and plasmid DNA
is dependent on appropriate concentrations of BSA and glycerol (Sambrook et al.,
1989). Both were appropriate in the experiments outlined above. The efficiency of
restriction endonuclease digestion is also dependent on the number of base pairs
flanking the recognition site. This was accounted for in the initial design of the
primers, and further extended when primers were re-designed. A possibility to
increase the number of cohesive ended DNA was to increase the stringency of the
digestion conditions by either increasing either the enzyme concentration or the
duration of the reaction. The propensity of restriction endonucleases to exhibit star
activity, in which the fidelity of the enzyme for its recognition sequence is
diminished limited this as a method.

To counter continuing concern that DNA ligation was not occurring because of
incomplete digestion PCR products were cloned into a non-expression vector.
After appropriate digestion and purification there was a high probability of both
termini of the cDNA having cohesive ends. Sub-cloning CD8 cDNA into pCMV
produced in such a way was straightforward but attempted ligation of MegCT
cDNA into pCMV-CD8 failed. Inspection of the sequence of the multiple cloning
sequence of pCMV established that there were no intervening DNA base pairs

between the Sall and Xhol recognition sites. The number of base pairs flanking the
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Xhol recognition site was three, which practically resulted in no activity of the
enzyme and a non-cohesive end of the plasmid. Circularised plasmid was
produced when an alternative restriction enzyme was selected as a larger number
of base pairs flanked its recognition sequence and digestion at 5’and 3’ termini
was achieved.

The initial approach used in these studies was to attempt to ligate cDNA encoding
CD8 and MegCT in broadly equivalent concentrations into appropriately digested
pCMV. It was anticipated that after a series of ligation reactions between the
cohesive ends of the DNA fragments circularised plasmid would be produced. On
reflection this approach encouraged the formation of concatamers in which
oligonucleotides and/or plasmid DNA form stretches of multimers. In principle this
may have been visible when the products of a ligation reaction were visualised on
an ethidium bromide stained gel. No discrete bands were seen (data not shown)
perhaps because of a low starting concentration of DNA or that the ligation
reaction resulted in numerous DNA fragments of different masses that would
appear as a faint smear on the gel. To reduce concantamer formation sequential
ligation reactions were attempted. After each ligation reaction the formed DNA
components were gel purified before being used for the next reaction. With each
step the recovered amount of DNA diminished which limited this as an approach.
The solution to this was cloning CD8 cDNA into pCMV and transfecting competent
bacteria and purifying large amounts of pCMV-CD8 DNA. This was the vehicle
into which MegCT cDNA could be cloned in a separate reaction.

The introduction of a full Kozak sequence resulted in successful transient

transfection of OK cells with MegCT-CD8. The ATG sequence is sufficient to
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initiate translation is some circumstances. However, in these experiments a 5 GC
rich region needed to be added which is recognised to optimise translation
efficiency (Kozak, 1991b, Kozak, 1991a).

Transient transfection of OK cells was assessed by western blotting against the
MegCT and CD8 portions of the chimaeric protein. When using MegCT anti-serum
the chimera was detected as a dimer, although using anti-CD8 antibodies a single
protein band was detected. Although not investigated further this may reflect a
post-translational modification of the CD8 portion of the molecule that altered the
molecular weight of the entire chimera and shielded it from recognition by the CD8
antibody.

Confocal microscopy of OK cells transiently transfected with the MegCT-CD8
chimaeric protein confirmed a substantial portion of the molecule was associated
with the cell membrane. There was also evidence of involvement with sub-cellular
structures consistent with mimicry of trafficking of native megalin, a process
attributed to peptide sequences in the MegCT (Marzolo et al., 2003, Takeda et al.,
2003). A z-series of confocal micrographs was reconstructed to give a 3D
representation of the distribution of MegCT-CD8 in OK cells. The primary aim of
this study was to demonstrate membrane association of the MegCT-CD8
chimaera. Whilst a clear view of the basolateral surface of the cells was not
possible the distribution of MegCT-CD8 on the apical surface appeared to be in a
punctate distribution. In different cell types membrane associated native megalin
clusters in microvillar spaces (Niemeier et al., 1999, Birn et al., 2000b) and binding
of megalin ligands to the PTC membrane occurs in a similar distribution (Kozyraki

et al., 2001, Olson et al., 2008). Furthermore, in PTC megalin and some binding
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partners of its cytosolic domain co-localise in large aggregates (Akhter et al., 2002,
Nagai et al., 2005). Overall, these studies fulfil the primary aim of confirming
membrane association of the MegCT-CD8 chimaeric protein and suggest that in
terms of MegCT it traffics and should function as native megalin.

It is self-evident that the MegCT-CD8 chimaera and native megalin will not have
equivalent extracellular binding partners. In at least one other respect it can be
anticipated that the two molecules will not behave similarly. y-Secretase activity at
the intracellular juxta-membrane region of megalin releases the cytosolic fragment
of the molecule during regulated intramembrane proteolysis (RIP) (Biemesderfer,
2006). As the MegCT-CD8 chimaera has been developed to include the
transmembrane domain of CD8 it may not be subject to RIP. Conceivably this
made MegCT-CD8 a more useful tool in phosphorylation studies as it was located
to the region of kinase activity for longer than if a cytosolic fragment were released.
The pattern of constitutive and agonist mediated phosphorylation of the MegCT but
not CD8 portion of the chimera was identical to that seen with the GST-MegCT
fusion protein in human and opossum cells. As with the study of EGF induced
MegCT phosphorylation in intact cells, the phosphorylation of the chimeric protein
was weaker than seen in the fusion protein. This may reflect the largely baso-
lateral restriction of the EGF-R and apical distribution of MegCT-CD8 that was
referred to in a previous chapter. Alternatively, the diminished EGF response may
reflect the effect of recombinant human EGF used on opossum cells.

The mechanism of albumin induced phosphorylation of MegCT is unclear. The
MegCT-CD8 chimaeric protein developed in this chapter is a unique tool as the

extracellular portion of CD8 would not be expected to bind albumin.
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Phosphorylation of the MegCT-CD8 chimeric receptor as observed indicates that
stimulation is not the result of a straightforward ligand-receptor interaction between
albumin and megalin. Native megalin is still present so theoretically neighbouring
molecules in multi-molecular complexes could phosphorylate each other. However,
megalin is not recognised to have intrinsic kinase activity of its own but there is
some evidence that albumin binding to megalin could activate Src family kinases.
Albumin endocytosis and megalin mediated PTC immunoglobulin light chain
uptake both generate H,O, (Morigi et al., 2002, Tang et al., 2003, Nakajima et al.,
2004) that activate Src family kinases (Basnayake et al., 2010). Src kinase activity
appears to be crucial in signalling by other LDL-R family members. Ligand binding
to LRP1 in PC12 cells transactivates the neurotrophic Trk receptor by Src family
kinase dependent mechanism (Shi et al., 2009).

Albumin endocytosis may not be a pre-requisite for superoxide generation. Under
some circumstances interaction between cognate ligand and receptor generates
hydrogen peroxide and activates the EGF-R (DeYulia et al., 2005). Taken together
superoxide generation and Src activation could be an important mechanism by
whereby albumin binding to megalin may phosphorylate neighbouring MegCT
domains via a mechanism that could involve the activated EGF-R.

In summary this chapter describes the successful production of a MegCT-CD8
chimaeric protein and the strategies used to reach that point. Robust expression of
the chimaeric protein is demonstrated in appropriately treated cells with some
evidence that the chimaera adequately mimics native megalin. In these studies the
pattern of constitutive and agonist stimulated MegCT-CD8 phosphorylation were

very similar to the studies described in previous chapters.
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7 PTC functional associations of MegCT phosphorylation.

71 Introduction.

Proteinuria is a hallmark of progressive renal disease and arises as a result of
altered glomerular permselectivity and/or PTC handling of filtered proteins. A
retrieval system of filtered proteins is mediated by the megalin/cubilin complex
(Gekle, 2005). A number of cellular kinases regulate PTC albumin endocytosis in
vitro including PKA, PKC (Gekle et al., 1997) and Pl 3-kinase (Brunskill et al.,
1998). The mechanism of inhibition or stimulation of each is not known but efficient
endocytosis of albumin is dependent on the coordinated activity of a
multimolecular complex that includes megalin/cubilin, CIC5, NHE-3 and the V-type
H* ATPase (Gekle, 2005). Kinases potentially could act on a number of these
components with functional effects on albumin endocytosis. However, a number of
the kinases that regulate endocytosis also mediate MegCT phosphorylation, and it
may be that the two phenomena are functionally associated.

Albumin stimulates MegCT phosphorylation and also negatively regulates
endocytic capacity of the PTC by reducing the number of albumin binding sites
(Gekle et al., 1998). Furthermore, albumin has a differential effect on megalin
expression in vitro dependent on its prevailing concentration (Caruso-Neves et al.,
2006). At high concentrations of albumin, megalin is downregulated with the
converse being true at low concentrations. The effect of albumin in inhibiting
endocytosis is pleiotropic and involves inhibition of CIC-5 (Hryciw et al., 2003) and

NHE-3 (Drumm et al., 2003, Lee et al., 2003). The net result is that a negative

191



feedback loop of albumin on its own endocytosis is well described but not fully
mechanistically understood.

The endocytic function of megalin is likely to be significantly affected as a result of
RIP. Whilst the precise cellular location where RIP occurs is unknown it is thought
to be at the plasma membrane or early endosome (Biemesderfer, 2006).
Conceivably, RIP at either sub-cellular location may inhibit the capacitance of the
megalin mediated retrieval pathway by reducing intact apical megalin expression.
The extracellular cleavage of megalin is the result of PKC stimulated MMP activity
and thus altered activity of either enzyme could potentially affect albumin
endocytosis.

Binding site number, and hence endocytic capacity is also regulated by receptor
degradation. Endocytosed receptors can be targeted to the endosome and
recycled back to the cell membrane or they can be degraded by the ubiquitin-
proteosome pathway (Herschko and Chiechanover, 1998). Proteins destined for
degradation are modified by a polyubiqutin tag attached to a lysine residue by a
reaction catalysed by three types of ubiquitin ligase (E1, E2 and E3). This identifies
proteins for proteolytic degradation in the barrel like core of the 20S complex of the
proteosome (Herschko and Chiechanover, 1998). @ The proteosomal and
endosomal/lysosomal pathways do not operate independently and there is flux
between the two (Rocca et al., 2001). Moreover, ubiquitinylation does not always
target proteins for degradation. Monoubiquitinylation can target proteins to the
endosomal pathway and subsequently the lysosome (Melman et al., 2002, Longva
et al., 2002). Ubiquitinylation is also a mechanism by which some transcriptional

factors are activated (Kodadek, 2010).
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7.2 Aim.

One of the best characterised features of the PTC is albumin endocytosis. The aim
of these studies was to assess whether agents under the same conditions that
stimulate MegCT phosphorylation, are functionally associated with a change in
albumin uptake. A caveat is that these experiments also reflect that endocytosis is
a product of the number of binding/uptake sites associated with the cell
membrane. A further aim of these studies was to determine the effect of inhibiting

the proteosomal degradative pathway on albumin endocytosis.

7.3 Methods.
7.3.1 The assay of endocytosis.

To investigate whether agents that were associated with a stimulation of MegCT
phosphorylation were associated with any functional change within the cell,
albumin endocytosis was examined. OK cells were selected for these experiments
as they have previously been demonstrated to exhibit an avid endocytic capacity
(Brunskill et al., 1996).

Cells were seeded at a density of 1.5x10* into 24 well plates such that a fully
confluent monolayer was formed after 48 hours. For the 24 hours prior to
experimentation cells were incubated in serum free media. Prior to stimulation cells
were washed three times with an acidic Ringer’s solution (pH 6.0) to strip cell
monolayers of bound proteins. Cells were stimulated with relevant agents diluted in
Ringer's solution at pH 7.4. The stimulating solution was then removed, the

contents of the well washed once with Ringer’'s solution (pH 7.4) before being
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incubated with FITC labelled BSA. In order to assess uptake, incubation
proceeded at 37°C for 15 minutes whereas binding was measured by pre-chilling
each plate to 4°C and then exposing to FITC-BSA at 4°C for 15 minutes. Unbound
FITC was removed by washing each well 6 times with ice cold Ringer’'s (pH 7.4).
Cell monolayers were lysed by the addition of 150ul of MOPS buffer. Cell
associated fluorescence was measured using a Beckman spectrophotometer and

each measurement corrected for cellular protein content.

7.4 Results.

7.4.1 Effect of agents that stimulate MegCT phosphorylation on albumin

endocytosis.

Both EGF and PDBu significantly inhibited FITC-BSA endocytosis to 77 + 1.4 and

48.1 £ 3.5% of control respectively (mean + SEM, n=3) (Fig. 7.1).

7.4.2 Effect of inhibitors of megalin RIP on endocytosis.

The extracellular cleavage of megalin mediated by PKC and MMP activity is likely
to significantly impact on the endocytic function of megalin. Experiments were
performed to investigate the effect of an MMP inhibitor on basal and phorbol ester
mediated inhibition of FITC-BSA endocytosis.

Pre-incubation with 20 yM MMPIII inhibitor resulted in a small but significant
increase in FITC-BSA uptake to 108.8 + 0.99% that of control (p < 0.05). PMA (1

nM) reduced FITC-BSA uptake to 89.33 + 2.33% of control whilst co-incubation
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with MMP and PMA resulted in a non-significant reduction in FITC-BSA uptake to
93.67 + 1.76% that of control (mean + SEM, n=3, one representative experiment of
three) (Fig. 7.2 A). FITC-BSA binding at 4°C was not affected by pre-incubation
with  MMPIII inhibitor. When exposed to 100 pg/ml FITC-BSA control cell
associated fluorescence was 6.34 £ 0.36 RFU/ug cell protein and in cells pre-
incubated with MMPIII inhibitor it was 6.84 + 0.36 RFU/ug cell protein (mean

SEM, n=3, one representative experiment of three) (Fig. 7.2 B).
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Figure 7.1 Effect of EGF and PDBU on FITC-BSA endocytosis. Monolayers of
OK cells were incubated with 1 ng/ml EGF or 10 yM PDBU for 20 minutes.
Stimulating solutions were replaced with 1 mg/ml FITC-BSA and uptake assessed
after 15 minutes. In all experiments binding was measured by performing an
identical experiment at 4°C and subtracting these values from uptake. Pre-
incubation with EGF and PDBU significantly attenuated FITC-BSA uptake. (Means
+ SEM, n=3. Data shown as percentage of control, mean £+ SEM, n = 3, from one
representative experiment of four. *=p < 0.05)
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Figure 7.2 Pre-incubation of OK cells with MMPIII inhibitor, PMA and MMPIII +
PMA. OK cell monolayers were pre-incubated for 60 minutes with MMPIII inhibitor
or 20 minutes with PMA before stimulating solutions were replaced with 1 mg/ml of
FITC-BSA. (i) FITC-BSA uptake MMPIII inhibitor augmented FITC-BSA whereas
PMA had the opposite effect. In combination there was no significant difference
from control (A). (i) Binding. Pre-incubation with MMPIII inhibitor had no significant
effect on FITC-BSA binding. Data shown as percentage of control, mean + SEM, n
= 3, one representative experiment of three. *p < 0.05.

197



7.4.3 The effect of transient overexpression of MegCT-CD8 on albumin

endocytosis.

As the agents used to stimulate MegCT phosphorylation may regulate a number of
pathways relating to endocytosis the effect of specifically over-expressing MegCT
was investigated.

At all concentrations of FITC-BSA tested there were no significant differences
between the albumin uptake of cells transiently transfected with pCMV-Script,
pCMV-CD8 or pCMV-MegCT-CD8 (Fig. 7.3). At a concentration of FITC-BSA of
100 pg/ml measured RFU values for pCMV-Script, pCMV-CD8 and pCMV-MegCT-
CD8 expressing cells were 1301 + 8.0, 1469 + 89.50 and 1377 % 8.0 respectively

(mean £ SEM, n=3, one representative experiment of 2).

7.4.4 Investigations on OK cells stably expressing MegCT-CDS8.

The transfection efficiency obtained when transiently expressing CD8-MegCT was
low, and this may explain the lack of effect on FITC-albumin endocytosis of
overexpressing MegCT. One strategy to counter this was the development of
stably expressing MegCT-CD8 OK cell lines.

Cells stably expressing MegCT-CD8 demonstrated a statistically significant
augmentation of albumin uptake compared to cells transfected with pCMV-Script
alone or pCMV-CD8. Cells overexpressing MegCT-CD8 had an albumin uptake of
130.67£3.93% (p < 0.05), compared to a value of 88.0314.58% (NS) in the CD8
overexpressing cell lines (mean + SEM, n=3, one experiment representative of

three). To determine if this difference was the result of a change in FITC-BSA
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Figure 7.3 Transient transfection pCMV-Script, pPCMV-CD8 and pCMV-MegCT-
CD8 on FITC-BSA uptake. Transiently transfected OK cells were incubated with
varying concentrations of FITC-BSA and uptake measured after 15 minutes. There
was no significant difference between the three conditions across the range of
FITC-BSA concentrations. Data shown mean + SEM, n=3. One representative
experiment of two.
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Figure 7.4 Effect of stable overexpression of MegCT-CD8 and CD8 on FITC-
BSA binding and uptake. Confluent monolayers of stably transfected OK cells
were incubated with 100 uyg/ml FITC-BSA for 15 minutes. Binding. There were no
significant differences in either condition relative to control (A). Uptake. Stable
expression of MegCT-CD8 was associated with a significant augmentation of
FITC-BSA uptake whereas CD8 was not significantly different from control (B).
Data shown as percentage of control mean + SEM, n = 3, one representative
experiment of three. *p < 0.05.
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binding the data acquired at 4°C is shown (Fig. 7.4 B). This data is normally
subtracted from total uptake to give a measure of FITC-BSA endocytosed. There
were no significant differences in FITC-BSA bound to each cell line at 4°C. The
binding of the empty vector transfected, MegCT-CD8 overexpressing and CD8
overexpressing cell lines were 0.98 £ 0.12, 1.11 + 0.13 and 1.37 £ 0.43 RFU/ug

cell protein respectively (Fig. 7.4 A).

7.4.5 The role of the proteosome in albumin endocytosis.

The proteosome may have potentially significant effects on albumin endocytosis by
regulating degradation of megalin and other members of the albumin endocytic
complex. To investigate this cells were pre-incubated with the proteosomal
inhibitor MG-132 prior to an assessment of FITC-BSA endocytosis.

Pre-incubation of OK cells with 6 yM MG-132 significantly inhibited albumin
endocytosis. This effect was apparent at all concentrations of MG-132 tested. At a
concentration of 0.1 yM FITC-BSA uptake was reduced to 0.37 + 0.01 fold that of
control. Of the concentrations of MG-132 tested a maximal effect was achieved at
10 M which reduced FITC-BSA uptake to 0.16 + 0.02 fold that of control (Fig.
7.5A).

The effect of MG-132 on FITC-BSA binding was also assessed. There were no
significant changes on FITC-BSA binding associated with pre-incubation with MG-

132 (Fig. 7.5B).
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Figure 7.5 Proteosomal regulation of FITC-BSA endocytosis. Monolayers of
OK cells were pre-incubated with varying concentrations of the proteosome
inhibitor MG-132 for 90 minutes. The inhibitor was removed and an assay of FITC-
BSA endocytosis or binding performed. (A) Uptake. At all concentrations of MG-
132 tested there was a significant reduction in FITC-BSA uptake. (B) Binding. Pre-
incubation with MG-132 had no effect on binding at any concentration tested. Data
shown as fold/basal. Mean + SEM, n = 3, one representative experiment of three. *
p <0.005, ** p <0.001.
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7.5 Discussion.

This chapter describes experiments that suggest that agents that stimulate MegCT
phosphorylation are associated with attenuated albumin endocytosis. At least in
part the PKC mediated inhibition is a result of MMP mediated cleavage of the
extracellular domain. Proteosomal activity is important in maintaining a fully
functional endocytic apparatus, and this may regulate many components of the
uptake process. There are inherent weaknesses in much of the study design that
only enables associations to be made between observations. However, many of
the findings are consistent with the published literature and are suggestive of
useful future studies.

These studies use the OK cells which is a well characterised PTC line in which
polarised cells form a confluent monolayer with tight junctions and display avid
albumin endocytosis (Brunskill et al., 1997, Brunskill et al., 1998, Gekle et al.,
1997). As always, caution must be applied when extrapolating the results of cell
culture studies to whole animals. This is particularly as albumin uptake by PTC is
ATP dependent which in the OK cell line is provided by glycolysis whereas
anaerobic conditions predominate in vivo (Hall et al., 2010).

Constitutive phosphorylation mediated by GSK3 of MegCT of the serine in the
PPPSP negatively regulates recycling of megalin by inhibiting traffic to the plasma
membrane from recycling endosomes (Yuseff et al., 2007). The introduction of a
point mutation changing PPPSP to PPPAP augments membrane association of
truncated forms of megalin. This clearly suggests that megalin phosphorylation

affects function and the studies described in this chapter indicate that
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phosphorylation is an agonist mediated process. As MegCT might be
phosphorylated at a number of other sites it would be interesting to develop mini-
megalin receptors with point mutations at each site to observe the effect on
receptor recycling.

These experiments were limited to establishing associations between agents that
stimulate MegCT phosphorylation and endocytosis rather than developing
mechanistic insights as to how the two phenomena are related. It is well described
that PKC activity modulates albumin endocytosis (Gekle et al., 1997). PKC
disassembles the actin cytoskeleton and depolymerises microtubules thereby
inhibiting endocytosis. More sophisticated techniques indicate the effect of that
PKC to be isoform dependent as PKCa augments endocytosis in PTC (Hryciw et
al., 2005). The data presented here suggests that PKC is stimulating RIP of
megalin via MMP activity and potentially reducing intact megalin at the cell surface.
As pravastatin is another inhibitor of MMP this may be another mechanism by
which HMG CoA reductase inhibitors reduce albumin endocytosis (Sidaway et al.,
2004). An ELISA for the extracellular domain of megalin has been developed
(Thrailkill et al., 2009). Using a similar technique it would be interesting to
determine the effect of MMPIII inhibitors on release of the extracellular fragment of
megalin.

The effect of EGF emphasises the role of multiple kinase activity on albumin
endocytosis. Activated EGF-R stimulates Pl 3-kinase (Hu et al.,, 1992) and
PKB/Akt both of which stimulate albumin endocytosis (Brunskill et al., 1998,
Caruso-Neves et al., 2005). The PI 3-kinase/Akt pathway phosphorylates and

downregulates GSK3, an anticipated consequence of which is reduced constitutive
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phosphorylation of megalin and augmented albumin endocytosis (Yuseff et al.,
2007). NHE-3 activity is stimulated by EGF-R and PI 3-kinase activation (Khurana
et al., 1996). Yet, the overall effect of EGF over the time course studied in these
experiments is to diminish albumin endocytosis indicating that other, inhibitory
pathways are also activated. Evidence supporting the existence of multiple
pathways arises from the time courses of the different effects. The phosphorylation
of MegCT stimulated by EGF is manifest after 20 minutes and hence this was the
time point chosen to assay albumin endocytosis. In contrast the PKB mediated
augmentation of albumin uptake peaks between 3 and 4 hours after stimulation
(Caruso-Neves et al.,, 2005). Changes in the local concentrations of
phosphoinostides modulate endocytosis (Carvou et al., 2007) and activation of
phospholipase C-y by EGF-R could result in such a change. Megalin and NHE-3
associate by an interaction that is likely to involve their cytoplasmic domains and
megalin bound NHE-3 is inactive (Biemesderfer et al., 1999, Biemesderfer et al.,
2001). In the short time course investigated in these experiments megalin may
affect NHE-3 activity and endocytosis by changes to its phosphorylation status but
in the longer term experiments described above down-regulation of megalin by
albumin could increase NHE-3 activity. The distinction is acute regulation of
megalin’s function by phosphorylation is relatively transient but the long term
effects are more relevant in the pathology of proteinuric nephrology.

Transient over-expression of MegCT in the form of a MegCT-CD8 chimeric protein
had no effect on basal albumin endocytosis. The transfection efficiency was poor
and if MegCT was having an effect the signal was lost in the noise of the non-

transfected cells. Stably expressing MegCT-CD8 cell lines were developed that
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demonstrated a small enhancement in albumin uptake. The mechanism of this is
unclear from this data but it is possible to hypothesise that membrane associated
MegCT-CD8 is acting as a decoy for kinase activity rendering native megalin
relatively unphosphorylated and the endocytosis pathway more active. MegCT
overexpression does not change the number of albumin binding sites and
therefore, it is perhaps affecting traffic through the recycling endosomes. An
interesting experiment would be to relate augmentation of albumin uptake to
degree of MegCT overexpression across the different colonies of stably expressing
cells.

Megalin recycling is dependent on the relative flux through the
endosomal/lysosomal pathway versus the proteosomal pathway. The proteosomal
inhibitor MG132 reduces albumin endocytosis in a concentration dependent
fashion. One explanation would be that MG-132 is cytotoxic. This has been
previously investigated in the host laboratory and cell viability is maintained at all
concentrations tested in these experiments (Al-Rasheed et al, 2006).
Reassuringly, the same observation has been made by another group who
describe a 50% reduction in albumin uptake when OK cells are preincubated with
MG-132 (Hryciw et al., 2004). Not only is albumin endocytosis dependent on
proteosomal activity it is also stimulatory to it. Albumin stimulates proteosomal
activity with a maximal effect at the physiological concentration of 10 yg/ml and
falls off to baseline at higher concentrations. In OK cells MG-132 is associated with
an accumulation of ubiquitin tagged CIC-5, proteosomal degradation of which is
associated with an increase in total CIC-5 (Hryciw et al., 2004). Clearly this is very

likely to be an operating mechanism in our studies too. Studies of MG-132 on
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megalin trafficking and membrane expression in OK cells are hampered by the the
lack of immunoreactivity between opossum native megalin and anti-human
megalin sera. However, there is some evidence to suggest that the proteosome
regulates megalin and NHE-3 cell surface expression as well. Over-expression of
the intramembrane and cytoplasmic domain of megalin is not itself associated with
a rise in concentration of the cytosolic tail of the protein (Li et al., 2008). This is
only apparent when y-secretase activity is stimulated and proteosomal activity is
inhibited and therefore the proteosome is implicated in MegCT degradation. As
one effect of MegCT is to negatively regulate megalin and NHE-3 expression, at
least in vitro, this may be contributing to the diminished rate of albumin
endocytosis in response to MG-132. However, as this effect would depend on
reduced gene transcription and translation exposure of OK cells to MG-132 for 90
minutes makes this less plausible.

The rapid endocytosis and degradation of LRP1 is blocked by proteosome
inhibitors and as a result cell surface expression increased (Melman et al., 2002).
Mechanistically, this wasn’t investigated further but the proteosome is an important
regulator of activated EGF-R degradation. Proteosomal inhibition results in
increased recycling of activated EGF-R via recycling endosomes (Longva et al.,
2002). Megalin phosphorylation is associated with attenuated endocytosis and it
may be that proteosomal inhibition increases phosphorylated megalin cell surface
association by increasing both membrane bound megalin and EGF-R.

In summary, in the short time courses investigated in these experiments MegCT
phosphorylation was functionally associated with reduced albumin endocytosis.

Effort has been made not to over-interpret these findings as the potential sites for
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kinase activity to regulate endocytosis are many and may, or may not involve
megalin. Nevertheless, megalin phosphorylation may be an important point at

which the short and long term effects of kinase activity on endocytosis diverge.
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8 Determination of phosphorylation sites in MegCT.

8.1 Introduction.

The studies of MegCT phosphorylation to this point have essentially been
descriptive with the kinase inhibitor data providing some mechanistic insights. To
strengthen the findings by developing knowledge of the mechanistic and functional
processes associated with MegCT phosphorylation we sought to produce a

phosphopeptide map of the region.

8.2 Aim.

To determine the sites on which MegCT is phosphorylated and from that infer
potential kinases that mediate phosphorylation and potential protein binding

partners of megalin.

8.3 Methods
8.3.1 Phosphorylation of MegCT-GST by HK-2 cell lysate.

Phosphorylation of MegCT is mediated by kinases and potentially has functional
consequences on protein/protein interaction. To investigate these further a
phosphopeptide map of MegCT was produced. To ensure biological applicability
the HK-2 immortalised human derived PTC line was used. HK-2 cells were grown
to confluence in 6-well plates and quiesced overnight. Control or stimulated cell
lysate was applied to MegCT-GST and treated exactly as in 3.1.3.5. Kinase activity

was stimulated with kinase buffer containing 1mM of unlabelled ATP. Glutathione
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beads were washed and collected as previously. MegCT-GST fusion proteins were
separated by PAGE on a 10% gel and protein bands stained with coomassie blue.
After destaining protein bands were excised from the gel and subjected to further
analysis by the Protein and Nucleic Acid Laboratory (PNACL) at the University of
Leicester.

Protein bands excised from the gel were blocked with 0.5% polyvinylpyrrolidone in
0.6% acetic acid for 30 min at 37 °C before digestion with trypsin (1 pg) in 50 mM
ammonium bicarbonate, overnight at 37 °C. Tryptic peptides were collected, dried
in a rotary evaporator, and resuspended in 50% acetonitrile, 0.1% formic acid.
Enrichment of phosphopeptides was carried out using titanium dioxide contained in
a MonoTip according to the manufacturer's instructions, and the phosphopeptides
were eluted in a solution of 5% ammonium hydroxide containing 20% acetonitrile.
Where indicated, the enriched phosphopeptides were dried and resuspended in 10
mM Tris, pH 7.4, 10 mm CaCl,; and subjected to further proteolytic digestion by the

addition of 1 pug of chymotrypsin for 2 h at 25 °C.

8.3.2 LC-MS/MS.

LC-MS/MS was carried out upon each sample using a 4000 Q-Trap mass
spectrometer. Peptides resulting from proteolytic digestion were loaded at high
flow rate onto a reverse phase trapping column (0.3 mm inner diameter x 1 mm),
containing 5 uM C18 300 A Acclaim PepMap media and eluted through a reverse
phase capillary column (75 pm inner diameter x 150 mm) containing Jupiter Proteo
4 uM 90 A media (that was self-packed using a high pressure packing device. The
output from the column was sprayed directly into the nanospray ion source of the
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4000 Q-Trap mass spectrometer. The analysis was carried out in positive ion

mode using data-dependent switching.

Fragment ion spectra generated by LC-MS/MS were searched using the MASCOT
search tool against an updated copy of the SwissProt protein data base using
appropriate parameters. The criteria for protein identification were based on the
manufacturer's definitions (Perkins et al., 1999). Candidate peptides with
probability-based Mowse scores exceeding threshold (p < 0.05), thus indicating a
significant or extensive homology, were referred to as “hits.” Protein scores were

derived from peptide ion scores as a non-probability basis for ranking proteins.

For the phosphopeptides elucidated by MASCOT, individual MS/MS spectra were
interrogated manually to validate both the peptide identity and position of
assignment. In each case it was clear as to the identity of the peptide (and that the
peptide was indeed phosphorylated), but for some MS/MS spectra it was not
possible to validate the MASCOT assignment of the residue position for
phosphorylation, because of low abundance of the required fragment ions. In these
cases (because the sample amount was not limiting), the samples were repeated
using multiple reaction monitoring inclusion lists comprising ion pairs consisting of
the precursor ion [M+2H]2+ and that of the neutral ion loss [M+2H—H3PO4]2+, such
that the MS/MS data were obtained over a longer time period (5.86 s), which
resulted in significantly improved data quality. This allowed unambiguous

assignment of the position of phosphorylation.
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8.4 Results.

8.4.1 Identification of phospho-acceptor sites in MegCT.

To determine the sites of phosphorylation in MegCT mass spectrometry of a tryptic
digest of MegCT-GST fusion protein was performed. MegCT-GST was
phosphorylated in vitro by cell lysate derived from HK-2 cells from basal conditions
or after stimulation with either HSA (1 mg/ml) or EGF(500 pg/ml). All
serine/threonine containing peptides with allowance for up to two phosphorylation
sites were scanned and Selected Reaction Monitoring (SRM) performed.

Four phosphorylated peptides were identified:;

TGSLLPALPK - phosphorylated at the indicated position

DPTPTYSATEDTFK - phosphorylated at both of the two indicated positions
SGADLNMDIGVSGFGPETAIDR - phosphorylated at the indicated position
NYGSPINPSEIVPETNPTSPAADGTQVTK - phosphorylated at the indicated

position
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HYRRTGSLLPALPKLPSLSSLVKPSENGNGVTFRSGADL

NMDIGVSGFGPETAIDRSMAMSEDFVMEMGKQPIIFENP

MYSARDSAVKVVQPIQVTVSENVDNKNYGSPINPSEIVP

ETNPTSPAADGTQVTKWNLFKRKSKQTTNFENPIYAQME

NEQKESVAATPPPSPSLPAKPKPPSRRDPTPTYSATEDT

FKDTANLVKEDSEV

Figure 8.5 Identified sites of phosphorylation in meg-CT. A
composite of each individual phosphopeptide was constructed to
demonstrate the phosphorylation sites identified in the megalin

cytoplasn;ic tailll.6 In to’ﬁ%\!3 Six siteos of ;1)?60$phoryl1agon were identified which
7
were Ser , Ser ,Ser ,Ser ,Thr andThr
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MS/MS spectra for each is shown (Fig. 8.1 — 8.4). Thus, phosphorylation was
identified at residues Ser’, Ser*®, Ser'?, Ser'®, Thr'® and Thr'®. These are

shown in a compositite figure of the 209 amino acids of MegCT in Fig.8.5.

8.5 Discussion.

Specific phosphorylation sites in MegCT are indicative of the responsible kinase
and suggestive of potential binding partners regulated by the post-translational
modification. To interrogate phosphorylation sites of MegCT MS/MS analysis of a
tryptic digest of agonist stimulated MegCT-GST was performed. Seven sites of
phosphorylation were identified, but, at present the technology does not extend to
determining agonist dependent changes at each specific site. The tryptic digest
inevitably leads to some very small peptides being generated that are lost for
further analysis. Therefore, a full coverage of the peptide is not achievable and in
these studies about 78% of the peptide was covered. In time, confirming the
identified phosphorylation sites with phospho-specific antisera will need to be
performed.

Constitutive phosphorylation of megalin at the PPPSP motif in the MDCK cell line
occurs mainly as the result of GSK3 activity with a small contribution from PKC
(Yuseff et al., 2007). Using a human derived-cell line our studies confirm this as a
site of phosphorylation in human MegCT. The studies described in this thesis differ
with respect to the number of phosphorylation sites in MegCT and the degree of
phosphorylation that can be attributed to GSK3 at the PPPSP motif. In mini-
megalin receptors transfected into CHO cells mutation of PPPSP to PPPAP
virtually abolishes all phosphorylation. In contrast, our studies indicate at least five
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other phosphorylation sites that may reflect the greater sensitivity of our approach
using mass spectrometry. Mass spectrometry does not quantify phosphorylation at
each site, however, it seems unlikely that having identified a number of phospho-
acceptor sites the burden of phosphorylation will fall on one residue. In MDCK and
CHO cells a mini-megalin receptor was almost exclusively phosphorylated by
GSK3 at the sequence PPPSP. Taken together, the studies described in this
thesis indicate a number of kinases acting at a number of sites are important in
mediating MegCT phosphorylation. The differences between the studies may
reflect the repertoire of kinases in hPTC, MDCK and CHO cells. It is difficult to
reconcile the results of the two studies and overall, given their specificity of activity
it seems unlikely that multiple kinases either all phosphorylate the same site or in
unity, act through GSK3. Indeed, if this were the case it could be anticipated that
the kinase inhibitors would have a more uniform inhibition of MegCT
phosphorylation.

GSKa3 is important in regulating cell fate and exerts a tonic inhibitory effect on pro-
growth pathways (Kerkela et al., 2007). In PTC inhibition of GSK3 up-regulates PI
3-kinase, PKB and promotes cell survival (Sinha et al., 2005). As both GSK3 and
Pl 3-kinases mediate MegCT phosphorylation this reciprical activity may be crucial
to megalin’s functional effects in PTC. This highlights a developing theme of
competing pathways which determine cell fate and contain kinases that use
MegCT as a substrate (as outlined in Fig. 3.8). The pattern of sites of MegCT
phosphorylation is likely to be critical as it may be in a unique position to
orchestrate the overall cellular response to competing influences. This argument is

enhanced by the data provided from the phosphopeptide map of MegCT. The
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phosphoserine residue at position 7 conforms to the sequence RXXpS/T that is a
consensus sequence for phosphorylation by PKB. In addition two threonine
residues in the sequence DPpTPpTY are sited in a consensus sequence for
phosphorylation by ERK 1/2. Therefore, it could be that enhanced phosphorylation
at RXXpS/T and diminished phosphorylation at DPpTPpTY favours cell survival
with the converse leading to apoptosis. Much more work is needed to clarify the
agonist specific phosphorylation sites of MegCT, and, whether these are dose
dependent. Phospho-specific antibodies to different regions of MegCT may be very
useful tools in performing such studies.

The overall aim of this study was to determine whether MegCT is a phospho-
acceptor protein. None of the studies described confirm protein-protein interaction.
However, the phosphopeptide map is suggestive of a number of potential binding
partners. Furthermore, the phosphorylation sites identified in these studies
suggests how interaction with existing binding partners may be regulated. These
are clearly relevant to a consideration of megalin’s function and are discussed
below.

The response to MegCT phosphorylation is mediated by the protein-protein
interactions that are initiated or terminated as a result of post-translational
modification.

14-3-3 proteins have important roles in diverse cellular processes including protein
trafficking, signal transduction, apoptosis and cell cycle regulation (Morrison,
2009). Phosphorylation of 14-3-3 proteins results in their dislodgement from
binding partners and can allow other protein complexes to assemble. MegCT is

phosphorylated at a serine residue in the sequence RRTGpSLL that conforms to
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the sequence RXXXpSXP that is recognised by 14-3-3 proteins. Not all
phosphorylation sites strictly conform to these motifs and the requirement of 14-3-3
protein binding for phosphorylation is variable but kinases involved in
phosphorylation at these sites include PKA and PKB (Brunet et al., 1999). BAD
binds 14-3-3 proteins and as a consequence its cytoplasmic release and pro-
apoptotic activities are inhibited. In this respect 14-3-3 proteins could bridge
MegCT and BAD in a PKB dependent fashion and anchor the latter to the cell
membrane inhibiting apoptosis.

The JNK kinase pathway is activated in proteinuric nephropathy (de Borst et al.,
2009). A consequence may be the phosphorylation of 14-3-3 proteins which
releases BAD to the cytoplasm and promotes apoptosis (Sunayama et al., 2005).
This could be part of a coordinated pathway as the JNK kinase interacting proteins
(JIP) 1 and JIP-2 that promote JNK activity bind and could be sequestered by
MegCT (Yasuda et al., 1999). The literature contains no reports of megalin binding
14-3-3 proteins, therefore the reality and functional significance of this potential
interaction remains to be determined.

Megalin binding protein (MegBP) is a protein containing two tetratrico peptide
repeats (TPR). These form an amphipathic helical structure that acts as a docking
site in protein-protein interactions (Petersen et al., 2003, D'Andrea and Regan,
2003). MegBP is widely expressed including in the proximal tubule and
overexpression results in a similar phenotype as that seen in megalin deficiency.
Yet, overexpression does not alter the endocytic function of megalin (Petersen et
al., 2003), and provides a point of divergence between an endocytic and cell

regulating function of MegCT. The nature of that function may be gene
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transcription regulation as an interacting partner of megBP is SKil-interacting
partner (SKIP) which is a co-transcription activator of the vitamin D receptor
(Zhang et al., 2001). Renal specific megalin deficiency is associated with a vitamin
D deficiency phenotype and osteodystrophy suggesting the interaction between
megalin, MegBP and SKIP is potentially biologically significant (Leheste et al.,
2003). Whether by assembling complexes for transcriptional regulation following
RIP of intact megalin or the controlled release of megBP/SKIP MegCT may have
an important role in the process. By developing a series of truncation mutants a
proline rich region of MegCT has been identified as the crucial area for megBP
binding. The studies described in this chapter indicate a serine phospho-acceptor
site is positioned -2 residues to the start of this region. Modulated binding at this
site could compete with megBP/MegCT binding nearby or the phospho-serine
could itself provide steric hinderance to megBP binding. Alternatively, the binding
region of megBP was not mapped precisely and may involve the region including
the (phospho-)serine residue.

This proline rich region is the site at which another binding partner of MegCT,
ANKRA interacts. ANKRA contains ankyrin and in a murine T-cell line
homodimerisation of an ANKRA-homologue RFXANK regulates Raf-1 kinase
stimulated by EGF (Lin et al., 1999). ANKRA dimerisation could facilitate Raf-1
localisation to the MegCT and provide a link between the EGF signalling pathway
and megalin. The ankyrin-3 protein is a novel binding partner for the p85 subunit of
P1 3-kinase. Binding of ankyrin-3 to p85 results in enhanced PDGF-R degradation,

and thus attenuates PDGF stimulated signalling (Ignatiuk et al., 2006). As a
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potential link between EGF-R and Raf-1 kinase activity MegCT phosphorylation
dependent ANKRA binding is clearly worthy of further investigation.

Serine” occurs in the middle of a sequence that is important in sorting and
regulation through the trans-golgi network. Phosphorylation at this site may
regulate interaction with adapter proteins.(ELM, 2010). The regulation of binding to
adapter proteins for endocytosis at this site could switch megalin from a signalling
role to an endocytic function. This is a hypothetical observation based on a
database search of protein like motifs with no experimental evidence to support
such a function.

The regulation of RIP is also likely to be a mechanism by which megalin is
switched from an endocytic function to a cell signalling role. In this respect there is
uncertainty as to the region where gamma-secretase acts to release the cytosolic
fragment of megalin during RIP. As the cytosolic fragment is almost an identical
size to the anticipated mass of the terminal 209 amino acids of megalin cleavage
must occur very close to the cell membrane at a region that might include the
RXXpS/T region. Regulation of gamma-secretase activity in PTC is not well
understood but potentially it may be initiated by a straightforward conformational
change of megalin as a consequence extracellular domain cleavage. An additional
regulator may be post-translational modification at the site of gamma-secretase
activity.

The phosphorylation sites have been discussed in the context of known kinases or
binding partners. However, a number of the described phosphorylation sites are in
regions where the stimulating kinases cannot be inferred or binding partners

suggested. In a number of systems it is recognised that basal phosphorylation
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primes subsequent agonist driven kinase activity. Such priming phosphorylation
events are important in the GSK-3 stimulated phosphorylation of beta-catenin (Liu
et al., 2002).

To summarise, the phosphopeptide map generated enables associations to be
made between sites of MegCT phosphorylation, kinases such as PKB that are
recognised to be crucial to PTC function and a number of potential and recognised
binding partners of megalin. As it stands, these associations are hypothetical but

provides a rich source of hypothesis driven future investigation.
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9 Final discussion, summary and indications for future work.

Albumin signals within PTC to stimulate a secretory and pro-inflammatory
phenotype which dovetails with the histological changes that are characteristic of
proteinuric nephropathy (Brunskill, 2004). The impetus to these studies was to link
albumin’s signalling effects to a novel cell regulatory function for one PTC receptor,
megalin. Such a function has been postulated for megalin based on unique
sequence motifs within its cytoplasmic tail (Saito et al., 1994, Hjalm et al., 1996)
and the severe phenotype associated with megalin deficiency in humans and mice

(Willnow et al., 1996a, Kantarci et al., 2007).

This thesis describes for the first time, clear evidence that megalin is
phosphorylated in an agonist driven manner by agents implicated in proteinuric
renal disease. Three different methods have been used, and whilst each alone has
methodological inadequacies, mutually they are convincing. Preliminary studies
indicate sites of phosphorylation and some of these sites are relevant to known
binding partners of MegCT and relate to some of the described albumin stimulated

effects in PTC.

Agonist stimulated and significant basal phosphorylation of MegCT has been
shown of a MegCT-GST fusion protein, in immunoprecipitates of megalin from
intact cells and of a MegCT-CD8 chimaeric protein. Phosphorylation of megalin is

likely to be fundamental to the regulation of intracellular signalling cascades and
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Table 9.1 Summary of major findings described in this thesis and

indications for future work.

Finding

Future work

Agonist regulated phosphorylation of:

* MegCT-GST fusion
protein
* MegCT in intact cells
* A MegCT-CD8
chimaeric protein
Phosphorylation is mediated by
multiple protein kinases including
some activated by HSA in PTC.

Develop anti-phospho-MegCT
antisera to:

* Demonstrate agonist
specific sites of MegCT
phosphorylation

* Investigate relevance to
human disease by
examining megalin
phosphorylation in
human renal biopsy
specimens

Examine megalin distribution in
human renal biopsy specimens.
Compare different proteinuric
conditions to healthy kidney

EGF-R mediates phosphorylation of

MegCT by:
* EGF
* HSA

Examine effects of proteinuria on
PTC EGF-R distribution.

What is the effect of MegCT and
phospho-MegCT overexpression on
EGF-R derived signals?

Is cleavage of the extracellular
domain of megalin needed to elicit
HSA mediated activation of EGF-R?
Are ROS necessary for HSA
stimulated MegCT phosphorylation
and EGF-R activation?

Site specific phosphorylation of
MegCT

Determine effect of site specific
MegCT phosphorylation on binding
partner interaction. Potentially use a
combination of co-
immunoprecipitation studies and
proteomic analysis.

What is the effect of site specific
phosphorylation on RIP?

MegCT phosphorylation functionally
associated with reduced albumin
endocytosis

Introduce point specific mutations to
MegCT to investigate the effct of
each on megalin mediated
endocytosis.

226



studies performed entirely contemporaneously with the experiments described in
this thesis confirm megalin to be phosphorylated on residues of its cytoplasmic tail.

(Yuseff et al., 2007, Ammar and Closset, 2008).

The role of the basal phosphorylation has not been elucidated in these studies but
one possibility is that constitutive phosphorylation functions to tonically activate
intracellular signalling pathways that are beneficial to the cell. Under proteinuric
conditions over—stimulation of these pathways or activation of antagonistic
pathways results in cell damage. Alternatively, what isn’'t clear from these
experiments, but will be investigated in the future is whether basal and agonist
stimulated MegCT phosphorylation occur at the same sites. It could be that basal
phosphorylation facilitates agonist stimulated MegCT modification as is the case
for casein kinase | stimulated B-catenin phosphorylation (Liu et al., 2002). A
contrary possibility is that basal phosphorylation inhibits further agonist stimulated
change to prevent downstream activation of signalling pathways. Using mass
spectrometry it may be possible to quantify phosphorylation of the four phospho-
peptides derived from MegCT and quantify each relative to the other three. This
approach does not enable quantification of phosphorylation of a phosphopeptide
between for example HSA and EGF stimulated conditions but would be useful to

address the above questions.

The studies presented in this thesis need to be extended to demonstrate relevance
to human disease. Phosphorylated residues of megalin have been identified and

phospho-specific antibodies could be produced to these regions of MegCT. One
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utility of such antibodies would be in detecting if there were changes in the pattern
of basal and agonist stimulated phosphorylation of MegCT-GST fusion protein and
MegCT-CD8 chimeric receptor that were alluded to above. The same antibodies
could also be used to examine patterns of megalin phosphorylation in renal biopsy
specimens taken from individuals with proteinuric nephropathies versus healthy
controls (i.e. tissue taken from the unaffected pole of renal cell carcinoma
nephrectomy specimens). Phosphorylated MegCT would have to be related to total
MegCT as megalin is also likely to be modulated in proteinuric renal disease based
on ex vivo studies. The pattern of megalin distribution in renal biopsy samples from

individuals with proteinuric nephropathies would itself, make an interesting study.

More mechanistic insight of MegCT phosphorylation and in particular the role of
the EGF-R needs to be developed. The data presented in this thesis suggests a
significant role for the EGF-R in stimulating megalin phosphorylation. This could be
viewed as analogous to the PDGF-R stimulated phosphorylation of LRP-1 which is
a mutually regulating process that dampens the PDGF derived signal in vascular
smooth muscle cells (Boucher et al., 2003). If a parallel role were extended to the
megalin/EGF-R partnership albumin induced megalin downregulation and EGF-R
redistribution to the apical PTC surface seen under proteinuric conditions in cell
culture studies could result in a significant augmentation of EGF stimulated
signalling. The corollary of this would be to measure EGF-R derived signals in
MegCT over-expressing cells. Based on the observation that LRP1 dampens
PDGF signalling the hypothesis for such studies would be that MegCT

overexpression will attenuate EGF-R derived signals. Loss of function of the EGF-
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R is renoprotective (Terzi et al., 2000) and as EGF mediated MegCT
phosphorylation is mediated via its receptor it could be concluded that megalin
phosphorylation is deleterious to PTC. What is far from clear on the available
evidence is whether megalin phosphorylation is part of a negative feedback loop
that itself attenuates EGF (and other growth factor) stimulated pathways and
clearly this needs to be understood. Overall, the interaction between megalin and
the EGF-R may be a mechanism of pharmacologically regulating albumin
endocytosis, megalin and EGF-R signalling which requires further investigation

with the potential to develop novel pharmacological agents.

Functioning of the EGF-R is, in part responsible for the albumin induced
phosphorylation of MegCT. Activation of the EGF-R by members of the EGF like
family members often requires cleavage of membrane bound pre-cursors
(Carpenter, 2000). In this respect the EGF type repeats within the megalin
extracellular domain could be viewed as a membrane bound precursor and may be
critical (Christensen et al., 2009). The RIP of megalin results in extracellular
release of EGF-like repeats that in theory would be free to interact and activate the
EGF-R. Whilst this theory is entirely speculative at the current time it could be
investigated by a number of approaches including inhibiting cleavage of megalin,
investigating albumin’s effects in megalin deficient PTC, or inhibiting albumin

binding to megalin by coincubating with the megalin antagonist RAP.

EGF-R is activated by ROS either as a result of EGF-R-ligand interaction or as the

result of a cognate ligand interacting with other receptors such as members of the
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haematopoeitin receptor family (DeYulia et al., 2005). It may be that albumin-EGF-
R or albumin-megalin interaction stimulates ROS production which activates the
EGF-R. The dependence of EGF/albumin stimulated MegCT phosphorylation on
superoxide generation could be relatively easily studied in the presence of
extracellular catalase or using hydrogen peroxide.

The data presented in this thesis suggests that albumin stimulated effects are only
partly dependent on the EGF-R. It would be interesting to perform comparative
studies of the signalling actions of albumin in EGF-R expressing versus non-
expressing cells. Albumin stimulated MegCT phosphorylation is also partly
dependent on the MEK signalling pathway. The magnitude of the effects of
AG1478 and PD98059 on albumin stimulated MegCT phosphorylation are different
indicating that at least in part albumin activates MEK1 in an EGF-R independent
way. This might be further investigated in EGF-R deficient but megalin expressing
cells as the balance between albumin stimulated EGF-R dependent and
independent pathways may be critical and could be altered under proteinuric
conditions. In particular, albumin dose dependently affects the levels of membrane

associated megalin and rates of PTC apoptosis (Caruso-Neves et al., 2006).

The role of megalin phosphorylation in regulating RIP is yet to be determined but
an attractive hypothesis is that specific agents such as albumin may stimulate
megalin phosphorylation and RIP which could govern the balance between an
endocytic and cell regulatory function of megalin. Clearly, megalin’s endocytic
function is very important and ligand binding does not stimulate RIP following all,

or even a majority of ligand binding events. It could be that regulated interaction of
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other binding partners of MegCT governs whether RIP of megalin occurs, raising

the possibility that MegCT could regulate the extracellular function of megalin.

Whilst a number of binding partners for MegCT have been identified in the
literature the site and regulation of protein-MegCT interaction in many cases has
not been studied. Furthermore, the list of MegCT binding partners constructed
from the literature is unlikely to be complete. In particular, a potential regulated
interaction between MegCT, 14-3-3 domain containing proteins and BAD warrants
further study. Commercial antisera are available to conserved regions of 14-3-3
proteins and these could be used to confirm 14-3-3-MegCT interaction by GST
fusion protein pulldown or chimeric MegCT-CD8 co-immunoprecipitation assays.
Proteomic analysis could then be used to identify the 14-3-3 domain containing
protein which would be a significant step in understanding the megalin regulated
control of PTC apoptosis. Specific point mutations could be introduced to
determine the importance of phosphorylated residues and the same approach

could be used to investigate other hypothesis driven MegCT-protein interactions.

Functionally, megalin phosphorylation is associated with reduced albumin
endocytosis which is consistent with the results of another study in a different cell
type (Yuseff et al., 2007). This study examined the role of constitutive megalin
phosphorylation compared with the agonist regulated association that this thesis
describes. It would be intuitive, though unproven that inhibiting albumin
endocytosis would be reno-protective. Uptake mediated by megalin may

predispose the PTC to injury induced by the activation of intracellular signalling
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pathways. Alternatively, limiting uptake by megalin/cubilin may increase flux
through other pathways such as CD36 or the EGF-R with unpredictable
consequences in terms of stimulating tubulointerstitial fibrosis. Currently, urinary
protein loss is used as a measure of efficacy of ACE inhibitors or ARBs. A
reduction in glomerular filtration of macromolecules reduces proteinuria and PTC
exposure to injurious agents. If manipulation of megalin phosphorylation status and
endocytic capacity is used as a therapeutic strategy proteinuria may increase and

therefore treatment would need to be based on more nuanced biomarkers of PTC

injury.

These studies were conducted at a time when the most clearly recognised function
of megalin was to mediate cargo retrieval. It is still true that albumin endocytosis is
a straightforward functional association to measure. However, the literature has
developed and associations between MegCT phosphorylation and control of gene
transcription, predominantly of megalin itself, and control of apoptotic rates of PTC
are putative functions of MegCT that should fuel future studies. Phospho-site
specific mutations could be introduced to determine which, if any, phosphorylation
sites of MegCT are important in regulating megalin’s endocytic function. Careful
thought would need to be given as to how the experiments are to be conducted as
over expression of megalin risks a ‘dominant negative’ effect over native megalin’s
function. This was suggested by the described studies of the effect on albumin
endocytosis of stably over-expressing the MegCT-CD8 chimeric protein.
Furthermore, there is emerging evidence that the control of forebrain development

is dependent on the extra- and intracellular domains of megalin and that
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overexpression of the latter is in itself, insufficient to rescue the holoprosencephalic
phenotype of megalin deficient mice (Christ et al., 2010). This doesn’t negate the
signalling function of megalin but may reflect a delicate balance between MegCT
phosphorylation and protein binding that could be disrupted by
MegCT/transmembrane domain overexpression. Also, there is no in vivo evidence
that MegCT/transmembrane domain over-expression is cleaved to release MegCT

in the same way that native megalin is.

To summarise, these studies are the first description of constitutive and regulated
MegCT phosphorylation on multiple sites in PTC. A number of kinases critical to
this process have been identified, and functionally MegCT phosphorylation is
associated with reduced albumin endocytosis and hence could impact on the
progression of proteinuric nephropathy. Future studies should focus on the
interaction between megalin and other PTC receptors, the regulation of MegCT-
binding partner interaction and develop systems such that functional correlations of

MegCT phosphorylation can be studied.

233



10 Appendices.

10.1 Appendix A — Buffers used in these studies.

PBS:

10 mM phosphate buffer
2.7 mM KCI
137 mM NacCl

Ringer’s solution:

122.5 mM NaCl
5.4 mM KCI

1.2 mM CaCl,
0.8 mM MgCl;
0.8 mM NayHPO,
0.2 mM NaH2POq4
5.5 mM glucose
10 mM HEPES

Gel loading buffer:

50 mM Tris (pH 6.8)

10 % glycerol

2 % sodium-dodecyl-sulphate (SDS)
200 mM dithiothreitol (DTT)

Electrophoresis running buffer:

25 mM Tris-base
250 mM glycine
10% SDS (w/v)

Transfer buffer:

48 mM Tris base
39 mM glycine
0.037 % SDS (w/v)
20% methanol

(pH not adjusted)

TBS buffer:
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20 mM Tris base
500 mM NacCl

TBST buffer:

20 mM Tris base
500 mM NacCl
0.05 % Tween 20

Homogenisation buffer:

Mannitol 280 mM

HEPES 10 mM

KCI 10 mM

MgCl> 1 mM

pH 7.0 supplemented with 200 ul of Protease inhibitor cocktail Il

Coomassie staining solution:

90% Methanol:distilled water 1:1
10% glacial acetic acid
0.2% brilliant colloidal blue

Coomassie destaining solution:

90% Methanol:distilled water 1:1
10% glacial acetic acid

SOC media

20 g bacto-tryptone
5 g yeast extract
0.5 g NaCl
Were added to a litre of a solution containing:
10 mM MgCl;
2.5 mM KCI
20 mM glucose,
(pH 7.0)

2X YTA media (1L):
Tryptone 16 g/l
yeast extract 10 g/l
NaCl 5g/I
(pH 7.0)
100 pg/ml ampicillin
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Alkaline copper sulphate reagent:

25 ml 2 % (w/v) NapCO 3/0.4 % (w/v) NaOH
250 pl 1 % (w/v) CuSOg4
250 pl K/Na Tartrate

JNK lysis buffer:

Tris-HCI pH 8.0
20mM, NP-40
0.5%, NaCl 250 mM
EDTA 3 mM
EGTA 3 mM:
Supplemented with;
PMSF 1 mM
Na3VO4 2 mM
Protease Inhibitor Cocktail Il diluted 1:25
DTT 1mM

TAE buffer:

40 mM Tris-acetate
ImM EDTA, pH 8.0

T4 ligase buffer (New England Biolabs):

50mM Tris-HCI (pH 7.5),
10 mM MgCly,

10 mM DTT

1 mM ATP

25 pg/ml BSA

T4 ligase buffer (Invitrogen):

250 mM Tris-HCI (pH 7.6),

50 mM MgCl;

5 mM ATP

5mMDTT

25% (v/w) polyethylene glycol 8000.

Krebs solution:

HEPES 10 mM,
NaCl 118 mM
KCl 4.3 mM
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MgSO4 1.17 mM
CaCl; 1.3 mM
NaHCO3; 0.34 mM
glucose 5.5 mM
pH 7.4

RIPA buffer:

1 x PBS

1% NP-40

0.5% sodium deoxycholate
0.1% SDS

PMSF 100 pg/ml

aprotinin 5 ug/ml

Na3VO41 mM

MOPS buffer:
20 mM MOPS,pH 7.4
0.01% Triton X100)

Kinase Buffer:

HEPES, pH 7.2

20 mM, B-glycerophosphate, pH 7.2
MgCl2 10 mM

DTT 1 mM

Na3VO4 50 MM
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10.2 Appendix B. Vector maps of plasmids used in these studies.

Tth111 |
Aatll

pS)10ABam7Stop?

Pstl

pGEX
~4900 bp

Nar |

EcoR Y Al |

BssH Il

Ava BR322
BstE Il P! on

Miu |

PGEX-4T-1 (27-4580-01)
Thrombin

|Leu Val Pro ArglGIy Ser|Pm Glu Phe Pro Gly Arg Leu Glu Arg Pro His Arg Asp
CTG GTT COG CGT GGA TCC CCG GAATTC GCG GGT CGA CTC GAR CGG CCG CAT CGI GAC TGA

BamH | EcoR 1 —gma7 Sall xngT Notl Stop codons

Figure 10.1 Map of the vector pGEX-4T1 showing the multiple cloning site
(MCS). The meg-CT cDNA as supplied was ligated between the EcoRI and Xhol
sites of the MCS. Successful bacterial transfection with pGEX-4T1 confers
ampicillin resistance to competent bacteria.
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f1 (+) erigin 135-44]
B-galactosidase c-fragment 460-816
multiple cloning site 653-760

lac promoter 817-938 ampicillin{/ rlact
pUC origin 1 158-1825 / —~Sacl
ampicillin resistance (bla) ORF 1976-2833 |' |' pBluescript Il KS+ MCS
Vol 3.0kb Kenl
I Plac
-
e
pUC ori]
pBluescript Il KS (+/-) Multiple Cloning Site Region
(sequence shown 598-826)
BasH 0l T7 Promoter = Sacl  Batd5acl e Aba l

T - | | |
TTGTAAAACGACGGCCAGTGAGCECECETAAT AGBACTCACTA TAGGECEAATTGGAGE TCCACCGLGGT GGCGGLCGCTCTAGA. . .

MATE 20 primer binding s8e

T7 primer binding site

Hine I Apal
. ) ) .  Bapl0sl Acel ) Ecal D109
Spe BamHIl  Sma Pst Ecof | EcoRV  Hind Clal Sa Xho Dmll

S prmer binding sde

Kpn |

|
. JACTAGTGGATCCOC CGGGOTGCAGGAATT COATATCAAGC TTATCGATACCG TCGACCTCEAGGGGGEGCCCGETACC . | .

L BE primer binding sie K5 primer binding sie

™ T3 Promoter ?“i-l (] |E£“| o fragment
- 1
.. . CAGC TTTT'GTTEC'C TTTAGTGAGGGTTAATTGCGOGE TTGGCGTM'I;CATGG TCATAGCTGTTTCC
T3 primer binding site CMTE Reverse primer binding site

Figure 10.2 Vector map of the plasmid pBluescript

I KS showing the

multiple cloning site in more detail. BS-SKII-CD8 as supplied contained CD8
cDNA ligated between the Hindlll and Aflll sites in the MCS. Successful bacterial
transfection was manifested as ampicillin resistance of competent bacteria.
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CMV premaoter 1-602 plIC oriy
multiple eloning site 451-758

SVA0 polyA 811-1194

f1 origin 1332-1638

bla promoter 16431787

SVA40 promoter 1807-2145 TK pA
neanwycin/kanamycin resistance ORF 2180-2971

HSV-TK polyA 2972-3421

pUC origin 35594224 |

pCMV-Script Multiple Cloning Site Region
(sequence shown 620-799)
Sac Bafd | Soc Mot
T3 promater | | | |
AATTAACCCTCACTAAA GHRAACAAAAGCTGEAGCT CCACC GCGATGGOGECCGETCETA., . .

s BomH & Eco Elww Hind A 5
+ o« GCC CGGGEC GEATCC COCGRGCTGCAGGAAT TCGATATCAAGC TTATCGATACCGTCGAC. o o

Yha Apa Ko

| | T7 promater
. . CTCGAGGGGGGGEEC COGTACCAGGT AAGTGTACCCAAT TCGLCC TATAGTGAGTCGTATTAC

Figure 10.3 Vector map of the plasmid pCMV-Script showing the multiple
cloning site. The aim was to excise the fragment of DNA between the Sacll and
Xhol sites of the MCS. To create a re-circularised plasmid complementary ended
CD8 and meg-CT cDNA would be ligated into the plasmid. Circular plasmid would
confer kanamycin resistance to competent bacteria.
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lacZu ATG
M13 Reverse Primer | Sp6 Promoter ‘b
CAG GAA ACA GCT ATG AC|C ATG ATT ACG CCA AGC T|AT TTA GGT GAC ACT ATA GpA
GTC CTT TGT CGA TAC TG|G TAC TAA TGC GGT TCG ATA AAT CCA CTG TGA TAT OUT

Nslr'l h{r‘nd 1] Konll Sacl BamHl  Spel
|
TAC TCA AGC TAT GCA TCA AGC TTG GTA CCG AGC TCG GAT CCA CTA GTA ACG GCC

ATG AGT TCG ATA CGT AGT TCG AAC CAT GGC TCG AGC CTA GGT GAT CAT TGC CGG

BstX| EcoR| EcoR | EcoR WV
| | | |
GCC AGT GTG CTG GAA TTC GGC TT PCR Product [JA GCC GAA TTC TGC AGA TAT
CGG TCA CAC GAC CTT AAG CCG Al TT CGG CTT AAG ACG TCT ATA
BsiX | Not | Xhol Nsil Xbal Apal

| | | Il |
CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG |CCC TAT
GGT AGT GTG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA

T7 Promoter M13 Forward (-20) Primer
AGT GAG TCG TAT TACAAT TCA |[CTG GCC GTC GTT TTA C|AA CGT CGT GAC TGG GAA AAC
\ TCA CTC AGC ATA AT|GTTA AGT |GAC CGG CAG CAA AAT G|TT GCA GCA CTG ACC CTT TTG

Comments for pCREI|
3971 nucleotides

LacZa gene: bases 1-587

M13 Reverse priming site: bases 205-221

Sp6 promoter: bases 239-256

T7 promoter: bases 404-423

M13 (-20) Forward priming site: bases 431-446
f1 origin: bases 588-1025

Kanamycin resistance ORF: bases 1359-2153
Ampicillin resistance ORF: bases 2171-3031
pUC origin: bases 3176-3849

Figure 10.4 Vector map of the sub-cloning vector pCRIl showing the MCS.
The vector is prepared such that topoisomerase is non-covalently linked to both
termini of the MCS. Taq polymerase creates a PCR product with a 3’ overhang
that is complementary to the overhang of the vector. The topoisomerase catalyses
the ligation of the PCR product into the vector. Bacterial transfection is manifested
by ampicillin or kanamycin resistance.
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