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Abstract
Background:
Cell Division Autoantigen 1 (CDA1) plays a role in the development of chronic kidney disease
(CKD) by enhancing transforming growth factor-beta (TGFβ)-mediated profibrotic processes. CDA1
deficiency resulted in the attenuation of renal fibrosis in a mouse model of diabetic nephropathy.
Whether the inhibition of CDA1 activity after the onset of diabetic kidney disease, as well as in nondiabetic kidney injury, can attenuate renal fibrosis has yet to be experimentally investigated. Thus, I
examined the effect of the induced genetic deletion of CDA1, at two different timepoints of disease
progression, on the development of renal fibrosis in a mouse model of streptozotocin (STZ)-induced
diabetic nephropathy. I also examined the effect of the absence of CDA1 on renal fibrosis
development in two models of acute kidney injury (AKI); unilateral ureteric obstruction (UUO) and
ischaemia/reperfusion (IR) injury.
Methods/Results:
In the diabetic nephropathy studies, genetic deletion of CDA1 was induced by tamoxifen
administration to CDA1flox/ERCre mice at 5 or 10 weeks after STZ-induced diabetes and kidneys
were harvested for analysis after an additional 5 or 10 weeks, which represents early and delayed
intervention against CDA1 activity, respectively. Tamoxifen administration to CDA1flox/ERCre
mice reduced CDA1 gene expression by ~70-80%, irrespective of diabetic status or duration of study.
Early intervention against CDA1 activity resulted in the attenuation of renal fibrosis development in
diabetic mice, as seen by the reductions in diabetes-associated profibrotic gene expression, such as
fibronectin and collagen I, and collagen IV accumulation. In contrast, delayed intervention against
CDA1 activity had minimal effect on diabetes-associated renal fibrosis.
In the UUO study, male CDA1 wildtype (WT) and CDA1 knockout (KO) mice had their left
ureter ligated and kidneys were collected for analysis 5, 10 and 14 days post-UUO. In the IR study,
left renal artery of CDA1 WT and CDA1 KO male mice were ligated for 45 mins before being
released to restore blood flow. Kidneys were collected for analysis 4 and 8 days post-IR injury. There
was robust upregulation of TGFβ expression, >4-fold compared to Sham mice, and related profibrotic
gene expression, such as fibronectin and collagens I and III, as well as increases in extracellular
matrix (ECM) deposition, particularly of collagens, in response to renal injury in both models. CDA1
deficiency failed to attenuate the development of renal fibrosis in either AKI model, despite evidence
of reduced TGFβ signalling activation in CDA1 KO mice at 4 days after IR injury. Interestingly,
however, CDA1 deficiency appears to exacerbate proinflammatory gene expression, with increases
in TNFα, iNOS, and IL6 expression at 4 days post-IR injury compared to CDA1 WT mice. The
differences in transcriptional changes in these genes between CDA1 WT and CDA1 KO mice,
however, were not seen at 8 days after IR injury nor in the more severe UUO model.
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Conclusions:
Targeting CDA1 activity at early stages of disease development leads to the attenuation of
diabetes-associated renal injury, while delayed intervention was less effective. Thus, targeting CDA1
represents a relatively non-aggressive approach to retard renal disease via the attenuating TGFβ
signalling activity.
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Chapter 1. Introduction
Fibrosis is the common final pathological event in most chronic organ diseases. Excessive
fibrogenesis, the prominent feature in fibrosis, is observed in most chronic kidney diseases (CKD),
particularly diabetic nephropathy where it is progressive in nature. Indeed, regardless of aetiology,
the extent of fibrotic lesions in the kidney generally correlates with the severity of renal injury.1
Unhindered progression of renal fibrosis eventually leads towards End Stage Renal Disease (ESRD),
a leading cause of mortality in diabetic patients.2 There is currently no effective treatment which
directly targets renal fibrosis, with the use of current therapeutic treatments, which work through
lowering blood pressure and/or achieving proper glucose control, shown to slow but cannot halt the
progression of diabetic nephropathy towards ESRD. This is due, in part, to an incomplete
understanding of these disease processes. Therefore, further research is required to elucidate key
factors driving the progression of fibrosis in diabetic nephropathy and other chronic renal diseases.
The studies presented in this thesis attempts to examine the pathological role of Cell Division
Autoantigen 1 (CDA1) in various experimental mouse models of renal disease. CDA1, initially
characterised as an antiproliferative nuclear phosphoprotein, has since been implicated in the
development of fibrosis through its ability to enhance transforming growth factor beta (TGFβ)
signalling. Prior studies in our laboratory have demonstrated that the inhibition or absence of CDA1
led to the attenuation of TGFβ signalling activity in mouse models of diabetic nephropathy and
diabetes-associated atherosclerosis, which consequently attenuated the development of fibrosis in
these models. Thus, my thesis was determined to examine the therapeutic potential of CDA1
inhibition utilising a unique inducible CDA1 knockout mouse strain in a mouse model of diabetic
nephropathy. In addition, I further examined the pathological role of CDA1 in the development of
non-diabetic renal fibrosis using the global CDA1 knockout mouse strain in two mouse models of
acute kidney injury.
The first two chapters serves as the introduction and literature review (Chapter 1, which you
are reading right now, and Chapter 2), which collectively cover the topics which provide a basic
understanding to the research presented in this study. First, a basic explanation of renal physiology
and the typical wound healing process in the kidney is briefly described. Next, diabetic nephropathy,
which is the current leading cause of ESRD worldwide, is discussed, with topics covering the
progression of disease and current challenges associated with treatment. Next, significance of fibrosis
in renal pathology, the mechanisms driving the fibrotic processes towards renal failure, and current
research in development towards the treatment of renal fibrosis is outlined, with emphasis placed on
the TGFβ signalling pathway due to its importance in driving the fibrotic process. Lastly, CDA1,
which is known for its ability to enhance TGFβ signalling, is introduced, with topics covering
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mechanistic aspects of CDA1 activity, its roles in fibrosis development and our hypothesis of the
renoprotective effects associated with the absence or inhibition of CDA1 activity in renal disease.
The succeeding chapters describe the experimental outcomes of my investigations into the
pathological role of CDA1. Many of the experimental protocols utilised in studies presented in this
thesis are detailed in Chapter 3, with experimental details of procedures specific to certain studies
included within their respective chapters. The studies presented in this thesis were aimed to further
examine the pathological role of CDA1 in renal fibrosis through the use of conventional and inducible
genetic knockout mouse strains in experimental models of non-diabetic and diabetic kidney disease,
respectively.
To address the first part of my thesis, I utilised a unique inducible CDA1 knockout mouse
strain, the CDA1flox/ERCre mouse, to examine the effect of induced genetic deletion of CDA1 on
the development of renal fibrosis in a mouse model of diabetic nephropathy (Chapters 4-6). The
genetic deletion of CDA1 was induced in these mice through the administration of tamoxifen.
Preliminary studies were performed to determine an appropriate dose of tamoxifen required to induce
the significant reduction of CDA1 gene expression, while avoiding any potential side-effects
associated with high doses of tamoxifen (Chapter 4). From these studies, a dose of 1.5 mg
tamoxifen/mouse/day for 3 consecutive days was found to induce ~70-80% reduction of renal CDA1
expression in CDA1flox/ERCre mice. Thus, this dose was used for subsequent diabetic studies.
Induced genetic deletion of CDA1 was performed to mimic the therapeutic intervention
against CDA1 activity in a mouse model of streptozotocin (STZ)-induced diabetic nephropathy. In
these studies, genetic deletion of CDA1 was induced by the administration of tamoxifen to
CDA1flox/ERCre mice at 5 or 10 weeks after STZ-induced diabetes onset, and kidneys were
harvested for analysis after an additional 5 or 10 weeks, respectively. The former and latter represents
early and delayed intervention against CDA1 activity (Chapter 5 and 6), respectively. Early
intervention against CDA1 activity resulted in the attenuation of renal fibrosis development in
diabetic mice, as seen by the reduction in diabetes-associated profibrotic gene expression, such as
fibronectin and collagen I, and collagen IV accumulation (Chapter 5). In contrast, in the delayed
intervention study, induced genetic deletion of CDA1 had little, if any, effect on diabetes-associated
renal fibrosis (Chapter 6). Collectively, these findings suggest that targeting CDA1 at early stages
of diabetic nephropathy development was more effective than if treatment was delayed.
To address the second part of my thesis, I examined the effect of global genetic knockout (KO)
of CDA1 in two mouse models of acute kidney injury (AKI), the unilateral ureteric obstruction
(UUO) and ischaemia/reperfusion (IR) injury models (Chapter 7). In the UUO study, CDA1
wildtype (WT) and CDA1 KO mice had their left ureter ligated and kidneys were collected for
analysis 5, 10 and 14 days post-UUO. In the IR study, left renal artery of CDA1 WT and CDA1 KO
male mice were ligated for 45 mins before being released to restore blood flow and kidneys were
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collected for analysis 4 and 8 days post-IR injury. Although there was evidence of enhanced TGFβ
signalling activity, as seen by the robust upregulation of profibrotic gene expression and subsequent
accumulation of extracellular matrix (ECM) components, in both AKI models, CDA1 deficiency was
unable to prevent the development of renal fibrosis in either AKI model. Interestingly, CDA1 KO
mice exhibited profound transcriptional changes in genes related to inflammation, cell cycle control
and apoptosis, which was also associated with reduced TGFβ signalling activity at early stages of IR
injury development. These transcriptional changes, however, are not seen at later stages of IR injury
development nor in the UUO model. Collectively, these results suggest that CDA1 may play a role
in the modulation of TGFβ-mediated pathological processes at early stages of disease development
and that inhibition of CDA1 activity becomes increasingly redundant, possibly compensated by other
profibrotic processes, as the renal disease develops.
In conclusion, the work presented in this thesis was an attempt towards gaining a more
thorough understanding of the role of CDA1 in various forms of renal disease. Indeed, while it is
clear that CDA1 plays a role in the disease development, in both non-diabetic and diabetic forms of
renal disease, it appears that the effects of the absence or inhibition of CDA1 activity on the TGFβ
signalling pathway and subsequent fibrosis development are time and context-dependent.
Nonetheless, these studies further validate that targeting CDA1 in renal disease represents a relatively
non-aggressive approach toward the inhibition of the TGFβ-mediated fibrosis development and thus
may be viable in the therapeutic intervention of renal fibrosis in chronic kidney disease, particularly
diabetic nephropathy.
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Chapter 2. Literature Review
2.1. Wound Repair in the kidney, Chronic Kidney Disease and Fibrosis
The kidney is a critical organ that performs essential homeostatic functions in vertebrates,
arguably enabling the versatility required for these animals to survive in a number of aquatic and
terrestrial environments. The human adult kidney comprises of approximately 0.8-1.5 million
nephrons, the basic functional unit in the kidney, which is comprised of many discrete cell types.
Blood supplied to the kidneys is filtered, to allow the reabsorption of small molecules, such as ions,
water and nutrients, back into the bloodstream, while also expelling metabolic waste products by
secretion (Figure 2.1). Through these processes, the main homeostatic functions performed by the
kidney include the maintenance of electrolyte, water and acid-base balance, hormonal secretion,
regulation of blood pressure and excretion of metabolic waste products.
2.1.1. Wound Repair in the kidney
The ability to repair damaged tissue in response to injury is a fundamental process to ensure
the functionality and survival of any vascularised tissue. The kidney is no different which, with the
high metabolic demands of renal cells, requires rapid replacement of injured cells and restoration of
normal renal function to maintain homeostasis.3 Failure to repair damaged tissues can lead to kidney
dysfunction and failure, which itself is associated with comorbidities due to the physiological
importance of continued kidney function in the maintenance of body homeostasis. While our initial
understanding of wound repair and regeneration in the kidney stems from investigations from nonmammalian renal systems,4 it is expected that the cellular and molecular responses in wound repair
would be similar amongst all vertebrates. Indeed, initial characterisation of wound healing processes
have since been verified in mammals, particularly in mice and humans.
Although most renal cells in mammals are able to undergo similar processes in response to
renal injury, kidney tubular epithelium, in particular, possesses a great capacity to repair and
regenerate in order to restore normal epithelial integrity.5-7 Under normal physiological conditions,
the rate of renal tubular cell turnover to maintain homeostasis is low.8 Upon injury, the rate of
proliferation of these cells increases exponentially.9 Damaged epithelial and endothelial cells release
a plethora of growth factors, cytokines/chemokines and other bioactive molecules leading to the
activation of various components of the coagulation cascade, inflammatory pathways and the immune
response.10, 11 An initial inflammatory response, characterised by the influx of leukocytes, such as
neutrophils, monocytes and macrophages, results in and is aided by neovascularisation, angiogenesis,
vasodilation and basement membrane remodelling, leading to the establishment of new supply routes
to the centre of the wound.12 The further release of cytokines/chemokines by macrophages recruits
and activates fibroblasts, allowing their migration to the site of injury. Fibroblasts deposit
extracellular matrix (ECM) components which assists in cell orientation and provides docking sites
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for various factors, molecules and cells, thus laying the foundation required to restore original tissue
architecture. The ECM is actively remodelled through a combination of synthesis, degradation and
contraction by activated fibroblasts known as myofibroblasts.13 Once the site is fortified with
sufficient matrix production, damaged or lost cells are replaced through proliferation and/or
hypertrophy of remaining surrounding cells, restoring tissue function. However, if regeneration is not
possible, ECM components, such as collagen, will be deposited to fill the void, with the resulting scar
serving to re-establish the anatomical continuity of the damaged tissue albeit with a diminished
functional capacity. Whether an injurious event progresses towards complete regeneration or repair
consisting of fibrogenesis largely depends on the initial inflammatory response. More often than not
in adult kidney, a dysregulation of innate and adaptive immune systems drives processes that favour
the latter. Regardless, once tissue homeostasis has been achieved, inflammatory processes subside,
with all recruited cells undergoing apoptosis and/or exiting the site through the lymphatic system.
The above outlines a typical wound healing response to a single episode of acute kidney injury
(AKI). In these cases, the initial insult is cleared by the response initiated by wound repair processes,
which are scaled down once tissue homeostasis has been achieved. However, unregulated and/or
continuous activation of wound repair processes in response to persistent injury may consequently
lead to further injury. Indeed, progressive loss of nephrons and the associated reduction in renal
function occur when the degree of injury exceeds the rate of repair, as is often seen in cases of chronic
kidney diseases (CKD), particularly diabetic nephropathy.
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Figure 2.1. Nephron, the functional unit of the kidney. Blood is filtered through the kidney as it
flows through the glomerulus from and out of the afferent and efferent arterioles, respectively
(Arrows). The combination of podocytes (light green), basement membrane (purple) and endothelial
cells (red) make up the filtration barrier which prevents the entry of large molecules, such as albumin
(orange circles) and blood cells (red disks), while allowing small molecules (blue circles), such as
ions, water, sugar, and nitrogenous waste, to pass through and enter into the Bowman’s capsule to
produce glomerular filtrate. As the glomerular filtrate passes through the tubules (yellow), ions and
water are reabsorbed back into the bloodstream. In addition, tubular epithelial cells secrete metabolic
waste products, which facilitates the removal of excessive amounts of dissolved substances (brown
hexagon) from the circulation into the tubular fluid, as well as maintains the pH of blood to ~7.4±0.05.
Adapted from M. Komorniczac, Wikimedia Commons (2009).
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2.1.2. Diabetic Nephropathy: The leading cause of End-Stage Renal Disease
Diabetic Nephropathy is a microvascular complication of diabetes mellitus, the most common
form of CKD and the current leading cause of End-Stage Renal Disease (ESRD) in the United
States,14 if not worldwide.2,

15, 16

Diabetic patients with kidney disease, which amount to

approximately a third of all diabetic cases,17, 18 are generally associated with a greater mortality risk,
in both Type 1,19, 20 and Type 2 diabetic patients,21 than those without kidney disease. Despite a
majority of diabetic patients succumbing to cardiovascular diseases22, particularly before the
development of severe CKD,23 ESRD is becoming a more prevalent disorder in diabetic patients due
to changes in interventions resulting in increases in survival rates.24 With prevalence of diabetes in
the global adult population expected to increase from 8.8% in 2015 to 10.4% in 2040,25 the impact of
diabetic nephropathy is expected to be an increasingly prominent global health issue.
2.1.3. Diabetic Nephropathy: Structural and Functional Correlations
Traditionally, the progression of diabetic nephropathy was described as the presence of
persistent and progressive albuminuria, followed by the gradual and steady decline in glomerular
filtration rate (GFR) (Figure 2.2).26 As the disease develops, the associated loss in renal function is
generally accompanied by hypertension, as well as the occurrence of other microvascular diabetic
complications, such as retinopathy. However, it is now understood that diabetic nephropathy is a far
more complex pathological process,27 with noted differences in disease progression between Type 1
and 2 diabetic individuals.28 In addition, improvements in diabetes management, including increased
use of renin-angiotensin-aldosterone system (RAAS) inhibitors, as well as improved blood pressure
and intensive glycaemic control, have challenged the two paradigms of the traditional view of diabetic
nephropathy. Firstly, that albuminuria inevitably progressively increases in diabetic nephropathy and
secondly, the decline of GFR occurs after development of albuminuria. Indeed, in addition to reported
cases of diabetes-associated albuminuria regressing in diabetic patients, decline of GFR can occur in
the absence of microalbuminuria (<30 mg/day).29 Furthermore, diabetic nephropathy is typically
diagnosed after an extended period of time after the onset of diabetes, approximately 10 years in Type
1 diabetic patients,30 while being highly variable in Type 2 diabetic patients.31 By the time when
clinical signs of CKD have appeared, generally when GFR is <60 mL/min/1.73m2 and/or albuminuria
is present at >30 mg/day,27 renal lesions have already developed in these patients. In fact, clinical
features of diabetic nephropathy may never present in some diabetic patients, despite histologically
proven diabetic lesions.32 Nonetheless, these clinical manifestations are generally associated with
advanced diabetic glomerulosclerosis, with worsening clinical presentations being reflective of more
severe renal lesions.33-35
The characteristic hyperglycaemia in diabetic individuals leads to changes in many metabolic
and haemodynamic factors which drive the development of diabetic nephropathy. Among the many
pathological processes activated by prolonged exposure to the diabetic milieu, the initiation of
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diabetic nephropathy can be largely attributed to the formation of advanced glycation end products
(AGEs), oxidative stress and the activation of the polyol pathway.36-39 In diabetic nephropathy, all
renal cells are exposed to the diabetic milieu, with different renal cell types varying in the degree and
response to this high glucose environment. Mesangial cells, in particular, are stimulated by the
diabetic milieu to secrete cytokines and deposit ECM components, such as fibronectin and collagens.
This leads to the first observable histological changes in diabetic nephropathy; thickening of the
glomerular basement membrane followed by mesangial area expansion.33, 40 Further pathological
changes in the glomeruli, such as loss of podocytes by detachment, apoptosis and/or effacement, and
enhanced endothelial-mediated capillary permeability, leads to a disruption in the glomerular
filtration barrier and subsequent proteinuria (Figure 2.3). Indeed, the extent of podocyte loss and
mesangial expansion have been predictive of clinical manifestations of diabetic nephropathy,
noticeably albuminuria.41, 42 Eventually, the combination of these pathological changes will lead to
the development of glomerulosclerosis (Figure 2.4), which will further drive renal injury through the
narrowing and compression of glomerular capillaries leading to decreased hydraulic permeability of
the glomerular filtration barrier and decrease in GFR.33 In addition to glomerular changes, early stages
of diabetic nephropathy progression are characterised by renal hypertrophy, primarily due to the
proliferation and hypertrophy of tubular epithelial cells, as well as thickening of the tubular basement
membrane. Increased reabsorption of the glomerular filtrate by tubular cells contributes towards
hyperfiltration, a temporary increase in GFR, as observed at the initial period of diabetic nephropathy
progression.43 The increased levels of glucose, lipids, proteins and cytokines in the diabetic
glomerular filtrate induce the activation of many pathological processes, particularly inflammation,
which lead to further tubular injury.44 In response to these insults, injured tubular cells secrete
cytokines and other modulators, which further stimulate the activation of important pathological
processes, such as inflammatory cell infiltration, apoptosis and atrophy of tubules, and
tubulointerstitial fibrosis. The development of tubulointerstitial fibrosis, a relatively late phenomenon
in diabetic nephropathy which correlates with sustained reduction in GFR in diabetic patients,45, 46 is
associated with vascular dysfunction,47 glomerular hypertension, increased susceptibility towards
ischaemic injury and, eventually, loss of tubular cells. The combination of these pathological
processes in all compartments of the nephron, unhindered, leads to the progressive loss of renal
function and progression towards ESRD.
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Figure 2.2. Traditional view of disease progression in diabetic nephropathy. Based on initial
observations by Mogensen, CE., et al,26 diabetic nephropathy progresses through five stages; Stage
I: Pre-nephropathy, with an initial period of hyperfiltration but generally, no other signs of disease;
Stage II: silent nephropathy, where GFR and urinary albumin levels are normal ( >60 mL/min/1.73
m2 and <30 mg/day, respectively); Stage III: incipient nephropathy, where there is a progressive
decrease in GFR and progressive increase in albuminuria (microalbuminuria to macroalbuminuria);
Stage IV: overt nephropathy with pronounced macroalbuminuria and Stage V: end-stage renal
disease. Traditionally, development of diabetic nephropathy is thought to be the progressive reduction
in renal function with accompanying increase in urinary albumin excretion. However, this paradigm
is not only complicated by the differences in rate of progression between Type 1 and Type 2 diabetic
patients, but also by the observation that decline in GFR and presence of albuminuria can occur
independently from each other. Adapted from Pugliese, G. (2014).29
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Figure 2.3. Pathological features of diabetic nephropathy. As a result of exposure to chronic
hyperglycaemia, mesangial cells undergo hypertrophy, as well as secreting ECM components,
leading to the expansion of the mesangial area (1). In addition, the deposition of ECM components
also leads to the thickening of the basement membrane in the glomerular and tubulointerstitial space
(2). The combination of chronic hyperglycaemia, production of reactive oxygen species (ROS) and
cytokine release by mesangial cells leads to injury to podocytes (3). Morphological changes of
podocytes in response to injury leads to effacement of foot process, podocyte detachment and
apoptosis which subsequently leads to increased glomerular permeability of large molecules, such as
albumin, into the tubular fluid (4). Collectively, these glomerular changes make up the hallmarks of
diabetic glomerulosclerosis. The aforementioned glomerular changes result in tubular injury (5).
Increased uptake of glucose, increase production of AGEs, ROS and release of cytokines by injured
tubular cells results in the infiltration of inflammatory cells, particularly macrophages (6). Further
injury will eventually lead to the promotion of fibrotic processes, which is characterised by the
activation/differentiation of fibroblasts into myofibroblasts from a variety of sources, including
tubular epithelial cells (7). Arteriosclerosis may also occur (8). Adapted from M. Komorniczac,
Wikimedia Commons (2009).
10

3
1

2

2

4
1a

1

Figure 2.4. Histological changes in diabetic nephropathy. Representative images of Periodic Acid
Schiff (PAS) (top panels) and Masson’s Trichrome (bottom panels) stains of human renal biopsies
with no-to-mild renal injury and advanced diabetic nephropathy. Some key morphological changes
can be observed in advanced diabetic nephropathy sections (right-hand side), including
glomerulosclerosis (1) with the formation of nodular lesions at more advanced stages of disease (1a),
tubular atrophy (2) and formation of protein casts (3). Note: The increased presence of ECM
accumulation in the tubulointerstitial area, as represented by the “waxy” appearance of the space
between tubules in PAS-stained section (top-right panel) and the blue staining in Masson’s trichrome
stained section (bottom-right panel), as well as increased infiltration of inflammatory cells (4).
Adapted from Zhou, X., Laszik, Z., Nadasdy, T., & D'Agati, V. (Eds.). (2017). Silva's Diagnostic
Renal Pathology. Cambridge: Cambridge University Press.48
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2.1.4. Diabetic Nephropathy and progression towards End-Stage Renal Disease (ESRD)
The mechanisms that drive the progression of diabetic nephropathy towards ESRD is similar
to those seen in other forms of CKD. The persistent infiltration of inflammatory cells, development
of advanced glomerulosclerosis and tubulointerstitial fibrosis, among other pathological processes,
are the result of the persistent and chronic injury in diabetic nephropathy, with all compartments of
the kidney ultimately affected, in one way or another. Although most renal cells are theoretically able
to proliferate to replace their injured counterparts, complete regeneration of nephrons is highly
improbable, despite extensive research, due in part to the complex architectural structure, as well as
the many different specialised cell types, of the kidney.49 Podocytes, in particular, have limited
regenerative capacity and are particularly prone to dying off if not attached to the glomerular
basement membrane.50 Thus, it is assumed that once there is sufficient loss of podocytes, and
subsequent breakdown of the glomerular filtration ability within that nephron, the damage is
irreversible. While the remaining functional nephrons will undergo compensatory changes to
maintain renal homeostasis, the stress placed on the remaining nephrons as the disease progresses
will increase, thus leading to further nephron loss at later stages of CKD.51 The progressive loss of
kidney function, which is associated with increased risk of comorbidities,52 eventually leads to
azotaemia, systemic organ failure and death.
The treatment of diabetic nephropathy generally involves the management of diabetes,
particularly by controlling blood pressure and/or maintaining normal blood glucose levels. Although
care must be taken with the use of combined therapies,53 the use of conventional therapies, such as
the use of angiotensin-converting enzyme (ACE) inhibitors, have been proven to slow the progression
of diabetic nephropathy.54-56 Furthermore, pancreatic transplantation in Type 1 diabetic patients was
associated with regression of glomerulosclerosis and tubulointerstitial fibrosis after an extended
period of sustained normoglycaemia.57,

58

However, these treatments, while alleviating and/or

eliminating the initial injurious agent in diabetes, do not directly target the pathological processes,
particularly inflammation and fibrosis, which drive the progressive loss of nephrons in diabetic
nephropathy. Furthermore, by the time diabetic nephropathy is clinically diagnosed, generally after
an extended period of time after the onset of diabetes, the development of severe renal lesions, as
well as a significant loss of functional nephrons, would have already occurred. As adult kidneys have
limited regenerative capacity, management of diabetes may not be adequate to prevent the
progression to ESRD. Indeed, while intensive glucose control early in diabetes has been shown to
prevent the development of diabetic complications, it has not been shown to be as effective at
reducing the risk of diabetic nephropathy, nor improve clinical outcomes, if intensive glucose control
is initiated after the development of diabetic complications or after an extended period after diabetes
onset.23 Currently, the only options available for patients who have reached ESRD involve lifelong
dialysis or transplantation to replace the non-functional organ. Thus, direct treatments which prevent,
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retard and/or reverse the pathological processes which drive progressive loss of nephrons in CKD are
highly desired, especially in the face of an increasing number of diabetic patients as a result of the
worldwide Type 2 diabetes epidemic.

2.2. Fibrosis in the kidney
2.2.1. Fibrosis in CKD: Downward spiral to the end
Fibrosis is widely considered to be the final common pathological feature of most CKD,
including diabetic nephropathy. Fibrosis is characterised by the excessive deposition of ECM
components, primarily collagens, as well as the presence and proliferation of ECM producing cells,
particularly fibroblasts and their activated counterparts, myofibroblasts.59, 60 In fact, the degree and
extent of fibrosis generally correlates with decline in renal function and progression towards ESRD.1,
61, 62

Although glomerular pathology is the primary source of injury in DN, it is the progressive

development of fibrosis within the tubulointerstitial area which drives progression towards ESRD.63,
64

Indeed, the diabetes-associated decline in renal function has been shown to correlate better with

tubulointerstitial fibrosis than with glomerular pathology,65 with the extent of tubulointerstitial
fibrosis being predictive of disease progression in Type 2 diabetic patients.66,

67

Furthermore,

tubulointerstitial disease has been reported to occur independent of glomerular disease in Type 1
diabetics patients.33
Despite its role in the progression of CKD, fibrogenesis, which is the deposition of ECM
components, is intrinsically a self-limiting process that restricts injury and a beneficial response, at
least initially, to injury. The consequences of fibrosis generally depend on the extent and spatial
location of ECM deposition, as well as the intrinsic function of the given tissue. In the event when
regeneration is limited, deposition of ECM is required to maintain tissue integrity, despite the
subsequent scar tissue having a reduced functional capacity compared to the original pre-injured
tissue. Not only is ECM dynamically maintained to ensure tissue homeostasis, fibroblasts are
extensively modulated by a plethora of signalling molecules and cues, which lead to the modifications
to genetic and epigenetic programs, to proliferate and produce ECM, as well as undergoing apoptosis
once scar tissue formation is adequate.68, 69 However, this response may prove to be maladaptive in
advanced stages of renal disease development. As is often seen in the cases of CKD, persistent and/or
extensive injury sustains the local levels of growth factors and cytokines, creating a
microenvironment which promotes the ongoing activation and proliferation of inflammatory cells. In
particular, the persistent infiltration of macrophages in CKD leads to the activation of many intrinsic
renal cells, as well as promoting the activation and infiltration of other inflammatory and immune
cells, through the further release of growth factors, cytokines and reactive oxygen species (ROS).
Indeed, it is generally accepted that persistent and/or dysregulated activation of inflammatory
processes drives fibroblasts to produce and deposit ECM components.70 In addition, cross-linking of
the ECM by fibroblasts leads to altered biochemical and biomechanical matrix properties, making
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them more resistant to degradation. Thus, with interstitial collagen deposition interfering with healthy
parenchymal architecture and functionality,71, 72 fibrosis drives the progression of CKD by subjecting
the remaining nephrons to an increased workload, which subsequently drives further nephron loss.
2.2.2. Mediators of Fibrosis
Although a number of different renal cells are known to synthesise and deposit ECM, such as
fibroblasts, mesangial and tubular epithelial cells,73 the main contributors to ECM deposition in
fibrosis are myofibroblasts.59, 60 While virtually non-existent in normal physiological states in the
kidney, elevated levels of myofibroblasts have been reported in cases of CKD, including diabetic
nephropathy.74 Like fibroblasts, myofibroblasts are involved in the synthesis and deposition of ECM
components, as well as remodelling of ECM with the production of proteolytic enzymes, after injury.
Furthermore, the de novo expression of alpha-smooth muscle actin (αSMA) allows for the contraction
of the wound, facilitating the wound healing process. As expected, their persistence in CKD leads to
the dysregulation of the ECM, where the extent of myofibroblast infiltration generally correlates with
decline in renal function,75 promoting the excessive accumulation of ECM components, while
reducing its turnover. Despite its importance in the development of fibrosis, the source of
myofibroblasts in vivo remains controversial.72 While it is undisputed that myofibroblasts can be
derived from a number of different sources and processes, there is no general consensus on the relative
contribution of each source with respect to the development of renal fibrosis in vivo.76 Myofibroblasts
have been proposed to be activated by the following; proliferation/activation of residential
fibroblasts,77 recruitment of bone-marrow derived cells,78,

79

transdifferentiation from tubular

epithelial cells,80 endothelial cells,81 pericytes,82 and macrophages.83 The complex nature of the
fibrotic process is not only complicated by the ability of myofibroblasts to arise from a variety of
different sources but also the observation that activated myofibroblasts from these sources can
undergo partial transdifferentiation and not necessarily acquire a complete set of mesenchymal-like
traits.59, 84 The latter has made the validation of the relevance of myofibroblasts activation from these
sources in vivo in renal disease development difficult. Nonetheless, it is generally accepted that
myofibroblasts are the key ECM producing cells in renal fibrosis, with the investigation into pathways
involved with the regulation of myofibroblast activity and/or activation garnering great interest.
As mentioned above, the actions of fibroblasts, as well as their activation/differentiation into
myofibroblasts, are regulated by a combination of factors, including cytokines and other soluble
mediators, ECM components and mechanical stress.69 Injured renal cells, as well as infiltrating
inflammatory cells, release a plethora of cytokines and other molecules which contribute towards the
development of renal disease. Among the many cytokines which have been implicated in the fibrotic
process, including platelet-derived growth factor (PDGF),85 connective tissue growth factor
(CTGF),86 and angiotensin II,87, 88 the most extensively studied and, arguably, the most important
profibrotic cytokine is transforming growth factor beta (TGFβ).
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2.2.3. Transforming growth factor beta (TGFβ)
2.2.3.1. An overview of TGFβ
Transforming growth factor beta (TGFβ), a member of the larger TGFβ superfamily, is a
multifunctional cytokine with many physiological roles including angiogenesis, cell cycle control,
chemotaxis, differentiation, immunomodulation, haematopoiesis and ECM formation.89-91 Indeed,
TGFβ is recognised as a key profibrotic cytokine involved with progression of fibrotic disease,
particularly in the vasculature and kidney.92-95 While there are three isoforms of TGFβ present in
mammals and they all elicit similar responses in vitro,96 the most notable and extensively studied
isoform implicated in fibrosis is TGFβ1. Elevated levels of TGFβ1 have been reported in many forms
of human CKD, including chronic glomerulosclerosis and diabetic nephropathy suggesting a role for
TGFβ1 in the progression of fibrosis in these diseases.97,

98

Indeed, this was subsequently

demonstrated in a number of different animal studies. Specifically, spontaneous development of
fibrotic lesions, particularly in the kidney, has been reported in mice overexpressing TGFβ1, as well
as one of its receptors, leading to constitutive activation of the TGFβ signalling pathway.99-103
2.2.3.2. TGFβ signalling pathway
TGFβ1 is virtually expressed by all cell types, including many residential renal cells, such as
mesangial and tubular epithelial cells, with infiltrating leukocytes, with macrophages in particular,
being a major source of many cytokines, including TGFβ1, in renal disease.104-106 Transcription of
the TGFβ1 gene can be stimulated by a variety of different factors, including glucose at high
concentrations,107-110 oxidative stress,111 and cytokines, such as TNFα and interleukin (IL)-1β.112 In
addition, TGFβ1 is known to be able to stimulate its own expression,113 with autoinduction of TGFβ1
in proximal tubular epithelial cells being suggested to contribute towards the sustained and/or
amplified TGFβ signalling observed in CKD.114
TGFβ1 is initially synthesised and secreted into the ECM as part of a biologically inactive
complex, non-covalently bound to TGFβ-latency-associated peptide (LAP) and latent-TGFβ binding
proteins (LTBP).115 Activation of TGFβ1 can be induced by proteolytic cleavage, interactions with
integrins or the presence of reactive oxygen species (ROS),111, 116, 117 allowing TGFβ1 to bind to the
TGFβ Type II receptor (TβRII). The recognition of the ligand leads to a conformational change of
the TβRII, allowing for the formation of a heteromeric complex with the TGFβ Type I receptor
(TβRI). TβRII subsequently transphosphorylates TβRI, allowing TGFβ-induced intracellular
signalling to take place. Intracellular TGFβ signalling is largely mediated by the Smad family of
proteins, through the canonical Smad-dependent pathway.13, 94, 118 The activated TβRI/TβRII complex
phosphorylates receptor-specific Smads, Smad2 and Smad3, which are then incorporated into a
complex with a common mediator Smad, Smad4 (Figure 2.5).118 The resultant phosphorylated
Smad2/3/4 complex translocates into the nucleus and modulates the transcription of target genes.119,
120

While the Smad2/3/4 complex recognises and binds specific sequences, such as Smad-binding
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elements (SBE), within the promoter of target genes, interactions with other transcription factors are
generally required for high-affinity binding and subsequent transcription of target genes.121 In
addition to these roles in transcription, Smad2/3 is also involved in the post-transcriptional
regulation/processing of microRNAs (miRNA). After the translocation of the activated Smad3 into
the nucleus, it facilitates the production of mature miRNA through the Drosha complex, in a
seemingly Smad4-independent manner.122, 123 Therefore, by signalling through the canonical Smaddependant pathway, TGFβ exerts its physiological and pathological actions through the
transcriptional and posttranscriptional modulation of gene expression.124
TGFβ signalling also utilises a number of different intracellular signalling pathways to confer
its many physiological roles. Indeed, in addition to the canonical Smad-dependent pathway, the
activated TGFβ receptor complex is also known to activate the mitogen-activated protein kinase
(MAPK), Rho-like GTPase and phosphatidylinositol-3-kinase (P3K)/Akt/mammalian target of
rapamycin (mTOR) pathways.77, 125-128 While the physiological actions of TGFβ1 are highly diverse
and generally context-dependent, it is the dynamic interaction among these intracellular pathways, as
well as the cross-talk with many other signalling pathways, which enables the diverse cellular
response associated with TGFβ signalling. For example, regulation of the canonical Smad pathway
has been identified to occur in a number of ways. The transcription of Smad7, which can be induced
by Smad3,129 allows for the inhibition of TGFβ signalling activity through a number of different ways,
such as degradation of the TβRI or inhibition of Smad2/3/4 activity.130, 131 In addition, ras signalling
through the MAPK pathway has been shown to attenuate Smad2/3 nuclear accumulation,132 while
transcriptional corepressors, such as Sloan-Kettering Institute proto-oncogene (Ski), Ski-related
novel gene, non Alu-containing (SnoN) and transforming growth interacting factor (TGIF), modulate
the effects of Smad signalling.133, 134
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Figure 2.5. Induction of the canonical Smad-dependent pathway by TGFβ1 in renal fibrosis.
Upon activation, TGFβ1 dimers activates TβRII, which subsequently induces the formation of
heteromeric complex with TβRI. TβRII then transphoshorylates TβRI, leading to the phosphorylation
of Smad2 and Smad3, which subsequently complexes with Smad4 and then translocates into the
nucleus. The Smad2/3/4 complex, which can be aided by interactions by wide-range of transcription
factors, then modulates the transcription of target genes, particularly profibrotic genes, such as
collagens, fibronectin (FN1) and αSMA, as well as several miRNA species, such as miRNA-21 and
miRNA-192. Smad2/3 is also involved in the post-transcriptional processing of miRNA, which could
ultimately promote the development of renal fibrosis. While the expression of inhibitory Smads, like
Smad7, is induced by Smad2/3/4, which would otherwise allow for the self-regulation of TGFβ
signalling, Smad7 expression and/or activity is often reduced in CKD. Adapted from Meng, X-M.,
Nikolic-Paterson, DJ., and Lan, HY. (2016).76
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2.2.4. TGFβ in CKD and Fibrosis
2.2.4.1. Pathological roles of TGFβ in DN
As mentioned above, TGFβ has been implicated as a key cytokine in the progression of CKD,
with enhanced activation of the TGFβ signalling pathway commonly observed in human diabetic
nephropathy.135, 136 In fact, short periods of hyperglycaemia are sufficient enough to induce elevated
levels of renal TGFβ1 in humans,137 and a positive association has been reported between serum
levels of TGFβ1 and increased risk of renal disease in African-American men.138 Furthermore,
overexpression of TGFβ1 has been associated with an exacerbation of diabetes-associated renal injury
in mice.139
The effect of TGFβ signalling in CKD is largely context-dependent, as manifested by the
differences in resultant effects in various specific renal cells (Figure 2.6).140 In podocytes, TGFβ1
may induce their detachment from the GBM,141 as well as subsequent apoptosis, which will ultimately
lead to podocyte effacement and loss.142 While TGFβ1 has shown to induce the proliferation of
mesangial cells,143 it has also been shown to suppress proliferation,144 as well as inducing autophagy
and potentiating pro-apoptotic signals in tubular epithelial cells.102, 145, 146 Further demonstrating the
complex nature of TGFβ signalling, TGFβ may also afford opposing effects on vascular cells through
different pathways, such as inducing or inhibiting angiogenesis through an activin receptor-like
kinase 1 (ALK1)/Smad1/5-dependent mechanism or a Smad2/3-dependent pathway, respectively.90,
147

TGFβ activity has also been implicated in a number of pathological processes commonly

associated with diabetic nephropathy, such as induced expression of vascular endothelial growth
factor (VEGF) in podocytes,148 as well as Glucose transporter 1 (GLUT1) expression in mesangial
cells.149
The critical pathological role of TGFβ in chronic diseases is, undoubtedly, to promote
profibrotic processes, as evident by its involvement with the development of glomerulosclerosis and
tubulointerstitial fibrosis.140, 150 Although TGFβ signalling may be self-regulated through a negative
feedback loop via the production of inhibitory Smads or the interactions with other signalling
pathways, the presence of persistent and/or extensive injury drives TGFβ-mediated processes towards
overall increased production and reduced turnover of ECM components.
2.2.4.2. Promotion of ECM deposition
TGFβ signalling is able to promote the deposition of ECM components via various means.
The transcription of many ECM components, including fibronectin and collagens,107, 151-153 is directly
induced by TGFβ1.154 In fact, the transcription of procollagen is considered to be the rate-limiting
step in collagen synthesis.155 Although the transcription of each matrix gene may be regulated by
certain TGFβ-binding partners,156 many are Smad3-dependent, particularly collagen I,157, 158 with the
presence of certain sequences, such as SBE, in their promoter regions.13, 119, 120, 153, 159 In addition,
TGFβ has also been demonstrated to be involved in the transcriptional and post-transcriptional
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modulation of several miRNA species, with the upregulation of miRNA-21, as well as
downregulation of miRNA-29 and miRNA-200, observed in renal disease.160-162 TGFβ signalling
may also induce or inhibit the transcription of genes involved with the post-translational modification
of histones, thereby indirectly modulating the expression of target genes, particularly ECM
components.163
2.2.4.3. Inhibition of matrix turnover
In addition to stimulation of fibrotic genes, TGFβ has been reported to reduce matrix turnover
by a number of mechanisms. Firstly, TGFβ induces the downregulation of matrix metalloproteinases
(MMP)/collagenase expression.164, 165 Indeed, it has been previously demonstrated that inflammatory
cytokine-induced MMP1 transcription is inhibited by TGFβ1 in a Smad3/4 dependent manner.166
Secondly, this may complemented with an associated upregulation of tissue inhibitors of MMPs
(TIMPs) or plasminogen activator inhibitor-1 (PAI1).105, 167, 168 Lastly, TGFβ has also been known to
induce the expression of lysyl oxidases,169 which may result in abnormal matrix crosslinking and
increased resistance of the ECM to proteolytic degradation.
2.2.4.4. Activation of matrix-producing cells
A large body of in vitro data have implicated TGFβ as a major activator of myofibroblasts in
fibrosis.79, 83 Stimulation of cultured cells with TGFβ1 has been shown to induce the acquisition of
mesenchymal-like traits, such as enhanced migratory capacity, elevation in apoptosis resistance and
production of ECM components, with a concomitant loss of some of their original cell lineage traits.84,
170, 171

Although many of the changes seen in TGFβ-dependent mesenchymal transition appear to be

Smad3 dependent, such as the induction of αSMA in epithelial cells,172 other effectors and signalling
pathways are also known to be involved in the activation of myofibroblasts.84
2.2.4.5. Amplification of proinflammatory and profibrotic signals
In addition to the mechanisms outlined above, TGFβ may contribute towards the progression
of renal disease through the propagation and amplification of proinflammatory and profibrotic
signals. Constitutive TGFβ signalling in tubular epithelial cells has been shown to induce acute
tubular injury, accompanied by interstitial inflammation.173 In addition to profibrotic cytokines, TGFβ
has also been shown to stimulate the production of proinflammatory cytokines, such as IL8 and
monocyte chemotactic protein 1 (MCP1), in proximal tubular cells,174 as well as accessory proteins,
such as endoglin and integrins, which facilitate cell-to-matrix adhesion.175-177 As a result, the release
of these cytokines leads to the persistent infiltration of activated macrophages and increased
accumulation of myofibroblasts, which subsequently sustains the high levels of TGFβ observed in
CKD.178 The activation of the macrophages, in particular, leads to a positive feedback loop, whereby
increased production and secretion of cytokines leads to the activation of residential renal cells, which
stimulates the release of more cytokines, thus contributing to a vicious self-perpetuating cycle which,
ultimately, results in the development of progressive CKD.
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Figure 2.6. The pathological role of TGFβ in CKD, particularly diabetic nephropathy. TGFβ is able to produce a wide variety of effects, which is usually
cell-type and context dependant. Ultimately, the net effect of all these processes contribute towards the progressive loss of nephrons in CKD.
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2.2.5. Targeting the TGFβ signalling pathway
2.2.5.1. Inhibition of the TGFβ signalling pathway
Our understanding of the TGFβ signalling pathway has been elucidated by a combination of
genetic and pharmacological studies (Table 2.1). Not only have these studies revealed the relevance
of the intrinsic components of the TGFβ signalling pathway in the context of fibrosis, they also
provide the theoretical basis for therapeutic strategies to combat the progression of fibrosis in human
disease.124, 179, 180 Inhibition of TGFβ signalling has frequently been demonstrated to ameliorate renal
fibrosis in a number of animal studies. The use of TGFβ neutralising antibodies, in particular, were
shown to be effective in attenuating renal fibrosis in a number of animal models, such as diabetic
nephropathy,181-183 and obstructive nephropathy.184, 185 In addition, an engineered TGFβ neutralising
monoclonal antibody, fresolimumab (GC1008), has been used in human clinical trials, particularly in
focal segmental glomerulosclerosis.186 Pharmacological agents, such as pirfenidone, designed to
inhibit TGFβ signalling have also been demonstrated to attenuate fibrosis in mouse models of
glomerulonephritis, 187 diabetic nephropathy,188 and obstructive nephropathy.189 The success of these
animal studies prompted their use in human patients with focal segmental glomerulosclerosis,190 as
well as in diabetic nephropathy.191
Complete blockade of TGFβ signalling activity, however, has been associated with
undesirable side-effects. As mentioned above, TGFβ is a pleiotropic cytokine with many regulatory
roles. The physiological importance of this pathway is emphasised by animal studies with genetic
deletion of either TGFβ receptor being associated with embryonic lethality.192-194 More importantly,
although TGFβ signalling promotes fibrosis progression in chronic disease, TGFβ is also known to
be involved in the modulating the inflammatory response, emphasised by the severe and spontaneous
inflammatory phenotype observed in TGFβ1 deficient mice,54,

195

as well as in inducible TβRII

knockout mice.196 In addition to its modulatory roles on circulating inflammatory and immune
cells,197 TGFβ is known to modulate the activation of vascular smooth muscle cells,198 and
macrophages,199 as well as contributing towards the inhibition of renal inflammation through an
inhibitor of kappa B (IκBα)/Smad7-dependent mechanism.200, 201 These effects are not limited to the
kidney, as increases in aortic rupture susceptibility due to angiotensin II-induced aortic aneurysm
development has been seen with the use of TGFβ neutralising antibodies.202 In addition, despite
promising results in animal studies, the use of TGFβ neutralising antibodies have proven fruitless in
human clinical studies. Administration of metelimumab (CAT-192) in a clinical trial of systemic
sclerosis ended with no evidence of efficacy,203 while a recent phase II clinical trial was ended
prematurely due to alleged ineffectiveness of TGFβ neutralising antibodies (LY2382770) in diabetic
nephropathy.204 Granted, the failure of the latter clinical study may have been due to the low dose of
TGFβ inhibitor used out of concern of likely side-effects associated with more rigorous inhibition of
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the TGFβ signalling pathway. However, in the case of the former agent, the administration of
metelimumab was associated with the development of severe adverse events, although these were not
more frequent in patients receiving higher doses.
Nonetheless, the TGFβ signalling pathway remains an attractive target to combat fibrosis
progression in CKD. Not only is the renoprotective efficacy of conventional therapies against diabetic
nephropathy, particularly ACE inhibitors, associated with reduced TGFβ levels and subsequent
attenuation of signalling activity,205-209 the effectiveness of anti-TGFβ strategies in various forms of
organ fibrosis demonstrates the critical pathological role of TGFβ in fibrosis and the therapeutic
potential of modulating this signalling pathway. Thus, an ideal therapeutic strategy would be to
attempt to prevent the profibrotic actions of TGFβ, while avoiding the deleterious effects associated
with complete inhibition of TGFβ signalling.
2.2.5.2. Exploring the TGFβ signalling pathway
Complete inhibition of TGFβ signalling can lead to broad biological effects, particularly
substantial deleterious effects. Inhibition of downstream components of the TGFβ signalling
pathway, however, may provide a safer alternative to afford renoprotective effects, while minimising
the possibility of adverse effects. Investigations into specific components of the TGFβ signalling
pathway, while being informative, demonstrate the complexity of this pathway. As mentioned above,
the main effectors in the TGFβ signalling pathway are the Smad family of proteins. The contributions
of the receptor-mediated Smads, Smad2 and Smad3, in the progression of fibrosis are of particular
interest. Interestingly, despite both Smads being activated upon TGFβ1 stimulation, Smad2 and
Smad3 appear to possess differential effects on TGFβ signalling. Indeed, absence of either Smad2 or
Smad3 expression in vitro and in vivo has revealed different roles for each Smad in development, as
well as under pathological conditions. Indeed, the global genetic deletion of Smad2 in mice is
embryonically lethal,210 and tubule-specific Smad2 deficient mice have exhibited an exacerbation of
renal fibrosis development in a mouse model of obstructive nephropathy.211 On the other hand, Smad3
deficient mice, while embryonic viable, have been associated with an increase in mortality in a
number of independent studies.212-214 In addition, these Smad3 deficient mice were also observed to
exhibit an impaired inflammatory response in the skin.215 Nonetheless, the absence of Smad3 has
been associated with an attenuation of renal fibrosis in experimental murine models of obstructive
nephropathy,216 diabetic glomerulosclerosis,217 and acute ischaemic renal injury.218 These findings
demonstrate that targeting downstream components of TGFβ signalling represents a more reliable
and safer approach to retard renal fibrosis in CKD. Thus, our laboratory has investigated the
pathological role of a potent enhancer of the TGFβ signalling pathway.
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Table 2.1. Genetic and pharmacological studies on TGFβ signalling in renal disease
Target

Method

Major Findings

Neutralising

• Attenuation of renal fibrosis in rodent models of Type 1,181, 219 and Type 2 diabetic nephropathy,182, 220

Inhibition or Absence
TGFβ

antibody
Genetic
Knockout

obstructive nephropathy,184, 185, 221 and ischaemia/reperfusion injury.222
• Macrophage-specific TGFβ-knockout did not attenuate renal fibrosis in acute renal injury models of
obstructive nephropathy and ischemic/reperfusion injury.223
• Exacerbation of renal inflammation in a mouse model of ischaemic/reperfusion injury with contralateral
nephrectomy.224

Anti-sense

• Attenuation of renal fibrosis in a model of obstructive nephropathy.225

oligonucleotides
TGFβ Receptors

Pharmacological • Oral administration of GW788388 attenuates renal fibrosis in db/db mice.226
Inhibitor

TβRI

Pharmacological • Administration of IN-1130 suppresses renal fibrosis in rats,227 as well as adult mice in obstructive
Inhibitor

nephropathy.228
• SB431542 administration attenuates unilateral ureteric obstruction (UUO)-induced renal fibrosis.221

TβRII

Genetic
Knockout

• Attenuation of HgCl2-induced proximal tubular injury in proximal tubule-specific/γ-glutamyl transferasepromoter driven TβRII knockout mice.229
• Attenuation of UUO-induced renal fibrosis, associated with impairment of TGFβ/Smad3 signalling, but
also an exacerbation of UUO-induced renal inflammation in tubule-specific/Cadherin 16-promoter driven
TβRII knockout mice.230
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•

Induced knockout of TβRII prior to disease initiation in matrix-producing (COL1A2 and Tenascin-C
promoter driven) interstitial cells was unable to prevent renal fibrosis in UUO and aristolochic acid renal
injury models.231 However, αSMA-promoter driven knockout of TβRII attenuates UUO-associated renal
fibrosis and inflammatory cell infiltration.78

Smad3

Genetic
Knockout

• Attenuation of UUO-associated renal fibrosis, inflammation and tubular apoptosis in Smad3 KO mice.212,
216

• Attenuation of aristolochic acid-induced renal fibrosis in Smad3 KO mice.232
• Attenuation of streptozotocin (STZ)-induced diabetic glomerulosclerosis,233 without affecting
albuminuria.217
• Smad3 deficiency was associated with reductions in renal injury and IL6 expression in a model of bilateral
renal ischaemic/reperfusion injury.218
Pharmacological • Administration of SIS3 was able to attenuate diabetes-associated renal fibrosis, without affecting
Inhibitor

albuminuria.234
• Administration of GQ5 selectively inhibited Smad3 phosphorylation, and subsequently led to attenuation
of renal fibrosis in a rat model of obstructive nephropathy.235

Smad2

Genetic
knockout

• Kidney-specific/Cadherin 16-promoter driven Smad2 knockout exacerbates UUO-associated renal
fibrosis.211
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Smad4

Genetic

• Kidney-specific/Cadherin 16-promoter driven Smad4 mutant mice exhibited an exacerbation of renal

knockout

inflammation, as seen by increased inflammatory cell infiltration and upregulation of inflammatory
markers (TNFα, IL1β, MCP1 and ICAM1), in a model of UUO. In addition, UUO-induced renal fibrosis
was attenuated in these animals, by disrupting Smad3/4 promoter activity.201

Smad7

Genetic

• Exacerbation of renal fibrosis and inflammation in mouse models of UUO,236 and aristolochic acid-induced

knockout
miRNA-21

Silencing

nephropathy.237
•

Ultrasound-mediated gene transfer of inducible miRNA-21 short hairpin RNA (shRNA) plasmids
attenuates renal fibrosis progression in mouse models of UUO,162 and Type 1,238 and 2 diabetic
nephropathy.239

Genetic

•

miRNA-21 deficiency attenuated renal fibrosis induced by UUO and ischaemia/reperfusion injury.240

knockout
miRNA-214

Combination

•

Genetic deletion or pharmacological inhibition of miRNA-214 attenuates UUO-associated renal fibrosis.241

Non-Smad

Pharmacological •

Administration of U0126 or LY-294002, Erk1/2 and PI3K inhibitors, respectively, attenuated renal fibrosis

pathways

Inhibitor

in a mouse model of UUO.242
•

Administration of U0126 exacerbated ischaemia/reperfusion-associated renal injury and fibrosis.243

•

Administration of LY33353, a Protein kinase C-β inhibitor, attenuates diabetes-associated albuminuria and
glomerulosclerosis in db/db mice.244
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Enhancement
TGFβ

Genetic
overexpression

• Dose-dependent increase of TGFβ1 expression exacerbates diabetes-associated renal injury in Akita
mice.139
• Overexpression of TGFβ was associated with an attenuation of UUO-associated renal inflammation.200

TβRI

Genetic
Overexpression

• Inducible tubular epithelial cell-specific/Pax 8-promoter driven TβRI overexpression mouse strain
spontaneously presents with pathological features reminiscent of AKI, including tubular injury, oxidative
stress and infiltration of inflammatory cells.173

Latent TGFβ

Genetic
overexpression

Smad7

• Overexpression of latent TGFβ protein attenuates renal fibrosis in models of UUO,245 and crescentic
glomerulonephritis.246
• Ultrasound-mediated gene transfer of inducible Smad7 overexpression plasmids attenuates UUO-induced
renal fibrosis.247
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2.3. Cell Division Autoantigen 1 (CDA1)
2.3.1. Cell Division Autoantigen 1: An introduction
Cell Division Autoantigen 1 (CDA1) is a nuclear phosphoprotein and a member of the
nucleosome assembly protein (NAP) family of proteins.248-251 Encoded by the gene Testis-specific Yencoded-like protein 2 (TSPYL2) located on the X-chromosome,249 CDA1 is expressed in most
mammals, with expression reported in rodents,252,

253

monkeys,254 and humans.255,

256

Studies

investigating CDA1 have predicted several structural regions within the CDA1 protein, many of
which are highly conserved among mammals. This includes a proline-rich amino-terminal domain,
an arginine/lysine rich domain, a NAP domain and a carboxyl-terminal bipartite acidic tail domain
(Figure 2.6).248, 257 The presence of the NAP domain suggests that CDA1 may be involved with
chromatin remodelling and nucleosome assembly, as seen with other members of the NAP protein
family.258 Indeed, CDA1 has been previously shown to be able to bind to histones and
deoxyribonucleic acid (DNA),251 and subsequently modulate the transcription of target genes, such
as neuronal genes involved in development, particularly Grin2a and Grin2b, by directly binding to
their promoters.259 In addition, CDA1 has also been shown to repress transcriptional activity through
direct binding to proteins such as calcium/calmodulin-dependent serine protein kinase (CASK),251
and the androgen receptor.260 Thus, it appears that CDA1 may act as a transcription factor to either
induce or repress the transcription of target genes and that this may involve interactions with other
transcription factors. Collectively, CDA1 has been speculated to possess many physiological and
pathological roles, including cell cycle regulation, synaptic gene regulation and tumour-suppression,
as well as enhancing TGFβ signalling.250, 251, 255, 259-264
Initially characterised as an antiproliferative protein,248 investigations into actions of CDA1,
through a number of gene mutation and domain deletion studies, have unveiled possible mechanisms
to explain its activity in physiology and pathology. The antiproliferative ability of CDA1 may be
dependent on the activation of the CDA1 protein by cyclin-dependent kinases (CDK), with an initial
investigation mapping two potential CDK phosphorylation sites, Ser20 and Thr340, within the human
CDA1 protein.248 The latter CDK phosphorylation site may be functionally important given that, in
addition to its high conservation among mammals, it is located within the NAP domain of the CDA1
protein (Figure 2.7). While the NAP domain has been speculated to be responsible for the interactions
of some proteins to CDA1, such as p53,265 and the androgen receptor,260 with experimental data
demonstrating binding with cyclin B,266 the presence of the acidic carboxyl tail has been proposed to
be responsible for the antiproliferative abilities of CDA1. In addition to an initial investigation where
an amino-terminal portion of human CDA1 (residues 2-452) was unable to arrest cell growth,248 an
independent group utilised genetic deletion and domain swapping studies to demonstrate that the
acidic carboxyl tail of CDA1 was required for the suppression of cyclin B/CDK1 activity and
subsequent cell cycle arrest at the G2/M phase.266 The acidic carboxyl tail has also been proposed to
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be responsible for other functions of CDA1 including repression of androgen receptor transcriptional
activity,260 and degradation of human hepatitis B virus X protein (Hbx) through a ubiquitinproteasome dependent pathway.267 The direct mechanisms of how these structural domains influence
the actions of CDA1 and their relevance in disease development in vivo remain to be investigated.
2.3.2. CDA1 and disease
CDA1 has been proposed to play important roles in the development of chronic disease,
particularly those associated with fibrosis. Lowly expressed in most tissues under normal
physiological conditions,252-254,

268

elevated levels of CDA1 expression have been observed in

diabetes-associated atherosclerosis and diabetic nephropathy in rodents and humans.255, 256, 262 The
upregulation of CDA1 in these diseases coincide with elevated TGFβ expression levels and signalling
activity. Conversely, in pathologies associated with reduced TGFβ activity, such as cancer and aortic
aneurysm, CDA1 expression is downregulated as seen in human biopsy samples of malignant lung,261
kidney,256 and liver tissue,269 as well as in human abdominal aortic aneurysm biopsy samples.270
Furthermore, it has been reported that human glioma patients with reduced levels of CDA1 had a
poorer prognosis.271
2.3.3. CDA1 and TGFβ: A synergistic relationship
Initial studies on CDA1 reported that it was a potential target gene in the TGFβ signalling
pathway. Human lung cancer cell lines treated with TGFβ1 induced the expression of a gene
designated as Differentially Expressed Nucleolar TGFβ1 Target (DENTT),250 which was later
revealed to be CDA1.261 This response to TGFβ treatment was also observed in vascular smooth
muscle cells and renal proximal tubule cells.255, 262 Subsequent studies, however, demonstrate that
CDA1 is not just a downstream target gene of TGFβ but also a critical enhancer of the profibrotic
actions of TGFβ signalling.255, 262 Overexpression of CDA1, through adenoviral infection, led to the
enhanced activation of Smad and MAPK signalling pathways and consequent upregulation of
profibrotic genes, such as CTGF, collagens and fibronectin, in a dose-dependent manner. These
effects were further amplified by the addition of exogenous TGFβ1 and found to occur in a TβRIdependent manner.272 Conversely, silencing CDA1 had an ameliorating effect on TGFβ signalling.
Indeed, the use of CDA1-specific small interfering RNAs (siRNA) decreased but did not completely
block the phosphorylation and consequent activation of Smad3. Indeed, the expression of the
aforementioned TGFβ-stimulated profibrotic genes, particularly collagens and CTGF, were
ultimately blocked with the introduction of these CDA1-specific siRNA.255
2.3.4. CDA1 and in vivo models of diabetic nephropathy
Due to the modulatory role of CDA1 on TGFβ signalling in vitro, as well as the in vivo
observations of CDA1 upregulation in human fibrotic diseases, it has been proposed that targeting
CDA1 might have therapeutic potential in fibrosis (Figure 2.8). This hypothesis was examined
through the use of global genetic deletion of the CDA1 encoding gene, Tspyl2, in a mouse model of
28

diabetic nephropathy.256 Utilising the loxP/Cre recombination system, deficiency of CDA1 did not
appear to cause any abnormal phenotypes, when compared to wild type mice.256 This finding has also
been observed by other independent groups,257, 264 despite a suggested role for CDA1 in tumoursuppression. The lack of adverse effects in CDA1 knockout mice further suggests that TGFβ
signalling is not completely blocked by the absence of functional CDA1, which would be otherwise
embryonically lethal and/or have severe side-effects.
CDA1 deficiency, however, had a renoprotective effect in mouse models of streptozotocin
(STZ)-induced diabetic nephropathy.256 In the two mouse strains examined, C57BL6 and
apolipoprotein E (ApoE) knockout (KO), the latter being more susceptible to glomerulosclerosis,273
diabetes-associated profibrotic gene expression, such as TGFβ1 and collagens, was attenuated in
CDA1 KO mice. These transcriptional changes correlated with a reduction in renal injury indices, as
well as a reduction in ECM deposition, in both the tubules and glomeruli. These reductions occurred
despite there being no significant differences in metabolic parameters between CDA1 KO and
wildtype diabetic mice. Interestingly, these renoprotective effects were more pronounced in ApoE
KO mice, as seen by the reduction in diabetes-associated albuminuria, as well as renal hypertrophy,
in diabetic CDA1/ApoE double KO (dKO) mice when compared to diabetic ApoE KO mice.256 The
renoprotective effect of CDA1 deficiency was demonstrated to be due to an amelioration of the TGFβ
signalling response, as shown by reduced phosphorylated Smad3 (pSmad3) immunostaining in
diabetic CDA1/ ApoE dKO mouse kidneys, as well as the ameliorated response of primary renal cells
isolated from CDA1 KO mice towards exogenous TGFβ. These findings suggest that CDA1 is a
potential molecular candidate to target against renal diseases associated with enhanced TGFβ activity,
such as diabetic nephropathy.
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Figure 2.7. CDA1 is conserved in mammals. Schematic diagram of structural regions within the
human CDA1 protein (A) and multiple sequence alignment of CDA1 protein in mammals using
Clustal Omega,274 and visualised using Jalview (v2.10.3),275 with conserved sequences shaded in
grayscale (B). Predicted structural regions, based on previous reports, are boxed/highlighted as
follows; proline-rich region (purple), arginine/lysine-rich region (blue), NAP domain (red) and a
carboxyl-terminal bipartite acidic domain (green). In addition, green circles denote potential cyclindependent kinases (CDK) phosphorylation sites, while nuclear localisation sequences (NLS) and
proline/glutamic acid/serine/threonine-rich (PEST) sequences, which are potential recognitions sites
for protein degradation,251 are also shaded (orange and yellow, respectively). Accession numbers for
CDA1 protein from human (NP_071400.1), chimpanzee (JAA20211.1), mouse (NP_084112.1), cat
(XP_023104601.1), cattle (JAB84492.1), deer (XP_020741441.1), beaver (XP_020008021.1) and
seal (XP_021554369.1).
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Figure 2.8. The pathological role of CDA1 in renal fibrosis. The upregulation of CDA1 expression
in renal disease has been attributed to the activation of the TGFβ signalling pathway. In turn, CDA1
synergistically enhances TGFβ signalling, leading to increased profibrotic gene expression and
subsequent ECM accumulation. Thus, it is expected that the absence or inhibition of CDA1 activity
would attenuate the development of renal fibrosis via reduced TGFβ signalling in disease.
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2.4. Hypothesis
CDA1 has been implicated to play a pathological role in fibrosis through its ability to enhance
TGFβ signalling in disease. As seen in in vitro studies, the inhibition of CDA1 activity was observed
to lead to the attenuation of TGFβ signalling and subsequent reduction in fibrosis progression (Figure
2.8). Indeed, complete genetic deletion of CDA1 was associated with an attenuation of renal fibrosis
in a mouse model of diabetic nephropathy. However, due to the nature of the global genetic knockout
method, CDA1 is not present at any time during the development nor during the adolescent life of
these CDA1 KO mice. Thus, to demonstrate the therapeutic potential of targeting CDA1 in fibrosis,
it is imperative to inhibit its actions in a scenario where CDA1 is present prior to our specific
interventions. To that end, in lieu of a pharmacological inhibitor of CDA1, I have utilised an inducible
genetic knockout approach to examine the effect of induced CDA1 deficiency on the progression of
diabetes-associated renal fibrosis. This approach, which is more clinically relevant, allows for the
development of disease in the presence of CDA1, which can be deleted at a later selected timepoint.
I hypothesised that the deletion of CDA1 at early and later stages of induced renal disease will mimic
the therapeutic inhibition of CDA1, leading to the prevention and attenuation of the development of
renal fibrosis, respectively, as a result of an attenuation of TGFβ signalling.
In addition to the aforementioned studies, I have also examined the effect of CDA1 deficiency
on the progression of fibrosis in two mouse models of non-diabetic renal injury. Pioneering studies
in my laboratory demonstrated that silencing CDA1 attenuated TGFβ-induced profibrotic gene
expression in vitro.255, 262 Indeed, CDA1 KO mice were associated with an attenuation of diabetesassociated renal fibrosis with no obvious effect observed on diabetes-associated metabolic
parameters.256 The effect of CDA1 deficiency in non-diabetic renal fibrosis had yet to be examined
experimentally. Due to the acute and aggressive nature of the chosen mouse models, these studies
utilised the global CDA1 KO mice. It was hypothesized that CDA1 deficiency would lead to an
attenuation of TGFβ signalling and subsequent reduction in renal fibrosis in these models.

2.5. Aims
To examine the effect of induced genetic deletion of CDA1 using inducible CDA1 KO mice in a
model of streptozotocin (STZ)-induced diabetic nephropathy, at two timepoints:
•

Early intervention, with induced CDA1 deletion at 5 weeks after STZ-induced diabetes onset

•

Delayed intervention, with induced CDA1 deletion at 10 weeks after STZ-induced diabetes
onset

To examine the effect of global CDA1 deletion in classical models of non-diabetic renal
fibrosis/injury:
•

Unilateral ureteral obstruction (UUO)-induced fibrosis

•

Ischaemia/reperfusion (IR) injury
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Chapter 3. Methodology
3.1. Materials
3.1.1. General Chemicals
Table 3.1. General chemicals and compounds utilised in this thesis
Name

Supplier

Cat. No.

3,3', 5,5-tetramethylbenzidine

Life Technologies

002023

4-(Dimethylamino) benzaldehyde

Sigma-Aldrich

156477

Acid fuchsin

BDH Chemicals Ltd

Activated charcoal

Sigma-Aldrich

05150

Agarose

Promega

V3125

Aniline blue

BDH Chemicals Ltd

Biebrich scarlet

Sigma-Aldrich

B6008

β-mercaptoethanol

Sigma-Aldrich

M3148

Bromophenol blue

Sigma-Aldrich

B0126

Bovine serum albumin (BSA)

Jackson
ImmunoResearch

Chloramine-T hydrate

Sigma-Aldrich

Chloroform

LabServ

cis-4-Hydroxy-D-proline

Sigma-Aldrich

Ethanol

LabServ

Ethylenediaminetetraacetic acid (EDTA)

Sigma-Aldrich

ED45

Ethylene glycol-bis (β-aminoethyl ether)N,N,N',N'-tetraacetic acid (EGTA)

Sigma-Aldrich

E4378

Ethidium bromide

BioRad

161-0433

Ferric chloride

Analar

10110

Formaldehyde

Merck

1.04003

Glacial acetic acid

ChemSupply

Glycerol

Sigma-Aldrich

Guanidinium thiocyanate

AMRESCO
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34319 2E

34003 4C

001-000-173
857319
BSPCL728.2.5
H5877
BSPEL975

UN28789
G7893
0380

Haematoxylin

Sigma-Aldrich

Hydrochloric acid (HCl)

Scharlau

UN1789

Isoamyl alcohol

Sigma-Aldrich

W205702

Isopropyl alcohol

VWR

20842.323

Magnesium sulphate (MgSO4)

Sigma-Aldrich

Methanol

POCD Healthcare

Molecular grade water (H2O)

Biosciences

N-Lauroylsarcosine sodium salt (Sarkosyl)

Sigma-Aldrich

61747

Pararosaniline acetate

Sigma-Aldrich

215945

Perchloric acid

Sigma-Aldrich

311421

Phenol

Sigma-Aldrich

242322

Phosphomolybdic acid

Sigma-Aldrich

221856

Phosphotungstic acid

Sigma-Aldrich

P4006

Picric acid (saturated)

Sigma-Aldrich

P6744

Potassium chloride (KCl)

AMRESCO

0395

Sodium acetate

Sigma-Aldrich

S8750

Sodium bicarbonate (NaHCO3)

Univar

A475

Sodium carbonate (Na2CO3)

Analar

10240.4H

Sodium chloride (NaCl)

Merck

1.06404

Sodium citrate

Sigma-Aldrich

S1804

Sodium deoxycholate

Sigma-Aldrich

D6750

Sodium dodecyl sulfate (SDS)

Sigma-Aldrich

L5750

Sodium fluoride (NaF)

Sigma-Aldrich

S7920

Sodium iodate

Sigma-Aldrich

S4007

Sodium metabisulphite

BDH Chemicals Ltd

30180

Sodium orthovanadate (Na3VO4)

Sigma-Aldrich

450243

Sodium pyrophosphate (Na4P2O7)

Sigma-Aldrich

221368

Streptozotocin (STZ)

Sigma-Aldrich

S0130

Sulfuric acid (H2SO4)

Analar

tris(hydroxymethyl)aminomethane (Tris)

AMRESCO

0497

Tris hydrochloride

AMRESCO

0234

Triton-X 100

LABCHEM

1552

Tween 20

Biochemicals

BIO0777

Xylene

ChemSupply

UN1307
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H9627

M1144
METHANOL2.5LPTL
786-293

102763Y

3.1.2. Buffers and solutions
3.1.2.1. General Buffers and Solutions
50x Tris Acetate EDTA (TAE) Buffer
2 M Tris
~5.71% (v/v) Glacial acetic acid
50 mM EDTA
20x Tris-buffered saline (TBS), pH 7.4
200 mM Tris
3 M NaCl
1x TBS with Tween 20, pH 7.4
10 mM Tris
150 mM NaCl
0.05-0.1% (v/v) Tween 20
RNASolD
~40% (w/v) Phenol
1.8 M Guanidinium thiocyanate
11.25 mM Sodium citrate (pH 7.0)
0.09-0.225% (v/v) Sarkosyl
0.2 M sodium acetate (pH 4.0)
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3.1.2.2. Buffers for ELISAs
Coating Buffer
0.16% (w/v) Na2CO3
0.29% (w/v) NaHCO3
10x Assay Buffer, pH 8.0
1.08% (w/v) Tris
64.8% (w/v) Tris hydrochloride
8.06% (w/v) NaCl
0.2% (w/v) KCl
1x Wash Solution
1x Assay buffer with 0.05% (v/v) Tween 20
1x Post-coat/Blocking Solution
1x Assay buffer with 1% (w/v) BSA
1x Sample/Conjugate Solution
1x Assay buffer with 0.05% (v/v) Tween 20 and 1% (w/v) BSA
3.1.2.3. Composition of buffers for hydroxyproline analysis
Acetate/citrate buffer, pH 6.0
3.44% (w/v) Sodium acetate
3.75% (w/v) Tri-sodium citrate
0.55% (w/v) Citric acid in isopropanol
Oxidation buffer (1.4% (w/v) chloramine T in acetate/citrate buffer)
One part 7% (w/v) chloramine T (diluted in dΗ2Ο): Four parts acetate/citrate buffer
Ehrlich’s reagent
66.67% (w/v) 4-(Dimethylamino) benzaldehyde in 60% (v/v) Perchloric acid

Analytical isopropanol reagent
Three parts Ehrlich’s reagent: Thirteen parts isopropanol
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3.1.2.4. Composition of buffers for protein analysis
1x Lysis Buffer, pH 7.4-7.5
10 mM Tris
100 mM NaCl
1 mM EDTA
1 mM EGTA
1 mM NaF
20 mM Na4P2O7
2 mM Na3VO4
0.1% SDS
0.5% Sodium deoxycholate
1% (v/v) Triton-X 100
10% (v/v) Glycerol
3x Laemelli’s Sample Loading Dye
240 mM Tris, pH 6.8
30% (v/v) Glycerol
6% (w/v) SDS
0.06% (w/v) Bromophenol blue
10% (v/v) β-mercaptoethanol
3.1.2.5. Composition of buffers for histological stains
Scott’s Tap Water Substitute
0.35% (w/v) NaHCO3
2% (w/v) MgSO4
Mayer’s Haemalum
0.5% (w/v) Haematoxylin
5% (w/v) Aluminium ammonium sulphate
0.03% (w/v) Sodium iodate
2% (v/v) Glacial acetic acid
30% (v/v) Glycerol
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3.1.2.6. Composition of buffers for Periodic acid/Schiff’s staining
Schiff Reagent
8% (w/v) Pararosaniline acetate in 1M HCl
1% (w/v) Sodium metabisulphite
3.1.2.7. Composition of buffers for Masson’s trichrome staining
Bouin's Solution
75% (v/v) Picric acid (saturated)
9.25-10% (v/v) Formaldehyde
5% (v/v) Glacial acetic acid
Weigert's Iron Hematoxylin Solution
One part of 1.16% (w/v) Ferric chloride with 1% (v/v) concentrated HCl:
One part of 1% (w/v) Hematoxylin in 95% absolute ethanol
Biebrich Scarlet-acid Fuchsin Solution
0.9% (w/v) Biebrich scarlet
0.1% (w/v) Acid fuchsin
1% (v/v) Glacial acetic acid
Phosphomolybdic-Phosphotungstic acid Solution
2.5% (w/v) Phosphomolybdic acid
2.5% (w/v) Phosphotungstic acid
Aniline Blue Solution
2.5% (w/v) Aniline blue
2% (v/v) Glacial acetic acid
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Table 3.2. Sequence of primers and probes used for quantitative real time PCR
Target
αSMA
C5
CDA1
CDA1KO
Col I
Col III
Col IV α3
Fibronectin (Fn1)
ICAM1
IL6
iNOS
MCP1
MMP2
Osteopontin
p21
p53
PAI1
Smad7
TGFβ1
TβRI
TβRII
TNFα
VCAM1
MSR1
BAK1
Bcl2
C3
Caspase 8
Ki67
TIMP1

Forward (5’→3’)
GACGCTGAAGTATCCGATAGAACA
CATAATAGCATGTGCCAGCTACAA
TGCTGCCGGTCCCAAA
TGTACTTCCAGACAAACCCATACTTT
GACTGGAAGAGCGGAGAGTACTG
GGGAATGGAGCAAGACAGTCTT
ACCACGGCCATTCCTTCAT
ACATGGCTTTAGGCGGACAA
GGAGGTGGCGGGAAAGTT
GGGAAATCGTGGAAATGAGAAA
GGATCTTCCCAGGCAACCA
GTCTGTGCTGACCCCAAGAAG
TCACTTTCCTGGGCAACAAGT
TCCAATCGTCCCTACAGTCGAT
TCCACAGCGATATCCAGACATT
CGTATCCGGGTGGAAGGAA
TCTCCAATTACTGGGTGAGTCAG
CCATCAAGGCTTTTGACTATGAGA
GCAGTGGCTGAACCAAGGA
CGTGTGCCAAATGAAGAGGAT
CAGGTGGGAACGGCAAGATA
GGCTGCCCCGACTACGT
CTGCTCAAGTGATGGGATACCA
GGAGGAGAGAATCGAAAGCATTT
TGATACCAGTTCCTGCCAGTCA
AAGGGCTTCACACCCAAATCT
TGAGCCAGTCGACTATG
CAACTTCCTAGACTGCAACCG
CAAAAGGCGAAGTGGAGCTT
TGATTTCCCCGCCAACTC

Reverse (5’→3’)
GGCCACACGAAGCTCGTTAT
CGATTCCAGTCGGCAGTGAT
TGTTTATCCGATCTTCCCTTTCTT
GCGGTTGCGCTGGAACT
CCTTGATGGCGTCCAGGTT
TGCGATATCTATGATGGGTAGTCTCA
CAAAAAGAAGAGAAAACCCACTATAGAGT
ACATTCGGCAGGTATGGTCTTG
TCCAGCCGAGGACCATACAG
AAGTGCATCATCGTTGTTCATACA
CAATCCACAACTCGCTCCAA
TGGTTCCGATCCAGGTTTTTA
GCCACGAGGAATAGGCTATATCC
AGCCCTTCAACATGTCTGTTCA
CGGACATCACCAGGATTGG
GGCGAAAAGTCTGCCTGTCT
GCAGCCGGAAATGACACAT
CCATGGTTGCTGCATGAACT
GCAGTGAGCGCTGAATCGA
AAGGTGGTGCCCTCTGAAATG
GCATTGCAGCGGGACG
TTTCTCCTGGTATGAGATAGCAAATC
ATCGTCCCTTTTTGTAGACATGAAG
TCTGGAAGCGTTCCGTGTCT
GGGCTTGCTGGCTGCTT
TTCTACGTCTGCTTGGCTTTGA
TCATCAAAATCATCCAACAGCTCTA
TCCAACTCGCTCACTTCTTCT
TGTTTCGCAACTTTCGTTTGTG
GGGCTGCACAGTGGAGAATAA
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FAM labelled Probe (5’→3’)
TGCCAGATCTTTTCC
CCCATGCAGTAATGGA
CTTGGGCCAGCCTG
CAAACATGGTGATCGTC
ATCGACCCTAACCAAG
AATATCAAACACGCAAGGC
CCCTGAAGGAACACAGC
CCCCGTCAGGCTTA
CCCTGGAACTGCACG
ATTGCCATTGCACAACT
ACCGCCCTGGTGCA
AATGGGTCCAGACATAC
TGCACCAGCGCCGG
ATCACCTCGGCCGT
AGAGCCACAGGCACC
TTTGTATCCCGAGTATCTG
CACTGGTGACTCACTTC
CTGCAGCGGCCC
AAAGCCCTGTATTCCGT
CATCACTAGATCGCCC
ATGTCTACTCCATGGCTCT
TCACCCACACCGTCAG
CCAAAATCCTGTGGAGCAG

Table 3.3. Primer sets used for genotyping
Primer Set

Forward (5’→3’)

Reverse (5’→3’)

mCDA1 Primer Set 1

ACAGGACCTCAGACATATCTCCAT

TGTGCAACACTAGGTTAGTCTCTG

mCDA1 Primer Set 2

CTGAGCATCAACACCTATACATGT

TGTGCAACACTAGGTTAGTCTCTG

mCDA1 mRNA

CCTGGAGAGCATTCAAATGGACCT

AGTGAGAATCCTGACCACAGTGAA

Cre

GTCGATGCAACGAGTGATGA

CAGTGAAACAGCATTGCTGT

β-actin

GAGGCCCAGAGCAAGAGAG

GGCTGGGGTGTTGGT
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3.2. General Methods
3.2.1. Genotyping of genetically modified mice
3.2.1.1. Isolation of genomic DNA
Genomic DNA was isolated from tissue using the REDExtract-N-Amp Tissue PCR Kit
(Sigma-Aldrich, Castle Hill, NSW, Australia; Cat. No. XNAT) with a modified protocol. In brief, ~5
mg of tissue was incubated in a 50 μL mixture of Extraction Solution and Tissue Preparation Solution
(4:1) at 37°C for 15 min and then heated to 96°C for 3 min. 40 μL of Neutralisation Solution B was
then added to the sample and briefly vortexed. Samples were then stored at 4°C until use.
3.2.1.2. Genotyping of mice using polymerase chain reaction
Polymerase Chain Reaction (PCR) was performed to determine the genotype of mice through
the amplification of DNA fragments using gene specific primers (Table 3.3). Each PCR was
performed using GoTaq Green Master Mix (Promega, Madison, WI, USA; Cat. No. M712) according
to the manufacturer’s protocol. Amplification was performed in Applied Biosystems Veriti Thermal
Cycler (Thermo Fisher Scientific, Waltham, MA, USA), using a standard PCR reaction. Following
an initial denaturation step at 96°C for 3 min, reactions underwent 35 cycles of the following thermal
cycling conditions; a denaturation step at 96°C for 1 min, annealing step at 55°C for 1 min and
extension step at 72°C for 1.5 min. At the end of the 35th cycle, the reaction was incubated at 72°C
for a further 7 min and then cooled at 4°C until further analysis.
3.2.1.3. Agarose Gel Electrophoresis
Agarose gels were prepared at 1.2% (w/v) using TAE buffer, with ethidium bromide being
added to the molten agarose, to allow for visualisation of DNA bands under UV light, and allowed to
cool before PCR samples were loaded into the gel. Electrophoresis was run at 100-120 V for 45-60
min, or until dye front reaches the end of the gel. DNA bands were visualised under UV light and
recorded using the BioRad Chemidoc system.
3.2.2. Animal studies and measurements of metabolic parameters
3.2.2.1. Induction of diabetes with streptozotocin (STZ)
To induce diabetes, male mice (6-8 weeks of age) underwent multiple intraperitoneal
injections of STZ (55 mg/kg per day for 5 consecutive days), as previously described.276 Animals
serving as non-diabetic controls were injected with citrate buffer alone. Blood glucose levels were
monitored weekly to confirm the diabetic status of these mice. Animals were housed on a 12-hour
light/ dark cycle with free access to water and standard mouse chow. The animal study was approved
according to the international guidelines, including the “Principles of Laboratory Animal Care”
(National Institutes of Health, 1985) and the “Australian Code of Practice for the Care and Use of
Animals for Scientific Purpose, 8th edition” (National Health and Medical Council of Australia,
2013). For more details specific to particular studies, particular the induction of genetic deletion of
CDA1, refer to Chapters 5 and 6.
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3.2.2.2. Monitoring of animals in diabetic studies
Mice utilised for the diabetic nephropathy studies (Chapter 5 and 6) were monitored
regularly, with blood glucose and body weight measured weekly. Metabolic parameters were
collected by placing mice individually into metabolic cages (Iffa Credo, L’Arbresle, France), to
measure food and water intake, as well as urine output, over a 24-hour period. Blood was collected,
with heparin used as an anticoagulant, and centrifuged at 6,000 relative centrifugal force (rcf) for 6
min to allow for the separation of plasma and blood cells. After a volume of plasma was aliquoted
into a new tube, blood cells were resuspended in an equal volume of 0.09% (w/v) sodium chloride
solution. Blood, plasma and urine was stored at -20°C until use for biochemical analysis.
3.2.2.3. Unilateral Ureteric Obstruction (UUO) and Ischaemia/Reperfusion (IR) injury
Mice designated for either the UUO or IR studies were housed in an experimental animal
facility under controlled conditions, with a 12-hour light/ dark cycle and free access to water and
standard mouse chow. Surgeries were performed under aseptic conditions within this facility, with
mice placed on top of 37°C heating pad to maintain body temperature. The animal study was approved
according to the international guidelines, including the “Principles of Laboratory Animal Care”
(National Institutes of Health, 1985) and the “Australian Code of Practice for the Care and Use of
Animals for Scientific Purpose, 8th edition” (National Health and Medical Council of Australia,
2013). Refer to Chapter 7 for more details.
3.2.2.4. Euthanasia of animals and tissue collection
At their designated experimental endpoint, mice were humanely euthanised using a lethal
injection of sodium pentobarbitone (Lethabarb, 100 mg/kg body weight; Virbac, Milperra, NSW,
Australia), followed by cardiac puncture and exsanguination. Reflexes were tested by pinching limbs
to ensure mice were unconscious prior to making incisions. Once the mouse is deceased, tissues were
collected. The kidney, in particular, was sliced longitudinally, with one half being fixated in 10%
neutral-buffered formalin for histological analysis, while the other half was snap-frozen in liquid
nitrogen and stored at -80°C until use for biochemical analysis.
3.2.2.5. Measuring albuminuria
Urinary albumin was measured using a Mouse Albumin ELISA Quantitation kit (Bethyl
Laboratories, Montgomery, TX, USA; Cat. No. E90-134), with slight modifications to the
manufacturer’s protocol. In brief, 100 µL of albumin-specific capture antibody solution (provided
with kit, 1:100 dilution in coating buffer) was coated onto Nunc-Immuno MicroWell 96 well solid
plates (Sigma-Aldrich; Cat. No. M9410) overnight at 4°C. The next morning, the solution is decanted
and all wells were washed with wash solution at least 5 times. Afterwards, wells were blocked with
300 µL of 1% BSA in assay buffer for 1hr at room temperature. After blocking solution is decanted
and wells were washed, 100 µL of standards or samples (diluted with sample/conjugate buffer) were
added to wells and incubated for 1hr at room temperature, before contents were discarded and wells
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washed. Subsequently, 100 µL of horseradish-peroxidase (HRP) conjugated albumin-specific
detection antibody (diluted 1:20,000 in sample/conjugate buffer) was added to each well. After an
incubation at room temperature for 1 hr, wells were once again washed, before 100µL of 3,3', 5,5tetramethylbenzidine was added to each well, which was converted to a blue product by HRP. After
an incubation time of 15-30 min, 100 µL of 1.8 M H2SO4 was added to each well to stop the reaction.
The plate was then read at 450 nm using a spectrophotometer plate reader. Concentration of urinary
albumin of samples was subsequently calculated in reference to the standards. The albumin excretion
rate over 24 hours was calculated according to the urinary albumin concentration and urine output of
each individual animal.
3.2.2.6. Measuring creatinine levels
Plasma and urinary creatinine levels were measured using a clinical computerized chemistry
analyser (Cobas Integra 400 Plus, Roche Diagnostics, Forrenstrasse, Switzerland), according to the
protocol provided by the manufacturer. Briefly, 100 µL of urine or plasma samples were aliquoted
into COBAS cups (Roche Diagnostics, Cat. No. 1271758020), then loaded into the Cobas Integra
400 Plus running the Creatinine plus ver.2 kit (Roche Diagnostics, Cat. No. 03263991190). After
analysis, creatinine concentrations of samples were calculated as reported previously.277
3.2.2.7. Measuring glycated haemoglobin
Blood was analysed for glycated haemoglobin was measured using the Cobas b 101 POC
system (Roche Diagnostics), according to the manufacturer’s protocol. Briefly, 2 µL of blood was
loaded into Cobas Hb1ac test cassettes (Roche Diagnostics, Ref. No. 06378676) and analysed using
the Cobas b 101 POC system. As the glycated Hb1ac detection limit was between 4-14%, any sample
that was out of this range was designated as 4% for low and 14% for high.
3.2.2.8. Urinary kidney injury molecule-1 (KIM1) ELISA
Urinary kidney injury molecule-1 (KIM1) was measured using a mouse HAVcr-1 ELISA kit
(EIAab, Wuhan, China; Cat. No. E0785m) according manufacturer’s protocol. As plates are precoated by the manufacturer, the kit was ready to use once opened. Briefly, a standard curve was
generated using the provided reconstituted KIM1 protein of known concentration in the range of 0-5
ng/mL. 100 μL of standard or undiluted sample was added per well, covered with a plate sealer and
incubate at 37°C for 2 hr. After wells were aspirated, 100μL of Detection Reagent A working solution
was added to each well, and incubate at 37°C for 1 hr. After wells were aspirated and washed with
provided wash solution at least 3 times, 100 μL of Detection Reagent B working solution was added
and incubated at 37°C for 1 hr. After another series of washes, 90 μL of Substrate Solution was added
and incubated at 37°C for 15 min away from light. The reaction was terminated with 50 μL of Stop
Solution and optical density was measured at 450 nm using a spectrophotometer.
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3.2.3. Isolation of ribonucleic acids (RNA) from tissues
3.2.3.1. Isolation of RNA using phenol/chloroform/water extraction
Ribonucleic acid (RNA) was isolated from tissue using a modified protocol routinely used in
our lab.278, 279 In brief, frozen tissue (~10 mg) was homogenised in 1 mL RNASolD (see Section
3.1.2.1) using zirconium oxide beads in a Bullet Blender (Next Advance, Averill Park, NY, USA) at
4°C for 10 min, before 200 μL chloroform:isoamyl alcohol was added (49:1). After being briefly
vortexed, samples were then centrifuged at >20,000 rcf at 4°C for 20 min. The top aqueous phase
was transferred into a new tube containing 500 μL isopropanol. Samples were briefly vortexed and
left at -80°C overnight. The next day, samples were allowed to thaw on ice, before they were
centrifuged at 4°C, >20,000 rcf for 20 min. With the nucleic acids precipitated out of solution, the
supernatant was discarded and the pellet was washed twice with 75% ethanol, which was prepared
with molecular grade water. Samples were briefly vortexed and centrifuged at 4°C, >20,000 rcf for
10 min. After, the ethanol was discarded and tube was air-dried for ~5 min. RNA was dissolved with
~12 μL of molecular grade water and heated to ~55°C for 5 min. Samples were then measured for
RNA concentration using a UV/VIS spectrophotometer (QIAxpert; Qiagen, Hilden, Germany).
3.2.3.2. Deoxyribonuclease (DNase) treatment of RNA
To remove any potential residual DNA from the samples, 6 µg of total RNA was incubated
with 0.35 U deoxyribonuclease (DNase) (Thermo Fisher Scientific; Cat. No. 2238G) with 1 μL of
DNase 10x buffer (Thermo Fisher Scientific; Cat. No. 8167G) in a total volume of 10 µl at 37°C for
~30 min. The reaction was stopped with the addition of 1.2 µl of DNase Inactivation Reagent (Thermo
Fisher Scientific; Cat. No. 8174G) for 2 min at room temperature. The samples were centrifuged at
>20,000 rcf for 2 min and the supernatant transferred to new microcentrifuge tubes without disturbing
the inactivation beads. Samples were stored at -80°C until use.
3.2.3.3. Reverse transcription of RNA into cDNA
Total cDNA was synthesised in a final reaction volume of 20 µl containing 1.8 µg DNasetreated RNA. First, 1.8 µg of RNA samples was mixed with 100 ng random primers (Thermo Fisher
Scientific; Cat. No. 58875) and molecular grade H2O, to make a total volume of 10 µl. Samples were
then incubated at 70°C for 5 min and cooled on ice. 10 µL of the reaction mix listed in Table 3.3 was
added to each tube, leading to a total volume of 20 µl and then incubated at room temperature for 10
min, followed by 37°C for 1 hr. The reaction was terminated at 70°C for 10 min, chilled on ice before
being stored at -20°C until use.
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Table 3.4. Reaction mix used for reverse transcription
Reagent

Volume (µL)

First-Strand Buffer (Thermo Fisher Scientific; Cat. No. Y02321)

4.0

10 mM dNTP mix (Thermo Fisher Scientific, dATP R0142, dCTP R0152,
dGTP R0162, dTTP R0172)
0.1 M DTT (Invitrogen; Cat. No. Y00147)

2.0
2.0

20 U/µL RNase inhibitor (New England Biolabs, Ipswich, MA, USA; Cat. No.
M0314L or TaNaKa Scientific, Tokyo, Japan; Cat. No. 2313A)
M-MLV Reverse Transcriptase (200U/μL, Thermo Fischer Scientific; Cat. No.
28025-021)
Molecular grade H2O

0.1
1.0
0.9

Total Volume:

10

3.2.3.4. Quantitative Real Time PCR (qRT-PCR)
Quantitative Real Time PCR (qRT-PCR) was performed in a MicroAmp Optical Microplate,
either a 96-well or 384-well plates (Thermo Fisher Scientific; Cat. No. 4346906 or 4483320,
respectively). Multiplex reactions, with reaction mix as listed in Table 3.4, was performed if a FAM
(6-carboxyfluorescein) dye-labelled probe was available for the target gene of interest using Taqman
reagent (Refer to Table 3.1 for primer sequences). An added advantage of these reactions was the
ability to analyse the presence of the housekeeping gene, 18S, in the same reaction mix. Alternatively,
in the absence of a gene-specific probe, qRTPCR was performed using gene-specific primers and
SYBR green reagents as listed in Table 3.5. In these instances, at least two separate wells were
required to measure the presence of the target gene and the housekeeping gene for a particular sample.
After loading the reaction mix into the required number of wells for each individual sample, 0.5 μL
of cDNA sample was added to each well. The QuantStudio 3 or 5 Real-Time PCR Systems was used
to run 96 or 384 samples, respectively, for amplification and signal detection. The thermal cycling
conditions started with an initial denaturation step at 95°C for 20 sec, followed by >40 cycles that
consisted of a denaturation step at 95°C for 1 sec, annealing and extension step at 60°C for 20 sec.
Signals from target specific amplification were normalised to signals from 18S ribosomal-RNA
amplification utilising the comparative threshold cycle (CT) method.280
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Table 3.5. Reaction mix used for TaqMan reactions
Reagent

Volume (µL)

18S ribosomal-RNA primer/probe mix (Thermo Fisher Scientific; Cat. No.
4319413E)

0.175

Forward Primer (10 μM)

0.3125

Reverse Primer (10 μM)

0.3125

Probe (1 μM)

0.3125

TaqMan Universal Master Mix (Thermo Fisher Scientific; Cat. No. 4304437)

3.125

Molecular grade H2O

1.7625
Total Volume

6

Table 3.6. Reaction mix used for SYBR reactions
Reagent

Volume (µL)

Housekeeping gene:
18S ribosomal-RNA primer/probe mix (Thermo Fisher Scientific; Cat. No.
4319413E)

0.175

TaqMan Universal Master Mix (Thermo Fisher Scientific; Cat. No. 4304437)

3.125

Molecular grade H2O

2.7
Total Volume

6

Target gene:
Forward Primer (10 μM)

0.3125

Reverse Primer (10 μM)

0.3125

Fast SYBR Green Master Mix (Thermo Fisher Scientific; Cat. No. 4385612)

3.125

Molecular grade H2O

2.25
Total Volume

48

6

3.2.4. Quantification of total collagen content
Hydroxyproline is a non-proteinogenic amino acid which is derived from the posttranslational modification of proline residues by prolyl hydroxylases.281 Hydroxyproline is a major
component of collagen, often being part of a repeating triplet amino acid sequence within collagen
and representing ~14.4% of the amino acid composition of collagen in most mammalian tissues. Total
collagen content can be estimated in a particular tissue sample using a colorimetric assay to measure
hydroxyproline content.282 Tissue samples were prepared via acid hydrolysis prior to hydroxyproline
assay analysis. Extrapolation of the total collagen content in a sample was performed by multiplying
hydroxyproline values by a factor of 6.94, based on ~14.4% hydroxyproline content in mammalian
collagen. Collagen concentration was then calculated and shown as collagen content in μg/mg dry
tissue weight.
3.2.4.1. Acid Hydrolysis of tissue
Approximately 10mg of frozen tissue was lyophilised and dry tissue weight was recorded. 1
mL of 6 M hydrochloric acid was then added and samples were heated to 120°C overnight in air-tight
tubes to hydrolyse the tissue. Samples were re-lyophilised and resuspended in 0.1 M hydrochloric
acid and used for hydroxyproline assay.
3.2.4.2. Hydroxyproline Assay
Total collagen content was measured according to a modified and scaled down
hydroxyproline assay protocol,282 to be performed on a 96-well clear optical microplate. A standard
curve was generated using 4-hydroxyproline in the range of 0-100 µg/mL. 100 μL of oxidation buffer
in isopropanol (8:92, see Section 3.1.2.3) was added to each well. 10 μL of acid hydrolysed tissue
sample (Section 3.2.4.1) or standards was added to each individual well, performed in duplicate, and
incubated at room temperature for 4 min. 100 μL of isopropanol was then added to each well. An
adhesive cover was placed over the plate to prevent evaporation and placed on an orbital shaker
briefly to mix contents. The plate was then incubated at 60ºC for 25 min before being placed in a
spectrophotometer and absorbance was measured at 560 nm. Hydroxyproline concentrations for each
sample were calculated based on the determined absorbance of samples using the line-of-best-fit
equation generated from the standard curve.
To confirm the reliability of the modified protocol used in this thesis, kidney samples at
different timepoints from the UUO study were measured for their total collagen content. Indeed, using
this modified protocol, I was able to confirm that total collagen content progressively increases with
time in the UUO model (Supplementary Figure 1).
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3.2.5. Protein Analysis
3.2.5.1. Extraction of proteins from tissue
Kidney tissues were homogenized, in Lysis buffer (Section 3.1.2) with appropriate protease
and phosphatase inhibitors, using magnetic homogenising beads at 4°C for 10 min. Samples were
then centrifuged at >20,000 rcf, 4°C for 20 min and the supernatant, containing soluble protein, was
transferred into a new tube and stored at -80°C until use.
3.2.5.2. Determination of protein concentration using bicinchoninic acid (BCA) assay
Total protein concentration was measured using Pierce bicinchoninic acid (BCA) Protein
Assay Kit (Thermo Fisher Scientific; Cat. No. 23225). A standard curve was generated using BSA in
the range of 1000 µg/mL to 0 µg/mL. 100 µL of BCA assay buffer was added into each well and then
5µl of standards or protein samples (diluted ~1/20 in lysis buffer) were added in duplicate in clear
96-well microassay plates. Plates were covered with parafilm and incubated at 37°C for 25 min.
Absorbance was measured at 562 nm. Protein concentration of samples were calculated based on the
determined absorbance of samples using the line-of-best-fit equation generated from the standard
curve.
3.2.5.3. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
Samples were mixed with Laemelli’s SDS-PAGE sample buffer containing 10% (v/v) βmercaptoethanol and heated at 96°C for 5 min. Approximately 20 μg/lane of sample was loaded into
Bolt 4-12% Bis-Tris Plus Gels (Thermo Fisher Scientific; Cat. No. NW04127BOX). SDS-PAGE was
performed at 150 V for 1.5 hr or until the dye front reached the end of the gel.
3.2.5.4. Western Blot
Electrophoresed proteins were then transferred from the polyacrylamide gel onto
nitrocellulose membranes using Trans-Blot Turbo Mini nitrocellulose transfer packs (0.2 µm pore
size, Bio-Rad, Hercules, CA, USA; Cat. No. 1704156) and BioRad Transblot Turbo Semi-Transfer
system (Bio-Rad; Cat. No. 1704155) at 1.3 A for ~14 min. Membranes were blocked with 2% (w/v)
BSA in TBS for 1 hr at RT, before being incubated with primary antibody (1:500 dilution, AntiSmad3 (phospho-S423+S425) antibody [EP823Y]; Abcam, Cambridge, UK; Cat. No. ab52903 or
anti-αSMA antibody; Cell Signalling Technology, Danvers, MA, USA; Cat. No. 14968) overnight at
4°C. After several washes with TBS with 0.05% (v/v) Tween-20 (TBS-T), membranes were probed
with an appropriate secondary antibody (1:10,000 dilution, IRDye 800CW Goat anti-Rabbit IgG (H
+ L); LI-COR, Lincoln, NE, USA; P/N 925-32211) for 1 hr at room temperature. Membranes were
visualised using Odyssey CLx Infrared Imaging System (LI-COR) after several washes of TBS-T.
Protein bands were quantified using ImageStudio and normalised against either β-actin (1:4,000
dilution, anti-β-Actin [8H10D10] antibody, Cell Signalling Technology; Cat. No. 3700) or α-tubulin
bands (1:10,000 dilution, anti-α-Tubulin [DM1A] antibody, Cell Signalling Technology; Cat. No.
3873).
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3.2.6. Histological stains
3.2.6.1. Periodic Acid Schiff (PAS) Staining
3 µm paraffin sections were dewaxed by immersing slides in xylene twice, for 10 min each,
and then in absolute ethanol thrice, for 5 min each. Afterwards, slides were rinsed in running water
and then washed in distilled water at least 3 times, with each wash lasting 1 min each. They were then
oxidised with 1% (w/v) periodic acid for 5 min and washed once again in distilled water. Sections
were placed in Schiff Reagent for ~20 min before being rinsed in distilled water, then left in warm
running water for 15 min. They were counter-stained with Mayer’s haemalum for 30 sec and Scott’s
tap water for 10 sec before being dehydrated and coverslips mounted with DPX mounting medium
(Sigma-Aldrich; Cat. No. 06522).
3.2.6.2. Massons’ trichrome staining
Renal ECM was stained by using the Masson’s trichrome staining kit (Australian Biostain
P/L; Cat. No. AMT.K). Briefly, sections were dewaxed in several changes of xylene and absolute
ethanol (see Section 3.2.6.1) and then rinsed with running tap water. Slides were then placed in
Bouin's solution for 1 hr at 60°C and rinsed in running tap water for 5-10 min. Slides were then
stained in Weigert's iron hematoxylin working solution for 10 min and rinsed in warm running tap
water for 10 min, followed by a wash in distilled water. They were then stained with Biebrich scarletacid fuchsin solution for 10-15 min, washed briefly in distilled water and then placed in
phosphomolybdic-phosphotungstic acid solution for 10-15 min. Sections were transferred into aniline
blue solution and stained for 8 min before being rinsed briefly in distilled water and placed in 1%
(v/v) acetic acid solution for 2-5 min. Slides were then washed with distilled water, dehydrated and
coverslips mounted using DPX.
3.2.6.3. Immunohistochemical staining
Paraffin embedded sections were stained for collagen IV using goat anti-collagen IV (1:250
dilution; SouthernBiotech, Birmingham, AL, USA; Cat. No. 1340-01) or collagen III using goat anticollagen III antibodies (1:250 dilution; SouthernBiotech; Cat. No. 1330-01) using a modified avidinbiotin-peroxidase compound immunoglobulin enzyme bridge protocol with species matched kits
(Vector Laboratories, Burlingame, CA, USA).
Sections were dewaxed as described in Section 3.2.6.1. Endogenous peroxidases activity was
quenched with 3% (v/v) hydrogen peroxide (Pierce, Rockford, IL) in methanol for 20 min. Following
a wash step, consisting of several changes in tap water and distilled water, slides were pre-warmed at
37°C in distilled water, antigen retrieval was performed using 0.4% (w/v) pepsin (Sigma-Aldrich;
Cat. No. P6887) in 0.01M HCl solution at 37°C for 10 min, followed by another series of washes.
Slides were bathed in 0.5% (w/v) skim milk in TBS solution and left for 10 min. After a wash step
with TBS and TBS with 0.1% Tween-20 (TBS-T), primary antibody solution, prepared in 1% (v/v)
normal horse serum (Vector Laboratories; Cat. No. S-2000) in TBS, was added to sections and
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incubated overnight in a humidified chamber at 4°C. The following morning, slides were washed in
sequence from running tap water, distilled water, TBS then TBS-T. Slide were then further blocked
with an Avidin-Biotin blocking kit (Vector Laboratories; Cat. No. SP-2001), with 10 min incubation
of each solution followed by another series of washes. Next, an appropriate secondary biotinylated
antibody was added for 10 min (1:500 dilution in TBS, Biotinylated Horse Anti-Goat IgG Antibody;
Vector Laboratories; Cat. No. BA-9500). After a series of washes, slides were incubated with
horseradish peroxidase-conjugated avidin complex (VECTASTAIN Elite ABC-HRP Kit; Vector
Laboratories; Cat. No. PK-6100) for 15 min. Following another wash, peroxidase activity was
visualised with 3,3’-diaminobenzidine tetrahydrochloride (Sigma-Aldrich; Cat. No. D5905)
containing 0.05% (v/v) hydrogen peroxide in TBS. Following a wash in running tap water, slides
were counter-stained with Mayer’s haemalum for 30 sec and immersed in Scott’s tap water for 10 sec
before being dehydrated and mounted with DPX.
3.2.6.4. Quantification of histological stains
Twenty images at 200x magnification were taken around the renal cortex of each section, in
a blinded-manner, and staining was analysed using the Image-Pro Plus 7.0 software (Media
Cybernetics, Bethesda, MD, USA). The histogram-based mode of colour thresholding was used to
digitally analyse histological staining and determine the percentage area of positive staining in each
image. The three red-green-blue parameters were manually gated between 0 and 255 to exclusively
encompass the colour of a specific stain, such as blue for Masson’s trichrome staining, magenta for
PAS staining or brown for positive immunohistochemical staining. Accuracy of these parameters
were confirmed with negative staining and/or a pseudo-colour.
3.2.7. Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, La Jolla,
CA, USA). All data were expressed in mean±SE. Differences in the mean among groups were
analysed using one-way ANOVA followed by multiple comparisons between groups using the HolmSidak post-hoc test. Any value which exceeded two standard deviations from the mean of that group
were considered statistical outliers and excluded from that analysis. A difference with p<0.05 was
considered to be statistically significant.
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Chapter 4. Optimisation of conditions to induce the genetic deletion of
CDA1 in CDA1flox/ERCre mice
4.1. Background
CDA1 has been implicated as a potential molecular target to combat fibrosis progression in
CKD. Utilising a global CDA1 knockout mouse strain, our laboratory has observed an attenuation in
diabetes-associated renal fibrosis in CDA1 deficient mice.256 However, as these mice do not have the
functional CDA1 gene during their development, life, and the time span of the experimental disease
model, these studies do not accurately represent the clinical scenario observed in humans, where
CDA1 is present prior and throughout disease development. Thus, to circumvent this issue, we have
generated a tamoxifen-induced CDA1 KO mouse strain, the CDA1flox/ERCre mouse, to mimic a
pharmacological inhibitory approach against CDA1 expression.
The CDA1flox/ERCre mouse strain utilises the inducible lox/Cre system of DNA
recombination, enabling the induced genetic recombination of a gene of interest with the
administration of tamoxifen. The CDA1flox/ERCre mouse strain was generated by crossing two
mouse strains, the previously established CDA1flox and ERCre strains. The CDA1flox mouse has
LoxP sites, recognition sites for the cyclization recombination (Cre) enzyme,283 inserted to flank
exons 2-5 of the CDA1 encoding gene, Tspyl2. The ERCre mouse, also known as the CAGGCreERTM mice, expresses the recombinant enzyme, ERCre, which is a fusion protein of the mutant
estrogen receptor (ER) and the Cre DNA recombinase, under the global CAGG promoter.284 This
mutant ER is activated with the administration of tamoxifen or its active form, 4-hydroxytamoxifen,
and not by endogenous estrogen.285 While ERCre is expressed ubiquitously in the CDA1flox/ERCre
mice, in the absence of tamoxifen, ERCre is retained in the cytoplasm and the CDA1 gene is left
intact. Upon tamoxifen administration, ERCre will translocate into the nucleus and will excise the
region between LoxP sites flanking exons 2-5 of CDA1 gene, Tspl2. Thus, tamoxifen administration
in these mice results in the global genetic deletion of CDA1.
Prior to the use of CDA1flox/ERCre mice in subsequent animal studies (Chapter 5 and 6), I
performed pilot studies to optimise the conditions for the genetic deletion of CDA1 upon tamoxifen
administration. In addition, although the tamoxifen-induced loxP/Cre system is commonly used to
induce the genetic recombination of a gene of interest, tamoxifen is known to act through the estrogen
receptor, with high doses of tamoxifen being associated with offsite effects. Thus, the purpose of this
chapter was to determine the optimal dosage of tamoxifen to induce a significant reduction in CDA1
expression in CDA1flox/ERCre mice, while minimising potential side effects.
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4.2. Method
4.2.1. Generation of CDA1flox/ERCre mice
CDA1flox/ERCre mice, which were on a C57BL6 background, were bred from CDA1flox
and ERCre parents. Tissue from either tail or kidney of each mouse was used for extraction of
genomic DNA (see Section 3.2.1). Genotyping analysis was performed using the extracted genomic
DNA to confirm the presence of the ERCre gene, as well as to confirm the presence of the floxed
CDA1 gene.
4.2.2. Optimization of tamoxifen dosage to delete CDA1 gene in CDA1flox/ERCre mice
Tamoxifen (Sigma-Aldrich; Cat. No. T5648) was dissolved in absolute ethanol, and then
mixed with corn oil (Sigma-Aldrich; Cat. No. C8267) to make 1.0 or 1.5 mg of tamoxifen per 250
μL corn oil mixture. Male CDA1flox/ERCre mice aged 10-12 weeks (~25-35 g BW) were injected
with tamoxifen intraperitoneally, once a day for 3-6 consecutive days. Littermate CDA1flox mice
without the transgenic ERCre served as genotype controls. Mice designated as treatment controls
were injected with corn oil alone. Mice were culled 3-14 days after their final injection, and organs
were collected for genotyping and gene expression analysis.

4.3. Results
4.3.1. Genotyping of CDA1flox/ERCre mice
To determine whether knockout of CDA1 upon tamoxifen administration was achieved at the
genomic level in CDA1flox/ERCre mice, polymerase chain reaction (PCR) analysis using genomic
DNA as templates was performed using various combinations of primers (Table 3.2 and Figure
4.1A). As illustrated in Figure 4.1A, the use of mCDA1 Primer Set 1, which consists of WT-F and
KO-R primers, produces a PCR product of ~638 base pairs (bp) if exons 2-5 of the CDA1 gene are
present. If exons 2-5 are deleted, the WT-F primer is not able to anneal and PCR amplification does
not occur. This is seen in Figure 4.1B, where a band is present in CDA1 WT mice, while this band
is absent in global CDA1 KO mice. Additionally, the use of mCDA1 Primer Set 2, consisting of KOF and KO-R primers (Figure 4.1A), results in ~1165 and/or ~359 bp product(s) depending on whether
exons 2-5 of the CDA1 gene are present and/or absent, respectively. Tamoxifen administration at 1.0
mg per day, regardless whether mice received 3 or 6 daily consecutive doses of tamoxifen, resulted
in a reduced intensity of the CDA1 band produced by Primer Set 1 in CDA1flox/ERCre mice when
compared to CDA1flox/ERCre mice administered vehicle or CDA1flox mice which lacked the
ERCre gene (Figure 4.1C). These mice were also associated with the presence of a KO band when
CDA1 Primer Set 2 was used, indicating that a significant amount of DNA template of the CDA1
gene had exons 2-5 deleted. Of note, CDA1flox/ERCre mice receiving vehicle also showed a faint
KO band, indicating that minor background activity of ERCre can occur without tamoxifen
administration in these mice. In contrast, gene deletion of CDA1 was not observed in CDA1flox mice,
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particularly those receiving tamoxifen (Figure 4.1C). The use of these primers demonstrates that
deletion of exons 2-5 of the CDA1 gene is only achieved in CDA1flox/ERCre mice. Furthermore,
upon tamoxifen administration (1 mg/day) for 3 or 6 consecutive days, the intensity of KO bands is
markedly greater than those seen in vehicle-treated CDA1flox/ERCre mice (Figure 4.1C). This
demonstrates that the genetic deletion of the floxed CDA1 gene can be induced by the tamoxifen
administration in CDA1flox/ERCre mice. Genetic deletion of CDA1 was also observed in other
tissues, including heart, liver, lung, suggesting that this knockout occurs in most, if not all, tissues
examined (data not shown).
4.3.2. Tamoxifen decreases renal CDA1 mRNA levels in a dose-dependent manner
As seen in Figure 4.1, PCR analysis of genomic DNA confirmed the genetic deletion of the
CDA1 gene in CDA1flox/ERCre mice upon tamoxifen administration. Thus, to determine the relative
expression of intact CDA1 gene in CDA1flox/ERCre mice administered tamoxifen, total renal RNA
was extracted from these mice for quantitative real-time PCR (qRT-PCR) analysis. Absence of the
mRNA regions corresponding to exons 2-5 of the CDA1 gene was first confirmed by reverse
transcription PCR analysis of renal mRNA from these mice (Figure 4.2A). Quantitative assessment
via qRT-PCR revealed that wild type CDA1 mRNA levels decreased in CDA1flox/ERCre mice
receiving tamoxifen in a dose dependent manner (Figure 4.2B). CDA1flox/ERCre mice treated with
tamoxifen (1 mg/day) for three and six consecutive days led to a ~60% and ~70% reduction in CDA1
gene expression, respectively (data not shown). With further optimization of the tamoxifen dosage,
a greater reduction in CDA1 gene expression levels was achieved in mice treated with a higher dose
of tamoxifen (1.5 mg/day) for 3 consecutive days, with a ~80% reduction in gene expression when
compared to controls (Figure 4.2B, p<0.01 vs vehicle-treated CDA1flox/ERCre mice). In addition,
as renal tissues from these mice were collected 3 days after their final injection, the recombination of
the CDA1 gene by tamoxifen administration in CDA1flox/ERCre mice appears to occur relatively
quickly.
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Figure 4.1. Detection of the genetic deletion of CDA1 in CDA1flox/ERCre mice treated with
tamoxifen. A schematic diagram of the CDA1 gene with exons 2-5 flanked by LoxP sites and the
location of primers used in genotyping, as indicated by red arrows (A). Representative images of the
use of different primer sets to determine knockout of CDA1 in kidney tissues from CDA1flox/ERCre
mice. (B) WT: CDA1 wild type mouse; KO: global CDA1 KO mouse. Kidney tissues from
CDA1flox/ERCre mice treated with tamoxifen (+) (1 mg/mouse/day) or vehicle (-) for 6 and 3
consecutive days (C).
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Figure 4.2. Detection of CDA1 deletion from CDA1flox/ERCre mice treated with tamoxifen.
PCR analysis of cDNA synthesized from renal CDA1 mRNA from CDA1flox/ERCre mice treated
with tamoxifen (+) (1 mg/mouse/day) or with vehicle (-) for 6 and 3 consecutive days. Full-length
functional CDA1 is represented by the presence of a larger (WT) band (~817 bp), while a lower (KO)
band (~386 bp) represents the excised CDA1 gene transcript (A). The relative expression levels of
full-length/wild type CDA1 gene transcript in kidney tissues was quantified by qRT-PCR, suggesting
a dose-dependent decrease of CDA1 mRNA with tamoxifen administration (B, n=4).
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4.4. Discussion and Conclusion
The Cre/lox site-specific recombination system is frequently utilised to examine the
physiological and pathological roles of a gene of interest. Insight gained from these studies generally
involves the examination of effects associated with the absence or transgenic overexpression of the
gene of intent at either a global level, or, when driven by a tissue-specific promoter, in the context of
a particular cell type/tissue.286 The development of inducible Cre mouse strains, with tamoxifeninducible ERCre mice being the most commonly used, has provided another level of control, enabling
the possibility to manipulate gene expression at a certain timepoint during development or the lifespan
of the animal. Among other applications, the inducible Cre system has been used previously to delete
regions between loxP sites using various doses of tamoxifen.287
As mentioned previously, I planned to utilise the CDA1flox/ERCre mice to examine the
effects of induced genetic deletion of CDA1 during the progression of renal disease. Prior to those
studies, optimisation of tamoxifen administration needed to be performed. Other researchers have
previously reported that administration of 1-2 mg of tamoxifen/mouse/day for 3-6 consecutive days
can be used to activate ERCre.288, 289 I initially administered 1.0 mg/mouse/day of tamoxifen to
CDA1flox/ERCre mice for 3 and 6 consecutive days, while littermate CDA1flox mice were used as
genotype controls. Administration of tamoxifen (1.0 mg/mouse/day) for either 3 or 6 consecutive
days to CDA1flox/ERCre mice resulted in deletion of the CDA1 gene, particularly in the kidney, as
seen by the reduction in CDA1 WT band intensity and generation of a lower PCR product with the
use of Primer Sets 1 and 2, respectively (Figure 4.1C). Further quantitative analysis revealed a dosedependent reduction in intact CDA1 gene transcript expression in CDA1flox/ERCre mice receiving
tamoxifen for 3 consecutive days (Figure 4.2B).
Although the ERCre enzyme is theoretically retained in the cytoplasm in the absence of
tamoxifen (more specifically 4-hydroxytamoxifen), there was a detectable amount of background
activity. Genotyping analysis of genomic DNA from CDA1flox/ERCre mice administered vehicle
detected the presence of KO bands in these mice. Further analysis, however, demonstrated that the
relative expression levels of intact CDA1 mRNA in CDA1flox/ERCre mice receiving vehicle, as
determined by qRT-PCR, was comparable to CDA1 WT mice (Figure 4.2B). This finding indicated
that the majority of renal cells in vehicle-treated CDA1flox/ERCre mice still retained the intact CDA1
gene and that basal ERCre activity did not significantly affect CDA1 gene expression in these mice.
Based on the results obtained from these pilot studies, 1.5 mg/mouse/day tamoxifen for 3
consecutive days was chosen to induce genetic deletion of CDA1 in subsequent animal studies. As
described in this chapter, this dose, which amounted to ~50 mg Tamoxifen/ kg body weight (BW),
resulted in a ~80% reduction of CDA1 gene expression in CDA1flox/ERCre mice. The complete
ablation of CDA1 expression through increased dosage of tamoxifen was not performed for several
reasons. Firstly, it appeared unlikely that gene expression of CDA1 would be reduced significantly
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with a higher dose. This was seen in preliminary studies where CDA1flox/ERCre mice treated with
tamoxifen (1 mg/mouse/day) for three and six consecutive days led to a ~60% and ~70% reduction
in CDA1 expression, respectively (data not shown), while tamoxifen administration for 3
consecutive days at 1.0 and 1.5 mg/mouse/day led to a ~50% and ~80%, respectively. Secondly, as
these studies mimic a therapeutic intervention, it would be highly unlikely, even unrealistic, to
achieve complete blockade of the target molecule using a pharmacological approach. Thirdly,
tamoxifen, which is known to interact with the estrogen receptor, may have offsite effects on
physiology, including anabolic trabecular bone formation,290 and estrogen receptor-mediated
transcriptional regulation in the kidney.291, 292 Furthermore, tamoxifen has been reported to exhibit
anti-fibrotic effects through an estrogen receptor-α-dependent mechanism in a number of rodent
models of renal fibrosis.292-296 Thus, to avoid any potential side effects, as well as to mitigate any
confounding factors, 1.5 mg/mouse/day of tamoxifen for 3 consecutive days was deemed suitable for
subsequent studies.
In conclusion, this chapter describes the optimisation of tamoxifen doses required to achieve
a significant reduction in renal CDA1 expression in CDA1flox/ERCre mice. Indeed, I have
demonstrated that the administration of tamoxifen in CDA1flox/ERCre mice was able to cause the
recombination of the CDA1 gene in a rapid, consistent and dose-dependent manner. This preliminary
study is part of a larger proof-of-concept experiment to investigate the effect of induced CDA1
deficiency in a mouse model of diabetic nephropathy. Although I did not pursue a complete ablation
of CDA1 expression, the tamoxifen regiment of 1.5 mg/day for 3 consecutive days has proven
sufficient to induce a substantial reduction in CDA1 expression in CDA1flox/ERCre mice and was
therefore utilised for the subsequent studies in diabetic mice.
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Chapter 5. Induced genetic deletion of CDA1 in Diabetic
Nephropathy: Early Intervention Study
5.1. Background
Cell Division Autoantigen 1 (CDA1) is a nuclear phosphoprotein and a member of the
SET/NAP/TSPY protein family.248-251 With elevated expression observed in rodent models of
diabetic nephropathy and diabetes-associated atherosclerosis, CDA1 has been implicated to play a
role in the development of fibrosis.255, 256, 262 Indeed, renal biopsy samples from human patients with
renal fibrosis were associated with elevated levels of CDA1 protein.256 The pathological role of CDA1
in renal fibrosis has been attributed to its ability to enhance the profibrotic actions of TGFβ signalling,
with in vitro studies revealing a synergistic relationship between TGFβ and CDA1.250, 255, 261-263 The
inhibition or absence of CDA1 has been demonstrated to attenuate the development of fibrosis in
vitro and in vivo.256 These findings suggest that CDA1 is a potential molecular candidate to target
against renal diseases associated with enhanced TGFβ activity, such as diabetic nephropathy.
On the basis of these pioneering studies, I will further examine the role of CDA1 in renal
fibrosis and investigate the therapeutic potential of CDA1 inhibition in a mouse model of diabetic
nephropathy using the inducible CDA1 KO mouse strain, CDA1flox/ERCre. As described in
Chapter 4, the CDA1flox/ERCre mouse strain was designed to delete exons 2-5 of the CDA1 gene
upon the administration of tamoxifen. As such, this method can be used to mimic the therapeutic
intervention against CDA1 in DN, whereby the disease develops in the presence of CDA1 which can
be deleted at a later selected timepoint. I hypothesise that the deletion of CDA1 at early and later
stages of induced diabetic renal disease will mimic the therapeutic inhibition of CDA1 and thus lead
to an attenuation in renal fibrosis.

5.2. Methods
5.2.1. CDA1flox/ERCre mice, induction of diabetes and induced genetic deletion of CDA1
CDA1flox/ERCre male mice (6-8 weeks of age) were rendered diabetic by multiple injections
of STZ (55 mg/kg per day for 5 consecutive days) with littermate CDA1flox mice serving as genotype
controls. Animals serving as non-diabetic controls were injected with citrate buffer alone. Tamoxifen
(1.5 mg/mouse/day for 3 consecutive days) or vehicle was administered intraperitoneally at 5 weeks
after STZ injections to represent an early intervention against CDA1 activity (Figure 5.1). Mice were
culled at 10 weeks after diabetes induction to represent an early stage of diabetic nephropathy
progression and tissues collected for analysis (Refer to Chapter 3 for details).
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Figure 5.1. Timeline of the 10-week STZ-induced diabetic study. Male mice at 6-8 weeks of age
were injected with STZ to induce diabetes or with citrate buffer to serve as non-diabetic controls.
Mice were randomly allocated to receive injections of tamoxifen or vehicle at 5 weeks after diabetes
induction. Mice were culled at 10 weeks after STZ injections and organs were harvested for analysis.

5.3. Results
5.3.1. Reduced renal CDA1 gene expression in tamoxifen-treated CDA1flox/ERCre mice
One week prior to administration with either tamoxifen or vehicle, both CDA1flox and
CDA1flox/ERCre mice injected with STZ exhibited typical diabetes-associated changes in metabolic
parameters, including polydipsia, polyuria and albuminuria (Table 5.1, p<0.001 vs non-diabetic
mice). Interestingly, although there were no differences in body weight or food intake, diabetic
CDA1flox/ERCre mice appeared to have reduced water intake, urine output and urinary albumin
levels than diabetic CDA1flox mice at 4 weeks after induction of diabetes (Table 5.1). Nonetheless,
all mice were randomly allocated to receive either tamoxifen or vehicle at 5 weeks after STZ
injections. At the 10-week timepoint, CDA1flox mice, that did not possess the ERCre transgene, had
similar levels of renal CDA1 gene expression, regardless of whether they were administered with
vehicle or tamoxifen (Figure 5.2A). There was a tendency towards diabetes-associated elevated
CDA1 expression in these mice, albeit the difference was not statistically significant in this study.
Daily injections of tamoxifen at 1.5 mg/day over 3 consecutive days of CDA1flox/ERCre mice led
to ~75-80% reduction in renal CDA1 gene expression compared to vehicle-treated animals, regardless
of diabetic status (Figure 5.2A, p<0.001 compared to vehicle-treated mice). Genetic deletion of
CDA1 was also confirmed using PCR analysis with renal cDNA as templates, where the presence
and band intensity of a smaller PCR product, signifying the deletion of exons 2-5 of the CDA1
transcript, was significantly greater in CDA1flox/ERCre mice receiving tamoxifen (Figure 5.2B).
Thus, these results confirm that tamoxifen administration in CDA1flox/ERCre mice led to CDA1
deficiency in these mice.
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Table 5.1. Metabolic parameters of mice at 4 weeks after STZ-induced diabetes induction
Treatment
Body weight (g)
Water intake (mL/day)
Food intake (g/day)
Urine Output(mL/day)
Albuminuria (µg/day)

CDA1flox
Control
Diabetic
30 ±0.7
25 ±0.4
1.5 ±0.2
18.4 ±0.8
2.3 ±0.1
4.8 ±0.1
0.7 ±0.1
15.5 ±0.9
17.5 ±2.5 106.9 ±20.6

CDA1flox/ERCre
Control
Diabetic
30 ±0.9
26 ±2.2 ***
2.2 ±0.2 16.0 ±1.3 ***, ¤
1.9 ±0.2
4.5 ±0.2 ***
0.8 ±0.1 11.4 ±1.3 ***,††
11.7 ±1.5 44.5 ±4.2 ††

***
***
***
***
***
***p<0.001 vs corresponding non-diabetic control, ¤p=0.0788, ††p<0.01 vs diabetic CDA1flox
Samples sizes were >16 for control mice, 22 for diabetic mice

A

B

Figure 5.2. Induced genetic deletion of CDA1 in renal cortex of 10-week diabetic
CDA1flox/ERCre mice. Male CDA1flox and CDA1flox/ERCre mice were rendered diabetic (Dia)
with STZ injections, (or buffer alone to serve as non-diabetic controls (Con)) at 6-8 weeks of age and
were injected with tamoxifen (Tamo) or vehicle to delete the CDA1 gene in CDA1flox/ERCre mice
at 5 weeks of diabetes. Kidneys were collected at 10 weeks of diabetes. Renal CDA1 mRNA levels
are expressed as mean±SE (A, n=6-9 for nondiabetic controls, >11 for diabetic animals).
Representative images of reverse transcriptional PCR analysis of kidneys from CDA1flox and
CDA1flox/ERCre mice (B), which validates recombination as a result of tamoxifen administration in
CDA1flox/ERCre mice with the presence of the lower KO band (purple arrow).
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5.3.2. CDA1 deficiency does not affect diabetes-associated metabolic parameters
Ten weeks after STZ-induced diabetes, metabolic parameters of diabetic mice exhibited
expected changes associated with insulin-deficient diabetes, such as hyperglycaemia, elevated levels
of glycated haemoglobin, polydipsia, polyuria, renal hypertrophy and increased urinary albumin
excretion (Table 5.2 and Figure 5.3A and B, p<0.01 vs corresponding non-diabetic control groups).
Furthermore, there was a ~36.9-fold increase in urinary kidney injury molecule 1 (KIM1) excretion
in diabetic CDA1flox/ERCre mice (Figure 5.3C, p<0.001 vs. non-diabetic controls).
Many of the diabetes-associated changes to metabolic parameters were unchanged with
tamoxifen administration in both CDA1flox and CDA1flox/ERCre mice. This included a lack of
changes in diabetes-associated albuminuria in CDA1flox/ERCre mice administered with tamoxifen,
a finding confirmed even after corrections for urinary creatinine (Figure 5.3A and B). There was a
trend towards an attenuation of diabetes-associated urinary KIM1 levels in tamoxifen-treated
CDA1flox/ERCre mice (Figure 5.3C p=0.09 vs. diabetic vehicle-treated mice), suggesting a
reduction in tubular injury in these mice.
5.3.3. CDA1 deficiency attenuates diabetes-associated renal injury and fibrosis
At ten weeks of diabetes, there was a ~1.5-fold increase in TGFβ1 gene expression levels in
STZ-injected mice, specifically CDA1flox and CDA1flox/ERCre mice receiving vehicle (p<0.05 vs.
non-diabetic controls), with concomitant upregulation of profibrotic genes, such as fibronectin,
collagens I and III, as well as other genes known to be elevated by renal injury, including matrix
metalloproteinase-2 (MMP2) and plasminogen activator inhibitor-1 (PAI1) (Figure 5.4, p<0.05 vs
non-diabetic controls). In addition to these transcriptional changes, while ECM accumulation as
assessed by Masson’s Trichrome staining was not statistically significant between non-diabetic and
diabetic control mice (Supplementary Figure 2), there was a ~2.9-fold increase in collagen IV
accumulation in renal cortex of diabetic CDA1flox/ERCre treated with vehicle (Figure 5.5, p<0.05
vs. non-diabetic controls).
Induced genetic deletion of CDA1 during the progression of disease led to the attenuated
expression of many of the profibrotic genes examined (ranging from 15-30% reduction), such as
collagen III and MMP2 (Figure 5.4, p<0.05 vs diabetic CDA1flox/ERCre vehicle-treated mice).
CDA1 deficiency also led a reduction in renal ECM deposition (Supplementary Figure 2, p<0.05
vs CDA1flox/ERCre vehicle-treated mice) with an associated decrease in diabetes-associated
collagen IV immunostaining in these mice (Figure 5.5, p<0.05 vs. diabetic vehicle-treated mice).
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Table 5.2. Metabolic parameters of mice from the 10-week diabetic study
CDA1flox
Tamoxifen

Vehicle
Treatment
Blood Glucose (mmol/L)
Glycated Haemoglobin (%)
Body weight (g)
Total Kidney Weight/BW (%)
Water intake (mL/day)
Food intake (g/day)
Urine Output(mL/day)

14.7
4.7
32
1.12
5.2
2.1
1.0

Control
±0.9
±0.1
±1
±0.03
±1.6
±0.4
±0.2

Diabetic
23.5 ±2.3
11.8 ±0.7
24 ±1
1.80 ±0.06
26.5 ±1.7
5.81 ±0.2
23.3 ±1.7

*
15.6
**
5.2
***
33
*** 1.09
*** 1.8
*** 2.94
*** 1.4

Control
±0.5
±0.3
±1
±0.03
±1.3
±0.1
±0.7

Diabetic
24.0 ±2.2
10.5 ±0.9
24 ±1
2.20 ±0.57
21.3 ±2.7
5.19 ±0.3
17.0 ±2.5

**
**
***
***
***
*
**

CDA1flox/ERCre
Vehicle
Treatment
Blood Glucose (mmol/L)
Glycated Haemoglobin (%)
Body weight (g)
Total Kidney Weight/BW (%)
Water intake (mL/day)
Food intake (g/day)
Urine Output(mL/day)

14.7
4.8
33
1.08
3.9
1.6
1.1

Tamoxifen

Control
Diabetic
Control
Diabetic
±1.2
29.5 ±1.5 *** 16.5 ±1.9
23.2 ±2.5
±0.2
12.3 ±0.6 *** 4.9 ±0.2
9.9 ±0.8 ***
±1
24 ±1
***
34 ±2
26 ±1
***
±0.10
1.78 ±0.04 *** 1.13 ±0.04
1.54 ±0.07
±1.0
23.7 ±1.2 *** 1.1 ±0.3
18.7 ±2.0 ***
±0.3
5.31 ±0.2 *** 2.14 ±0.2
4.87 ±0.4 ***
±0.2
20.1 ±1.4 *** 1.3 ±0.2
14.4 ±2.8 ***
*p<0.05, **p<0.01, ***p<0.001 vs corresponding non-diabetic control
n= 6-12 for non-diabetic control mice, 10-13 for diabetic mice
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Figure 5.3. Induced CDA1 deficiency does not affect diabetes-associated albuminuria but may reduce urinary KIM-1 excretion. Analysis of urinary
albumin levels (A), with correction with urinary creatinine levels (B), was performed in male CDA1flox and CDA1flox/ERCre mice which were either rendered
diabetic with STZ for a period of 10 weeks (Dia) or received buffer to serve as non-diabetic controls (Con). At the midpoint of the study, 5 weeks after disease
induction, mice were either administered tamoxifen (Tamo) or vehicle (Veh). Urinary KIM1 excretion was also analysed in CDA1flox/ERCre mice only (C).
Data shown as mean±SE (n= 3-6 for Con, n>9 for Dia). *p<0.05, **p<0.01, ***p<0.001 vs corresponding non-diabetic control
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Figure 5.4. Induced genetic deletion of CDA1 attenuates diabetes-associated profibrotic gene
expression in mice. qRT-PCR analysis for the relative TGFβ1 (A), fibronectin (B), collagens I (C)
and III (D), MMP2 (E) and PAI1 (F) mRNA levels. Fold changes are shown as mean±SE (n>6 for
Con, n>10 for Dia). *p<0.05, **p<0.01, ***p<0.001 vs corresponding non-diabetic control, #p<0.05
vs vehicle-treated non-diabetic mice, †p<0.05, †††p<0.001 vs vehicle-treated diabetic mice.
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B

Figure 5.5. Induced genetic deletion of CDA1 attenuates diabetes-associated Collagen IV
deposition in mice. (A) Representative images of immunohistochemical staining for renal collagen
IV accumulation in 10-week non-diabetic (Con) and diabetic (Dia) CDA1flox/ERCre mice treated
with tamoxifen (Tamo) or vehicle (Veh) is shown in brown (magnification x200). (B) Quantification
of the staining is represented as a bar graph, with fold changes are shown as mean±SE and individual
samples (circles with dots) plotted within each group (n=6-7 for Con, >7 for Dia). *p<0.05 vs Veh
Con, †p<0.05 vs Veh Dia.
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5.3.4. Renoprotective effect of CDA1 deficiency is myofibroblast independent.
Renal cortical α-smooth muscle actin (αSMA) expression was also examined as a marker of
myofibroblasts activation and infiltration. αSMA protein levels were increased in diabetic
CDA1flox/ERCre mice (Figure 5.6, p<0.05 vs. nondiabetic vehicle-treated mice), which were
unchanged with tamoxifen-administration. Thus, this finding suggests that CDA1 deficiency does not
affect myofibroblast activation in this model.

A

B

Figure 5.6. Induced genetic deletion of CDA1 does not affect diabetes-associated αSMA
upregulation in mice. (A) Immunoblotting for renal αSMA expression in 10-week Con and Dia
CDA1flox/ERCre mice treated with tamoxifen (Tamo) or vehicle (Veh), and (B) quantification of
band intensity. Fold changes are shown as mean±SE (n=4 for Con, 7 for Dia). *p<0.05 vs Veh Con.
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5.4. Discussion
In this chapter, I utilised the inducible ERCre strain of mice to induce the knockout of a gene
through a site-specific recombination after induction of diabetes by serial STZ injections. In contrast
to the scenario observed in conventional/global CDA1 KO mice, the use of CDA1flox/ERCre mice
allows for the development of diabetic kidney disease in the presence of CDA1. The administration
of tamoxifen in these mice induces the deletion of exons 2-5 of the CDA1 gene, leading to the
resultant protein product being non-functional. The reduction in available intact CDA1 gene upon
tamoxifen administration, as well as the short half-life of the CDA1 protein,251,
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effectively

replicates the therapeutic intervention of CDA1 activity by, ultimately, reducing functional CDA1
protein levels. This strategy has been utilised previously, in inducible nicotinamide adenine
dinucleotide phosphate-oxidase-4 (NOX4) KO mice where the intervention occurred during the
progression of diabetic kidney disease, specifically 10 days after the induction of diabetes.297 By
contrast, this study intervened at a timepoint when signs of diabetic kidney disease were already
evident, particularly after the development of diabetes-associated albuminuria (Table 5.1).
Histological analysis of mice undergoing STZ-induced diabetic nephropathy at this timepoint has
previously revealed that glomerular hypertrophy is present in diabetic mice at this timepoint.298
Analysis of renal tissue at the 10 week timepoint revealed that tamoxifen administration to
CDA1flox/ERCre mice 5 weeks earlier, at a dose of 1.5 mg/mouse/day for 3 consecutive days, led to
a reduction of renal CDA1 gene expression levels to ~20-40% of vehicle-treated mice, regardless of
diabetic status (Figure 5.2). Further analysis revealed that in this 10-week diabetic study only in
CDA1flox/ERCre mice receiving tamoxifen was there an attenuation of diabetes-associated renal
injury. In contrast, tamoxifen administration to the genotype control CDA1flox mice had no effect
on any of the diabetes-associated metabolic parameters and/or upregulation of profibrotic genes
examined. Thus, only induced CDA1 deficient mice exhibited a reduction in diabetes-associated
profibrotic gene expression, which likely led to a subsequent reduction in cortical ECM deposition in
this study.
Due to the ability of CDA1 to augment the TGFβ signalling pathway, the inhibition and/or
absence of CDA1 was expected to reduce disease burden through the attenuation of TGFβ activity.
Indeed, we have previously reported that primary renal cells from CDA1 KO mice exhibited an
attenuated response to exogenous TGFβ1 stimulation.256 In agreement with previous reports, induced
CDA1 deficiency was associated with an attenuation of profibrotic gene expression in diabetic
CDA1flox/ERCre mice receiving tamoxifen (Figure 5.4). Interestingly, the renoprotective effect
associated with induced CDA1 deficiency occurred despite no effect on diabetes-associated
upregulation of TGFβ1 gene expression, nor αSMA protein expression, in this study (Figure 5.6).
These collective findings suggest that the actions of CDA1 in the development of fibrosis are
downstream of the actions of the cytokine TGFβ1 and are independent of myofibroblast activation.
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Furthermore, as αSMA expression is induced by TGFβ in a Smad3-dependent manner,172 the
mechanisms behind the promoting effects of CDA1 towards TGFβ-induced profibrotic gene
expression may be different from those which mediate the transcription of αSMA. However, further
analysis will be required to better elucidate the molecular actions of CDA1.
In summary, this study examined the effect of induced genetic deletion of CDA1 on the
progression of renal fibrosis in a mouse model of diabetic nephropathy. By utilising the inducible
loxP/Cre system, the development of diabetes occurs in the presence of CDA1 in these mice until the
administration of tamoxifen at 5 weeks after STZ-induced diabetes. Analysis of renal tissues after an
additional 5 weeks of diabetes revealed an attenuation of diabetes-associated profibrotic gene
expression and subsequent reduction in renal collagen deposition in induced CDA1 deficient mice.
Thus, this finding further supports the concept that targeting CDA1 is a potential approach to combat
CKD where fibrosis is a common pathological feature, such as diabetic nephropathy.
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Chapter 6. Induced genetic deletion of CDA1 in Diabetic
Nephropathy: Delayed Intervention Study
6.1. Background
Targeting CDA1 activity at an early stage during the progression of disease, using an inducible
genetic knockout mouse strain, has been shown to provide renoprotective effects in a mouse model
of diabetic nephropathy (See Chapter 5). Ten weeks after STZ injections (~16-18 weeks of age),
CDA1 wildtype mice presented with diabetes-associated metabolic changes, such as hyperglycaemia,
albuminuria and renal hypertrophy. These were accompanied with upregulation of proinflammatory
and profibrotic markers, as well as increases in ECM deposition in the renal cortex. Thus, in this
study, I have chosen to induce the genetic deletion of CDA1 at this timepoint when renal injury is
already established in order to investigate whether targeting CDA1 activity at this timepoint would
result in the attenuation and/or reversal of the long-term development of diabetes-associated renal
fibrosis.

6.2. Methods
6.2.1. CDA1flox/ERCre mice, induction of diabetes and induced genetic deletion of CDA1
CDA1flox/ERCre male mice (6-8 weeks of age) were rendered diabetic by multiple injections
of STZ (55 mg/kg per day for 5 consecutive days) with littermate CDA1flox mice serving as genotype
controls. Animals serving as non-diabetic controls were injected with citrate buffer alone. Tamoxifen
was administered at 10 weeks after STZ injections to induce the genetic deletion of CDA1 at this
timepoint, representing delayed intervention against CDA1 activity. As controls, both CDA1flox and
CDA1flox/ERCre mice were injected with vehicle, which would have no effect on the CDA1 gene
and thus serve as CDA1 “wildtype” controls (Figure 6.1). Mice were culled at 20 weeks after diabetes
induction to represent a later stage of diabetic nephropathy progression and tissues collected for
analysis (Refer to Chapter 3 for details).
Injection with Tamoxifen
Induction of diabetes

0

6-8
Age (weeks)

or Vehicle

0

10

20

Duration of Diabetes (weeks)

Figure 6.1. Timeline of the 20-week STZ-induced diabetes study. Male mice at 6-8 weeks of age
were injected with STZ to induce diabetes or with citrate buffer to serve as non-diabetic controls.
Mice were randomly allocated to receive injections of tamoxifen or vehicle at 10 weeks after diabetes
induction. Mice were culled at 20 weeks after STZ injections and organs were harvested for analysis.
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6.3. Results
6.3.1. CDA1 deficiency does not affect diabetes-associated metabolic parameters
At ten weeks after the induction of diabetes, non-diabetic and diabetic CDA1flox and
CDA1flox/ERCre mice were randomly allocated to receive vehicle to serve as “wildtype” controls or
administered tamoxifen which would induce CDA1 gene deletion only in CDA1flox/ERCre mice.
One week prior to this timepoint, metabolic parameters were measured to confirm the diabetic status
of mice injected with STZ. There was no statistically significant difference between non-diabetic
CDA1flox and CDA1flox/ERCre mice with respect to any of the metabolic parameters examined.
Both CDA1flox and CDA1flox/ERCre mice injected with STZ exhibited typical diabetes-associated
changes in metabolic parameters, including polydipsia and polyuria (Table 6.1, p<0.001 vs nondiabetic mice). Although there was an increase in urinary albumin excretion in diabetic
CDA1flox/ERCre mice, this was not statistically significant (p=0.14 vs non-diabetic
CDA1flox/ERCre mice), possibly due to the high variability of this parameter between individual
mice in that group. Interestingly, water intake and urine output were lower in diabetic
CDA1flox/ERCre mice than diabetic CDA1flox mice (Table 6.1, p<0.05 vs diabetic CDA1flox
mice), similar to observations seen in the early intervention study (Section 5.3.1), despite no
differences between the two groups in food intake and urinary albumin excretion.
Table 6.1. Metabolic parameters of mice at 10 weeks after STZ-induced diabetes induction
Treatment

Control
33 ±1
4.6 ±0.6
2.3 ±0.2
1.0 ±0.1
17.5 ±2.3

CDA1flox

Diabetic
±1
±1.3
±0.2
±1.2
±13.7

Control

CDA1flox/ERCre
Diabetic
***
26 ±0
13.8 ±1.5 ***,††
3.8 ±0.3 ***
11.1 ±1.3 ***,†
63.1 ±9.4

***
32 ±1
*** 3.8 ±0.7
*** 1.8 ±0.2
*** 0.9 ±0.1
*** 29.7 ±6.3
***p<0.001 vs corresponding non-diabetic control, †p<0.05, ††p<0.01 vs diabetic CDA1flox mice

Body weight (g)
Water intake (mL/day)
Food intake (g/day)
Urine Output(mL/day)
Albuminuria (µg/day)

27
18.6
4.3
14.6
86.6

n=16-19 for non-diabetic control mice, 26-31 for diabetic mice
Metabolic parameters were once again analysed after an additional ten weeks. After a total of
twenty weeks, STZ-induced diabetic mice exhibited expected changes in metabolic parameters as a
result of insulin deficiency (Table 6.2), including increases in urinary albumin and KIM1 levels
(Figure 6.2, p<0.01 vs non-diabetic mice). Tamoxifen administration to CDA1flox and
CDA1flox/ERCre mice had no effect on any of the metabolic parameters examined in this delayed
intervention study. Thus, similar to findings seen in the early intervention study (Chapter 5), induced
genetic deletion of CDA1 in this study had no effect on diabetes-associated metabolic parameters.
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Table 6.2. Metabolic parameters of mice from the 20-week diabetic study
CDA1flox
Tamoxifen

Vehicle
Treatment
Blood Glucose (mmol/L)
Glycated Haemoglobin (%)
Body weight (g)
Total Kidney Weight/BW (%)
Water intake (mL/day)
Food intake (g/day)
Urine Output(mL/day)

Diabetic

Control
11.0
4.6
37
1.15
2.4
2.14
1.1

±1.5
±0.2
±2
±0.05
±0.7
±0.39
±0.2

28.1
10.5
26
1.81
21.8
3.99
20.8

±1.7
±0.7
±1
±0.06
±2.5
±0.37
±2.3

Diabetic

Control
***
***
***
***
***
***
***

10.3
4.7
38
1.06
4.0
2.43
0.9

±0.5
±0.1
±1
±0.05
±0.4
±0.20
±0.2

30.7
11.7
26
1.86
27.4
4.74
25.1

±1.7
±0.7
±1
±0.08
±2.1
±0.22
±1.7

***
**
***
***
***
***
***

CDA1flox/ERCre
Tamoxifen

Vehicle
Treatment

Control

Diabetic

Control

Diabetic

11.2 ±1.2

29.9 ±2.5

***

12.1 ±0.9

32.1 ±1.2

***

Glycated Haemoglobin (%)

4.6 ±0.1

12.6 ±0.6

***

4.7 ±0.0

11.6 ±0.8

***

Body weight (g)

37 ±1

26 ±1

***

36 ±1

26 ±1

***

1.18 ±0.03

1.83 ±0.06

***

1.11 ±0.03

1.86 ±0.08

***

3.6 ±0.7

23.7 ±2.5

***

4.7 ±0.8

23.2 ±2.3

***

1.39 ±0.33

3.82 ±0.41

***

2.11 ±0.11

3.71 ±0.37

***

Blood Glucose (mmol/L)

Total Kidney Weight/BW (%)
Water intake (mL/day)
Food intake (g/day)

Urine Output(mL/day)
1.0 ±0.1
21.9 ±2.5
***
0.8 ±0.1
20.8 ±2.7
***
***p<0.001 vs corresponding non-diabetic control, n= 7-12 for non-diabetic control mice, 12-17 for diabetic mice
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Figure 6.2. Delayed induced CDA1 deficiency does not affect diabetes-associated albuminuria, nor urinary KIM1 excretion. Analysis of urinary albumin
levels (A), with correction with urinary creatinine levels (B), was performed in male CDA1flox and CDA1flox/ERCre mice which were either rendered diabetic
with STZ for a period of 20 weeks (Dia) or received buffer to serve as non-diabetic controls (Con). At the midpoint of the study, 10 weeks after disease
induction, mice were either administered tamoxifen (Tamo) or vehicle (Veh). Urinary KIM1 excretion was also analysed in CDA1flox/ERCre mice only (C).
Data shown as mean±SE (n>7 for Con, n>11 for Dia). *p<0.05, **p<0.01, ***p<0.001 vs corresponding non-diabetic control, †p<0.05 vs vehicle-treated
diabetic mice.
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6.3.2. Reduced renal CDA1 mRNA levels in tamoxifen-treated CDA1flox/ERCre mice
Similar to the early intervention study (Chapter 5), administration of tamoxifen did not affect
CDA1 gene expression levels in CDA1flox mice and levels of the CDA1 gene in CDA1flox/ERCre
mice receiving vehicle were comparable to those observed in CDA1flox mice (Figure 6.3A). There
was a diabetes-associated increase in CDA1 gene expression in mice which were expected not to
have the CDA1 gene deleted; the tamoxifen-treated CDA1flox and vehicle-treated CDA1flox/ERCre
mice (Figure 6.3A, p<0.001 vs non-diabetic mice). Although there appears to be a diabetesassociated-increase in CDA1 mRNA in vehicle-treated CDA1flox mice, this did not reach statistically
significance (p=0.14 vs non-diabetic vehicle-treated CDA1flox mice). Administration of tamoxifen
to CDA1flox/ERCre mice during disease progression led to a reduction in renal CDA1 gene
expression by ~75-82% compared to vehicle-treated CDA1flox/ERCre mice as determined by qRTPCR (Figure 6.3A, p<0.001 vs vehicle treated mice). These results were confirmed by agarose gel
electrophoresis analysis of PCR products from renal cDNA as templates (Figure 6.3B). Furthermore,
this effect was not restricted to kidneys alone, as preliminary studies demonstrated a reduction in
CDA1 gene expression in aortas collected from these mice (Supplementary Figure 3), regardless of
diabetic status. Thus, the induced genetic deletion of CDA1 only occurs in CDA1flox/ERCre mice,
with a significant reduction in CDA1 mRNA levels upon tamoxifen administration, regardless of their
diabetic status.
6.3.3. Delayed intervention against CDA1 activity does not affect development of diabetesassociated renal fibrosis
Quantitative analysis of renal mRNA extracted from mice 20 weeks after STZ injections
revealed that the expression levels of TGFβ-related genes, such as fibronectin, MMP2 and p21 were
significantly upregulated in diabetic mice when compared to their non-diabetic counterparts (Figure
6.4D-F, p<0.05 vs non-diabetic controls). Induced deletion of CDA1, however, failed to attenuate the
diabetes-associated upregulation of these genes, as reflected by the comparable mRNA levels of these
genes between tamoxifen-treated diabetic CDA1flox/ERCre mice with the other diabetic CDA1
“wildtype” groups (Figure 6.4). Surprisingly, the expression levels of other profibrotic genes,
particularly TGFβ1, collagens I and III were unchanged by diabetes in both CDA1flox and
CDA1flox/ERCre mice, regardless of whether mice received tamoxifen or vehicle (Figure 6.4A-C).
These results were confirmed with repeated extractions of RNA from renal cortical samples in at least
three independent rounds of experiments, all showing the same results.
Transcription of ECM components are an early event in their biogenesis, with increased gene
expression typically leading to increased ECM protein production and accumulation. Although the
typical diabetes-associated upregulation of ECM components, such as collagens I and III, was not
observed in this study, it is nonetheless important to assess the renal ECM accumulation in this longterm diabetes study, especially in the event that the early transcriptional changes in gene expression
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may have already diminished, by the time of sacrifice of these animals. Immunohistochemical
staining showed that there was a diabetes-associated increase in cortical collagen III accumulation by
~31-fold

in

vehicle-treated

CDA1flox/ERCre

(Figure

6.5,

p<0.01

vs

vehicle-treated

CDA1flox/ERCre mice). Interestingly, in CDA1flox/ERCre mice receiving tamoxifen to delete
CDA1, diabetes failed to stimulate the accumulation of renal collagen III, with comparable levels
observed between non-diabetic and diabetic CDA1flox/ERCre mice. However, there were lower
levels of renal collagen accumulation in tamoxifen-treated diabetic CDA1flox/ERCre mice when
compared to vehicle-treated diabetic CDA1flox/ERCre mice (Figure 6.5B, 16.8±3.7 vs. 30.8±3.6,
respectively, p<0.05 vs diabetic vehicle-treated CDA1flox/ERCre mice). On the other hand, there
were increases in collagen IV deposition by ~5.2 and ~3.8-fold in the cortex and glomeruli,
respectively, in diabetic vehicle-treated CDA1flox/ERCre mice (Figure 6.6, p<0.05 vs vehicletreated CDA1flox/ERCre mice). Surprisingly, there was increased accumulation of collagen IV in
non-diabetic CDA1flox/ERCre receiving tamoxifen to delete CDA1, which was greater than 4-fold
when compared to vehicle-treated non-diabetic CDA1flox/ERCre mice (Figure 6.6, p<0.05 vs
vehicle-treated CDA1flox/ERCre mice). Diabetes did not further increase collagen IV accumulation
in these mice. These findings suggest that delayed intervention against CDA1 activity may provide a
moderate degree of renoprotection in STZ-induced diabetic nephropathy, but the exact effect needs
to be explored in more detail.
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Figure 6.3. Induced genetic deletion of CDA1 in renal cortex of 20-week diabetic
CDA1flox/ERCre mice. Renal CDA1 mRNA level, as determined by qRT-PCR analysis, are
expressed as mean±SE (A, n=6-9 for nondiabetic controls, >11 for diabetic animals). ***p<0.001 vs
corresponding non-diabetic control, ###p<0.001 vs corresponding non-diabetic control mice,
†p<0.01, ††p<0.001 vs corresponding vehicle-treated diabetic mice. Representative images of
reverse transcriptional PCR analysis of kidneys from CDA1flox/ERCre mice (B), with the presence
of the top band indicating the intact CDA1 gene (WT, red arrow), while the presence of the lower
band confirming the genetic deletion of the CDA1 gene as a result of tamoxifen administration in
CDA1flox/ERCre mice (KO, purple arrow).
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Figure 6.4. Induced genetic deletion of CDA1 does not affect diabetes-associated profibrotic gene expression in mice. qRT-PCR analysis for the relative
TGFβ1 (A), collagens I (B) and III (C), fibronectin (D), MMP2 (E) and p21 (F) mRNA levels. Fold changes are shown as mean±SE (n>6 for Con, n>8 for
Dia). *p<0.05, **p<0.01, ***p<0.001 vs corresponding non-diabetic control, #p<0.05 vs vehicle-treated non-diabetic mice, †p<0.05, †††p<0.001 vs vehicletreated diabetic mice.
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Figure 6.5. Delayed induction of CDA1 genetic deletion attenuates diabetes-associated collagen
III deposition. Immunohistochemical staining for renal collagen III (A) accumulation in 20-week
Con and Dia CDA1flox/ERCre mice treated with Tamo or Veh is shown in brown, and (B)
quantification of Collagen III staining (magnification 200x). Fold changes are shown as mean±SE
(n=5-9 for Con, >11 for Dia). ***p<0.01, #p<0.05 vs Veh Con, †p<0.05 vs Veh Dia.
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Figure 6.6. Delayed induction of CDA1 genetic deletion does not affect diabetes-associated
collagen IV deposition. Immunohistochemical staining for renal collagen IV (A) accumulation in
20-week Con and Dia CDA1flox/ERCre mice treated with Tamo or Veh is shown in brown, and (B
and C) quantification of Collagen IV in the cortex and glomeruli, respectively (magnification 200x).
Fold changes are shown as mean±SE (n=5-9 for Con, >11 for Dia). *p<0.05, **p<0.01, #p<0.05 vs
Veh Con, †p<0.05 vs Veh Dia.
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6.4. Discussion
In the previous chapter, I demonstrated that early intervention against CDA1 activity, through
induced CDA1 genetic deletion, was protective against the development of renal fibrosis in diabetic
nephropathy (See Chapter 5). CDA1 deficiency induced 5 weeks after diabetes induction was
associated with an attenuation of diabetes-associated expression of profibrotic genes and subsequent
collagen deposition. In this chapter, I examined the effect of genetic deletion of CDA1 at a more
delayed timepoint on the long-term development of renal fibrosis in a mouse model of DN, where
CDA1 deletion was induced 10 weeks after diabetes induction. At this delayed intervention timepoint,
diabetic mice with functional CDA1 exhibited typical diabetes-associated changes in metabolic
parameters, such as hyperglycaemia, albuminuria and renal hypertrophy, as well as robust
upregulation of proinflammatory and profibrotic markers with associated increases in ECM
deposition (Chapter 5). Thus, this represents a timepoint with readily detectable renal structural
injury. Tamoxifen administration to CDA1flox/ERCre mice at this timepoint resulted in the reduction
in CDA1 mRNA expression by ~70% as determined 10 weeks later at the endpoint of this study,
regardless of diabetic status (Figure 6.2). Despite this significant reduction in functional CDA1
expression in tamoxifen-treated CDA1flox/ERCre mice, there was no effect observed in many of the
diabetes-associated parameters examined in this study, including urinary albumin and KIM1 levels.
In addition, induced CDA1 deficiency did not affect diabetes-associated upregulation of profibrotic
genes, such as fibronectin and MMP2 (Figure 6.4), as well as diabetes-associated collagen IV
deposition in this study (Figure 6.6). Interestingly, there was a reduction in diabetes-associated
collagen III deposition in tamoxifen-treated CDA1flox/ERCre mice, suggesting a certain degree of
renoprotection with induced CDA1 deletion. Overall, it appears that this more delayed intervention
against CDA1 expression was unable to prevent diabetes-associated renal fibrosis in this model.
The hypothesis which I planned to examine in these studies relies on at least two core
principles. Firstly, the assumption that the TGFβ signalling pathway is critical in the fibrotic process,
especially in the kidney. Indeed, a recent study demonstrates that increasing levels of transgenic
TGFβ expression correlates with severity of renal injury in a genetic mouse model of diabetic
nephropathy.139 Secondly, inhibition of CDA1 activity is expected to attenuate TGFβ signalling.
Although the degree of the reduction in renal CDA1 gene expression in this study is comparable to
the reduction observed in the early intervention study (Chapter 5), delayed intervention against
CDA1 activity had no effect on most of the diabetes-associated fibrotic markers. This suggests that,
by extension, delayed intervention against TGFβ signalling may have a diminishing effect in
attenuating diabetes-associated renal fibrosis. While a wealth of experimental data on the
renoprotective effects of inhibiting the TGFβ signalling pathway exists (Table 2.1), many, if not all,
of these studies use preventative approaches. The literature detailing the therapeutic intervention
against the TGFβ signalling pathway at established stages of renal disease and their effects on
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established fibrotic process are limited. Although the administration of TGFβ neutralising antibodies
after the onset of disease has shown promising results in rodent models of Type 1 and 2 diabetic
nepropathy,219, 220 as well as in adriamycin-induced nephropathy,183 the therapeutic efficacy of direct
TGFβ antagonism in established stages of disease have been questioned due to the alleged
ineffectiveness observed in a phase II clinical trial in diabetic nephropathy.204 Nonetheless, the TGFβ
signalling pathway remains an attractive target to combat fibrosis progression in diabetic
nephropathy, with the renoprotective efficacy of indirect therapies, such as RAAS blockade,
historically being associated with reduced TGFβ levels and/or signalling activity.205-208 Furthermore,
targeted inhibition of particular components, or downstream effectors, of the TGFβ signalling
pathway have been proposed as a means to safely combat TGFβ-associated fibrosis development. In
particular, therapeutic interventions against miRNA-21, which is induced by TGFβ signalling, have
been shown to attenuate renal fibrosis in mouse models of Type 1,238 and Type 2 diabetes.239 As I
have observed an attenuation of diabetes-associated renal fibrosis with the earlier intervention against
CDA1 (Chapter 5), close examination of the intervention against CDA1 at different timepoints of
disease progression is required to obtain a more thorough understanding of the pathological role of
CDA1 in renal disease development.
The findings presented in this chapter once again support the view that while CDA1 may
modulate TGFβ activity, it is not an integral component of the TGFβ signalling pathway. Although
there were higher levels of collagen III and IV accumulation in non-diabetic CDA1flox/ERCre mice
receiving tamoxifen when compared to those receiving vehicle (Figure 6.5 and 6.6), it is anticipated
that CDA1 deficiency did not lead to renal injury in non-diabetic mice as seen by the lack of changes
to other parameters associated with renal injury, particularly urinary excretion of albumin and KIM1,
as observed when comparing non-diabetic CDA1flox/ERCre mice receiving either tamoxifen or
vehicle. Furthermore, there were no statistically significant differences observed in ECM
accumulation between diabetic CDA1flox/ERCre mice receiving either vehicle or tamoxifen, as
assessed by Masson’s trichrome (Supplementary Figure 4) and collagen IV staining (Figure 6.5).
These findings support the notion that induced CDA1 deficiency was not associated with exacerbation
of diabetes-associated renal injury.
Unexpectedly, there appeared to be statistically significant differences in the expression of a
number of genes between mice administered tamoxifen or vehicle. In particular, there were increases
in MMP2 and TGFβ1 in non-diabetic tamoxifen-treated CDA1flox mice (Figure 6.4A and E, p≤0.05
vs vehicle-treated CDA1flox mice), while there was a further increase in diabetes-associated p21
gene expression in tamoxifen-treated CDA1flox mice (Figure 6.4 F, p<0.05 vs vehicle-treated
CDA1flox mice). As these results have consistently been observed after repeated rounds of RNA
extraction and subsequent analysis, it is unclear what the underlying reason for this phenomenon.

82

Ultimately, these tamoxifen-associated effects on transcriptional changes were not observed in the
CDA1flox/ERCre strain, nor affected metabolic or functional parameters of these mice in this study.
In fact, this phenomenon is observed in many of the genes examined at this timepoint, particularly
collagens I and III, albeit not reaching statistical significance (Figure 6.4).
Interestingly, induced CDA1 deficiency at a delayed timepoint was associated with an
attenuation of diabetes-associated collagen III deposition, with a >50% reduction observed in diabetic
tamoxifen-treated

CDA1flox/ERCre

mice

when

compared

to

diabetic

vehicle-treated

CDA1flox/ERCre mice (Figure 6.6). There was, however, no change in gene expression levels of
collagen III observed between non-diabetic and diabetic mice, regardless of treatment with tamoxifen
or vehicle. Although there were diabetes-associated increases in gene expression levels of fibronectin,
MMP2 and p21, an overall lack of transcriptional changes with diabetes at this later timepoint in
disease development, particularly TGFβ1 and collagen I, was observed (Figure 6.4). This is not
entirely unexpected, as other researchers in our department have previously observed the same lack
of transcriptional changes in an advanced stage of diabetic nephropathy [Tikellis, C., unpublished
data]. This is likely due to the disease progressing to a more chronic state, where changes in protein
expression and subsequent alterations in renal architecture have already occurred, with transcriptional
changes more readily detectable at earlier stages of disease development. Thus, any effects of the
induced genetic deletion of CDA1 on transcriptional changes are likely to have occurred prior to this
timepoint, as was clearly observed in the early intervention study (Chapter 5). Conversely, the
general lack of transcriptional changes at this timepoint can also be due to the strain of the mice, as
well as being an inherent feature of this disease model. Firstly, the background strain of mice used in
this study is the C57BL6 mouse strain, which is known to be relatively resistant to
glomerulosclerosis,273, 299 as seen by the lack of mesangial expansion in response to diabetes in these
mice (Supplementary Figure 5). Secondly, mouse models of STZ-induced diabetic nephropathy do
not progress towards ESRD and, thus, only exhibit early pathological features of diabetic
nephropathy.300 Therefore, diabetes-associated renal injury in these mice may not be severe enough
to sustain continuous and prolonged transcriptional changes. Indeed, although immunohistochemical
staining for specific collagens was sensitive enough to detect significant differences between nondiabetic and diabetic mice, the diabetes-associated increase in total ECM accumulation as assessed
by Masson’s trichrome staining was not statistically significant (Supplementary Figure 4).
Nevertheless, the diabetic studies presented in this thesis represent a proof-of-principle concept that
the genetic deletion of CDA1 can be induced after the onset of disease and have renoprotective effects
in a mouse model of diabetic nephropathy. Thus, to further validate the findings obtained from these
studies, a more susceptible or severe mouse model of diabetic nephropathy should be considered.
Indeed, as seen previously with the use of the more glomerulosclerotic-prone ApoE KO mouse
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strain,256 it might be possible that the renoprotective effect of CDA1 deletion is more readily
detectable in a more advanced model of nephropathy.
In summary, although early intervention against CDA1 activity using CDA1flox/ERCre mice
attenuated diabetes-associated ECM accumulation, a more delayed intervention against CDA1
activity had minimal effect on long-term diabetes-associated renal fibrosis development. Indeed,
while delayed induced CDA1 deficiency led to an attenuation of diabetes-associated collagen III
accumulation, it was not consistently shown to retard diabetes-associated renal fibrosis, as seen by
the lack of an effect on a broad range of renal structural parameters. These combined findings suggest
that targeting CDA1 appears to have only a partial effect towards the attenuation of renal fibrosis in
this model and could be time-dependent. Indeed, the best effect could potentially be observed if
CDA1 activity is inhibited at an earlier stage of disease development and for a more prolonged period
of time. These observations are consistent with the view that targeting CDA1 attenuates but does not
completely block TGFβ signalling activity. Therefore, while further study is required to further
validate the therapeutic potential of CDA1 inhibition, targeting CDA1 is likely to be a safe option
towards new approaches to inhibit TGFβ-stimulated profibrotic processes in renal diseases, including
diabetic nephropathy.
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Chapter 7. Genetic deletion of CDA1 in non-diabetic renal fibrosis
7.1. Background
Regardless of aetiology, fibrosis is the common final pathological feature in most chronic
organ diseases and considered to be a significant process driving the progressive loss of nephrons in
CKD. In fact, the severity of fibrotic lesions in the kidney, especially within the tubulointerstitial area,
generally correlates with decline in renal function, as well as progression towards kidney failure.1, 61,
62

This is not surprising since tubules, which encompass ~90% of the renal cortex, are susceptible to

ischemic and/or toxic injury due to their high metabolic demands and their position downstream of
the glomerulus in the nephron. Indeed, many of the initial pathological changes observed in CKD,
such as glomerulosclerosis, mesangial expansion and capillary constriction, lead to ischaemic
conditions. Although initial pathological insults may be halted and even reversed, restoration of blood
flow to the affected tissue ultimately results in the activation and infiltration of inflammatory cells
into the site of injury.11, 301 The production of reactive oxygen species and proinflammatory cytokines,
as well as the persistent activation of inflammatory pathways, leads to subsequent tubular injury and
renal fibrosis. Thus, it is imperative to study the effects of targeting profibrotic pathways in disease
states with characteristic tubular injury.
The pathological actions of TGFβ have been revealed to be, at least in part, modulated by
CDA1.255, 256 This pathological role of CDA1 in renal fibrosis is supported by observations of elevated
CDA1 protein levels in human renal biopsies from patients with both diabetic and non-diabetic
sclerotic renal diseases, as well as findings from our in vivo studies using murine models of diabetic
nephropathy.256 It has been previously demonstrated that targeting CDA1 led to an attenuation in
diabetes-associated renal fibrosis through reduced TGFβ activity. The pathological role of CDA1 in
the development of non-diabetic renal fibrosis has yet to be examined experimentally. Thus, in order
to investigate the antifibrotic potential of targeting CDA1 in non-diabetic kidney disease, this chapter
will examine the effect of the genetic deletion of CDA1, using our previously described global CDA1
knockout (KO) mouse,256 in two mouse models of non-diabetic renal diseases; unilateral ureteral
obstruction (UUO) and renal ischaemic/reperfusion (IR) injury.
There are a couple of similarities shared between the two acute kidney injury (AKI) models
utilised in this chapter. Firstly, renal injury is induced by a simple surgical operation to obstruct the
ureter or the renal pedicle/artery for UUO and IR injury, respectively. Thus, these models require no
immune or toxic insult, nor does it involve any confounding factors such as hypertension, proteinuria
or hyperlipidaemia.60, 302, 303 Secondly, although the contralateral kidney may undergo compensatory
changes,304 it is left intact and thus the animal’s lifespan is not compromised. However, due to the
difference in aetiology, the progression of disease differs between the two. The UUO model presents
with all of the key features of the typical fibrogenic process, with ECM deposition being observed
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within 3 days after obstruction and progresses rapidly over a short timeframe.155 The IR injury model
used in this chapter is a unilateral IR injury model without contralateral nephrectomy, with a period
of ischaemic injury set to induce the most injury without significant mortality. Generally, renal IR
injury in mice and humans is associated with loss of proximal tubular brush borders, formation of
tubular protein casts and renal inflammation.7, 305, 306 Proliferation of tubular cells is evident within
24–48 hours of injury, and the epithelial morphology is apparently restored after 5–7 days.307 While
the IR model typically develops extensive fibrosis at later timepoints,308,

309

the relatively early

timepoints used in this IR study were expected to exhibit molecular and cellular changes which reflect
early stages of renal injury development.

7.2. Methods
7.2.1. Unilateral Ureteral Obstruction (UUO)
Unilateral ureteral obstruction (UUO) was performed as previously described,310, 311 with
minor modifications. In brief, 10-12 week old CDA1 wild-type (WT) and CDA1 KO male mice were
anaesthetized with ketamine:xylazine:atropine solution (100:20:1.2 mg/kg) and an incision was made
in the abdomen. The left ureter was exposed and ligated with a 4.0 surgical silk suture, while the
contralateral kidney was left intact. Sham surgery was performed on mice used as unobstructed
controls. The incision was closed and mice were allowed to recover after carprofen/antisedan
administration. Animals were euthanised at 5, 10 or 14 days after the UUO procedure and kidneys
were collected for analysis (Figure 7.1).

Figure 7.1. Timeline of UUO model. Male CDA1 WT and KO mice at 10-12 weeks of age had their
left ureter ligated to induce renal injury or underwent sham surgery to serve as sham controls. Mice
were culled 5, 10 and 14 days after surgery and kidneys were harvested for analysis.

86

7.2.2. Ischemia/Reperfusion (IR) Injury
Unilateral renal Ischemia/Reperfusion (IR) injury was performed as previously described,312
with minor modifications. Renal IR was performed on 10-12 week old CDA1 WT and KO male mice
after being anaesthetized with isoflurane and kept on a 37°C heat pad. The left renal pedicle was
exposed with a flank incision and ligated with a 4.0 surgical silk suture to prevent blood flow and
induce ischaemia for 45 mins, or a sham surgery was performed on unobstructed control mice. The
contralateral kidney was left intact. The ligation was reversed to restore blood flow to the affected
kidney before the incision was closed. Animals were euthanised at 4 and 8 days after the surgery and
kidneys were collected for further analysis (Figure 7.2).

Figure 7.2. Timeline of IR injury model. Male CDA1 WT and KO mice at 10-12 weeks of age had
their left renal pedicle obstructed for 45 mins before release to induce IR injury or underwent sham
surgery to serve as sham controls. Mice were culled 4 and 8 days after surgery and kidneys were
harvested for analysis.

7.3. Results
7.3.1. CDA1 and Unilateral Ureteral Obstruction
7.3.1.1. Morphological changes in obstructed kidneys of CDA1 WT and KO mice
To investigate the effect of CDA1 deficiency on the development of non-diabetic renal
fibrosis, the severity of renal fibrosis and inflammation caused by UUO was compared between
CDA1 WT and KO mice at 5, 10 and 14 days after surgery. Increases in kidney-to-body weight ratio
(K:BW) of obstructed kidneys (Left K) were observed in CDA1 WT and KO mice 5 days after
ligation (Table 7.1, p<0.05 vs Sham animals), while the contralateral kidney (Right K) showed no
changes in kidney-to-body weight ratio. There was no difference in kidney-to-body weight ratio seen
between CDA1 WT and KO mice.
Obstruction of the ureter led to severe hydronephrosis occurring in 71% (10/14) of CDA1 WT
mice and 58% (7/12) of CDA1 KO mice at 10 days after surgery, while 86% (12/14) of CDA1 WT
and 93% (13/14) of CDA1 KO mice were affected at 14 days after surgery. There does not appear to
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be a difference in the incidence rate of hydronephrosis between WT and KO groups. These kidneys
were punctured to release the accumulated fluid, which allowed for accurate weight measurements
of the kidney tissue. Unlike observations seen in the 5d UUO mice, there was no change in left kidneyto-body weight ratio between Sham and UUO mice at 10 days, nor at 14 days after surgery (Table
7.1). Interestingly, while there was a lower mean ratio of left kidney-to-body weight in CDA1 KO
UUO mice when compared to CDA1 WT UUO mice at 14 days after surgery, this was not statistically
significant (0.539±0.047 vs 0.822±0.128, p=0.1322). In addition, hypertrophy of the contralateral
kidney was generally observed at 10 and 14 days after surgery in UUO mice (p<0.05 vs Sham),
probably reflecting compensation for the failing kidney. The right kidney-to-body weight ratio of
CDA1 WT mice was not significantly different between Sham and UUO mice at 14 days after UUO
which was possibly due to the low sample size in the CDA1 WT Sham group (n=3).
Table 7.1. Kidney-to-Body Weight ratio of CDA1 WT and KO mice undergoing UUO
CDA1 WT

CDA1 KO
UUO

Sham
5
days

Left K:BW

0.587

±0.020

0.719

±0.023

Right K:BW

0.656

±0.018

0.697

10
days

Left K:BW

0.600

±0.019

0.666

Right K:BW

0.660

±0.021

0.737

±0.017

14
days

Left K:BW

0.625

±0.012

0.822

±0.128

Right K:BW

0.672

±0.038

0.791

±0.031

(n=3)

UUO

Sham

**

0.614

±0.023

0.703

±0.026

±0.015

0.653

±0.021

0.679

±0.016

±0.059

0.593

±0.018

0.605

±0.036

0.622

±0.015

0.701

±0.021

0.553

±0.020

0.539

±0.047

0.635

±0.021

0.785

±0.037

*

*

*
*

Left K: left kidney, Right K: right kidney which served as a contralateral unobstructed control
*p<0.05, **p<0.01 vs corresponding Sham control
7.3.1.2. UUO-induced upregulation of profibrotic markers in CDA1 WT mice
Obstruction of the left ureter was associated with increased expression of profibrotic genes in
CDA1 WT mice. qRT-PCR analysis revealed that CDA1 mRNA levels were elevated by ~3.0 fold in
5d UUO CDA1 WT animals (Figure 7.3, p<0.001 vs Sham), while mRNA levels of TGFβ1 and
TβRII were elevated ~4.7 and ~4.4 fold, respectively (Figure 7.4, p<0.01 vs Sham) and these mRNA
levels were sustained even after 14 days of UUO. This was accompanied by upregulated expression
of genes related to fibrosis, such as collagens I and III by ~19.5 and ~6.0 fold, respectively (Figure
7.5, p<0.05 vs Sham), inflammation and the complement system, including IL6 and vascular cell
adhesion molecule 1 (VCAM1) by ~40.2 and ~15.5 fold, respectively (Figure 7.6, p<0.05 vs Sham).
These transcriptional changes were consistent with elevated levels of ECM accumulation and total
collagen content in these mice, as assessed by Masson’s trichrome staining and hydroxyproline
analysis, respectively (Figure 7.7). ECM deposition was increased by ~19.0 fold 5 days after surgery
(Figure 7.7B, p<0.001 vs. Sham), which was further increased to ~42.8 fold at 10 days (Figure 7.7E,
p<0.01 vs Sham). Consistent with the histological findings, total collagen content was increased by
~1.5 fold in 5 and 10-day UUO mice (Figure 7.7C and F, p<0.05 vs Sham). Likewise, deposition of
collagens III and IV, as determined by IHC staining, was elevated in obstructed CDA1 WT kidneys
by ~5.2 and ~2.6 fold respectively after 5 days of UUO (Figure 7.7, p<0.001 vs Sham), increasing
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further to ~6.5 and ~8.2 fold for each collagen isotype, respectively, by 10 days of UUO (Figure 7.8,
p<0.001 vs Sham).
7.3.1.3. Genetic deletion of CDA1 does not affect UUO-induced renal fibrosis
As CDA1 WT mice showed typical sclerotic injury in UUO kidneys, I then examined the
effect of the absence of functional CDA1 on renal disease development, in order to elucidate the role
that CDA1 played in this model. As CDA1 was observed to be upregulated by UUO injury, I first
examined the expression of CDA1 transcript levels in CDA1 KO mice. Since knockout of CDA1 was
achieved through the deletion of exons 2-5, primers/probes were used to recognise sequences which
are common in both CDA1 WT and CDA1 KO mice, thereby enabling the detection of remnant
CDA1 transcript in CDA1 KO mice. Indeed, qRT-PCR analysis revealed that remnant CDA1 mRNA
was transcribed in CDA1 KO mice (Figure 7.3), indicating that the promoter of the CDA1 gene was
active despite the loss of functional CDA1 in these mice. While CDA1 mRNA levels in CDA1 WT
mice were elevated by ~3.0 fold after UUO injury, UUO-associated upregulation of remnant CDA1
mRNA levels were, interestingly, attenuated by ~50% in CDA1 KO mice (Figure 7.3, p<0.05 vs
CDA1 WT UUO mice). In addition, the basal mean levels of the remnant CDA1 mRNA in Sham
CDA1 KO mice were ~50% lower than those observed in CDA1 WT Sham mice, although this
difference was not statistically significant. The genetic deletion of CDA1 in these mice was confirmed
by genotyping analysis using genomic DNA (data not shown), as well as qRT-PCT analysis using a
specific set of primers used for the detection of exons 2-5 of the CDA1 gene (Supplementary Figure
7). These collective findings confirmed that the CDA1 gene was deleted in CDA1 KO mice and,
subsequently, may affect relevant pathways, such as the TGFβ signalling pathway, in order to reduce
the transcriptional upregulation of CDA1 in response to renal injury.
Next, I then examined whether CDA1 deficiency had any effect on UUO-associated renal
injury in these mice. Contrary to expectations, genetic deletion of CDA1 did not appear to affect
UUO-associated renal fibrosis development. This was evident by the lack of effects on UUOassociated upregulation of profibrotic genes, such as TGFβ1, TβRII, collagen I and III and MMP2, at
many of the timepoints examined (Figure 7.4 and 7.5). Interestingly, there were increases in UUOassociated gene expression of TβRII and collagen I in CDA1 KO mice (by 127% and 176% compared
to CDA1 WT mice, respectively) at 10 days after surgery (Figure 7.4B and 7.5C, p<0.05 vs 10d
CDA1 WT UUO), despite an apparent attenuation of fibronectin gene expression by ~37% in these
mice (Figure 7.5A, p<0.05 vs 10d CDA1 WT UUO). While the expression levels of these genes were
not different between CDA1 WT and KO mice at 14 days after surgery, expression levels of MMP2,
collagen III and osteopontin were higher in CDA1 KO UUO mice than in CDA1 WT UUO mice by
187%, ~211% and ~135%, respectively, at 14 days after surgery mice (Figure 7.5, p<0.05 vs 14d
CDA1 WT UUO).
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Although there was a trend towards an attenuation of ECM deposition, as assessed by
Masson’s trichrome staining, in CDA1 KO mice at 5 days after surgery (Figure 7.7B, p=0.0974 vs
CDA1 WT UUO 5d UUO), genetic deletion of CDA1, overall, had no effect on UUO-associated
collagen accumulation. Indeed, as assessed by hydroxyproline analysis and immunohistochemical
staining for collagens III and IV, there was no difference in collagen accumulation between CDA1
WT and KO mice at 5 days after surgery (Figures 7.7C and 7.8). These findings were consistent
with a lack of an effect of CDA1 deletion on UUO-associated ECM accumulation at 10 days after
surgery (Figure 7.7D-F). Furthermore, preliminary studies suggest that these findings were similarly
found at later timepoints in this model, with no difference in UUO-associated increases in total
collagen content between CDA1 WT and KO mice at 14 days after UUO (Supplementary Figure
7). There was, surprisingly, a trend towards an increase in cortical collagen III deposition (Figure
7.9B, by ~28.0%, p=0.0554) while a decrease in collagen IV deposition was observed in CDA1 KO
mice 10 days after surgery (Figure 7.9D, by ~26.8% p<0.05 vs CDA1 WT UUO). The combined
findings from analysis of gene and proteins levels of profibrotic markers suggests that the absence of
CDA1 appears to affect the expression of profibrotic markers, with a tendency towards exacerbation
of profibrotic processes in this model. Whether CDA1 plays a protective role in fibrosis at later stages
of UUO development is unclear and will need additional timepoints to determine its overall longterm effect in this disease model.
7.3.1.4. The effect of CDA1 deficiency on complement and inflammatory markers
Genetic deletion of CDA1 had no effect on the UUO-associated upregulation of genes related
to inflammation and the complement system, including IL6, intracellular adhesion molecule 1
(ICAM1) and complement component 3 (C3) (Figure 7.6). There was, however, a trend towards an
attenuation of UUO-associated VCAM1 upregulation in CDA1 KO mice at 5 days post-injury
(Figure 7.6F, p=0.0597 vs CDA1 WT 5d UUO). Interestingly, there was also an attenuation of UUOassociated gene expression of inducible nitric oxide synthase (iNOS) and macrophage scavenger
receptor 1 (MSR1) at later stages of UUO development (Figure 7.6B and C, p<0.05 vs CDA1 WT
UUO mice). Why the absence of CDA1 would lead attenuation of proinflammatory gene expression
at later stages of UUO disease development and what effect that would have on fibrosis development
is unclear and will require further investigation.
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Figure 7.3. Upregulation of CDA1 gene expression in UUO. Male CDA1 WT and KO mice had
their left ureter obstructed (UUO; darker columns) or underwent sham operation (Sham; lighter
columns) and kidneys were collected 5, 10 and 14 days after obstruction. Kidney CDA1 mRNA levels
were determined by qRT-PCR using primers detecting CDA1 transcripts from both WT CDA1 gene
(A) and the remnant CDA1 gene from the knockout allele. Data shown as mean±SE (n>5 for sham,
n>6 for UUO). ***p<0.001 vs corresponding Sham control, †p<0.05, ††p<0.01, †††p<0.001 vs
CDA1 WT UUO mice.

A

B

Figure 7.4. Genetic deletion of CDA1 does not affect UUO-associated upregulation in TGFβ
gene expression, nor its receptor. qRT-PCR analysis for the relative TGFβ1 (A) and TβRII (B)
mRNA levels in CDA1 WT and KO mice which underwent UUO or sham surgery for 5, 10 and 14
days. Data shown as mean±SE (n>5 for sham, n>6 for UUO). *p<0.05, **p<0.01, ***p<0.001 vs
corresponding Sham control, †p<0.05 vs CDA1 WT UUO mice.
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Figure 7.5. Genetic deletion of CDA1 does not affect UUO-associated changes in profibrotic
gene expression. qRT-PCR analysis for the relative fibronectin (A), MMP2 (B), collagens I (C) and
III (D), osteopontin (E) and PAI1 (F) mRNA levels in CDA1 WT and KO mice which underwent
UUO or sham surgery for 5, 10 and 14 days. Data shown as mean±SE (n>5 for sham, n>6 for UUO).
*p<0.05, **p<0.01, ***p<0.001 vs corresponding Sham control, †p<0.05, ††p<0.01 vs CDA1 WT
UUO mice.
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Figure 7.6. The effect of CDA1 deficiency on UUO-associated activation of inflammatory and
complement pathways. qRT-PCR analysis for the relative IL6 (A), MSR1 (B), iNOS (C), C3 (D),
ICAM1 (E) and VCAM1 (F) mRNA levels in CDA1 WT and KO mice which underwent UUO or
sham surgery for 5, 10 and 14 days. Data shown as mean±SE (n>5 for sham, n>6 for UUO). *p<0.05,
**p<0.01, ***p<0.001 vs corresponding Sham control, †p<0.05, ††p<0.01 vs CDA1 WT UUO.
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Figure 7.7.a. UUO-associated ECM deposition in mice is not affected by CDA1 deficiency. Representative images of Masson’s Trichrome staining of
renal cortex from CDA1 WT and KO mice 5 (A) and 10 days (D) after surgery are shown (magnification 200x). Quantitation of Masson’s trichrome staining
are shown as mean±SE for their respective timepoint (B and E). Total collagen content as measured by hydroxyproline assay of renal cortex from these mice,
5 days (C) and 10 days (F) post UUO. *p<0.05, **p<0.01, ***p<0.001 vs corresponding Sham control (n>7).
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Figure 7.7.b. UUO-associated ECM deposition in mice is not affected by CDA1 deficiency. Continued from previous page.
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Figure 7.8.a. UUO-associated collagen deposition is unchanged in CDA1 KO mice after 5 days of obstruction. Representative images of
immunohistochemical staining for cortical collagens III (A) and IV (C) in mice after 5 days of UUO (magnification 200x), with quantitation of each collagen
(B and D). Fold changes are shown as mean±SE (n=9 for sham, n>11 for UUO). ***p<0.001 vs corresponding Sham control.
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Figure 7.8.b. UUO-associated collagen deposition is unchanged in CDA1 KO mice after 5 days of obstruction. Continued from previous page.
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Figure 7.9.a. UUO-associated collagen deposition is affected by CDA1 deficiency after 10 days of obstruction. Representative images of
immunohistochemical staining for cortical collagens III (A) and IV (C), in mice after 10 days of UUO (magnification 200x), with quantitation of each collagen
(B and D). Fold changes are shown as mean±SE (n=6-9 for sham, n=12-14 for UUO). *p<0.05, ***p<0.001 vs corresponding Sham control, †p<0.05 vs CDA1
WT UUO mice.
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Figure 7.9.b. UUO-associated collagen deposition is affected by CDA1 deficiency after 10 days of obstruction. Continued from previous page.
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7.3.2. CDA1 and Ischaemia/Reperfusion Injury
7.3.2.1. IR-associated activation of TGFβ signalling and changes in profibrotic and proinflammatory
gene expression
The left renal pedicle of CDA1 WT and KO mice was ligated for 45 minutes and then released
to induce ischaemic conditions and subsequent reperfusion injury, respectively. Mice were followed
for 4 and 8 days post-injury before kidneys were collected and analysed. CDA1 gene expression in
the left kidney was increased ~2.0 fold in CDA1 WT IR mice 4 days post-injury (Figure 7.10A,
p=0.059 vs CDA1 WT Sham), accompanied by a ~4.6 and ~2.2 increase in TGFβ1 and TβRII gene
expression, respectively (Figure 7.11, p<0.05 vs Sham). In addition, there was enhanced activation
of the TGFβ signalling in IR-injured kidneys, as seen by the presence and increased intensity of bands
corresponding to phosphorylated Smad3 (pSmad3) in CDA1 WT mice 4 and 8 days post-injury
(Figure 7.12). p<0.01 vs CDA1 WT Sham mice). Quantification of the pSmad3/β-actin ratio revealed
that there was a ~3.1-fold increase in renal pSmad3 expression in CDA1 WT mice 4 days (Figure
7.12B, p<0.01 vs CDA1 WT Sham mice). In contrast, pSmad3 expression in CDA1 WT kidneys
appeared to be higher at 8 days after IR injury when compared to CDA1 WT Sham mice but formal
quantification analysis failed to show a statistically significant difference (Figure 7.12C and D).
Accurate quantification of the samples may have been hindered by the presence of non-specific bands
on the immunoblot samples from Sham mice, as well the relatively low sample sizes used (9 mice for
4d IR vs 7 mice for 8d IR).
Coinciding with the transcriptional upregulation and activation of the TGFβ signalling
pathway in IR injured kidneys, the expression of profibrotic genes was upregulated by 4 days postIR injury, with collagen III and fibronectin increasing by ~35.3 and ~16.2-fold, respectively (Figure
7.13, p<0.01 vs Sham CDA1 WT 4 IR mice). Additionally, it appears that the expression of these
genes increased further 8 days after reperfusion (p<0.05 vs CDA1 WT 4d IR mice). Proinflammatory
genes, such as MCP1, MSR1, and ICAM1, were also upregulated by IR injury, with a ~37.2, ~94.7
and ~4.7-fold increase in gene expression in 4d CDA1 WT IR mice, respectively (Figure 7.14,
p<0.05 vs Sham). In addition, activation of the complement system was also observed with IR injury,
as seen by the IR-associated upregulation of complement component 5 (C5) in IR kidneys by ~ 9.9fold (Figure 7.14 H, p<0.05 vs Sham CDA1 WT 4d mice). Although not statistically significant,
there were tendencies towards IR-associated increases in many genes related to fibrosis and
inflammation at 4 days after surgery, including but not limited to tissue inhibitors of
metalloproteinases 1 (TIMP1), VCAM1, and iNOS (Figures 7.13 and 7.14).
7.3.2.2. Effect of CDA1 deficiency on the gene expression of TGFβ signalling components in renal
IR injury
There was an attenuation of IR-induced expression of the remnant CDA1 gene transcript in
CDA1 KO mice 4 and 8 days after surgery (Figure 7.10A, p<0.05 vs CDA1 WT IR mice). As the
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genetic deletion of CDA1 was confirmed using a different set of primers (Figure 7.10B), as well as
genotyping (data not shown), these findings suggest that stimulation of the CDA1 promoter may be
affected by the absence of functional CDA1 in these mice. While CDA1 deficiency had no effect on
IR-associated TGFβ expression (Figure 7.11A), there were trends towards a reduction in TβRI gene
expression (Figure 7.11B, p=0.08 vs CDA1 WT 4d IR) and an attenuation of IR-induced TβRII gene
expression in CDA1 KO mice 4 days post-injury (Figure 7.11C, p<0.05 vs CDA1 WT 4d IR).
Interestingly, there was no difference between CDA1 WT and KO mice in the gene expression levels
of either TGFβ receptor by 8 days after surgery (Figure 7.11B and C), as well as IR-associated
pSmad3 expression (Figure 7.12D), suggesting that CDA1 may transcriptionally modulate
components of the TGFβ signalling pathway at early stages of AKI development, and that its actions
may be dynamic.
7.3.2.3. Effect of CDA1 deficiency on IR-associated profibrotic and proinflammatory gene changes
While IR-associated gene expression of collagen III was not affected by CDA1 deficiency,
surprisingly, IR-associated gene expression of fibronectin and PAI1 was exacerbated in CDA1 KO
mice at 4 days after surgery (Figure 7.13B and C, p<0.05 vs CDA1 WT IR mice). Interestingly,
there were lower levels of MMP2 gene expression, albeit not statistically significant (Figure 7.13D),
with a concomitant increase in TIMP1 gene expression, at 4 days after IR-induced injury in CDA1
KO mice (Figure 7.13E, p<0.001 vs CDA1 WT 4d IR). In addition, it appears that CDA1 deficiency
exacerbated the expression of certain proinflammatory genes, with TNFα, iNOS, and IL6 being ~2.4,
~4.0, and ~7.5 times higher in CDA1 KO mice, respectively, at four days post-IR injury (Figure 7.14,
p<0.01 and p=0.07, respectively vs CDA1 WT 4d IR mice). Conversely, the transcriptional
upregulation of adhesion molecules 4 days after obstruction in association with IR injury appears to
be attenuated in CDA1 deficient mice, with trends towards decreased VCAM1 and ICAM1 gene
expression levels in CDA1 KO mice (Figure 7.14C and D, p=0.11 and p=0.07 respectively vs CDA1
WT 4d IR mice).
Interestingly, many of the transcriptional changes which were exacerbated by CDA1
deficiency at 4 days after IR-induced injury were not different between CDA1 WT and KO mice at 8
days after surgery. There was, however, an exacerbation of IR-associated MMP2 and MSR1
expression in CDA1 KO mice at 8 days post-injury, being ~1.4 and ~1.7 times higher than seen in
CDA1 WT mice (Figure 7.13 and Figure 7.14, p<0.01 vs CDA1 WT 8d IR).
7.3.2.4. The effects of CDA1 deficiency in IR-associated ECM accumulation
Renal IR injury was associated with changes in renal histological morphology, with abnormal
tubular morphology and the appearance of infiltrating inflammatory cells being evident by 4 days
after IR-induced injury (Figure 7.15). Despite the robust transcriptional changes (described in
Section 7.3.2.3) and severe tubular damage associated with renal IR injury, increased ECM
deposition was not observed in these mice until at least 8 days after IR-induced injury, as observed
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by hydroxyproline analysis (Figure 7.16) and immunohistochemical staining for specific collagens
(Figure 7.17). Indeed, while the total collagen content was not statistically different after IR injury
in CDA1 WT mice when compared to Sham mice (Figure 7.16), there was a ~6.1-fold increase in
collagen III accumulation in CDA1 WT mice 8 days after IR-induced injury (Figure 7.17B, p<0.05
vs CDA1 WT Sham). Genetic deletion of CDA1 had no effect on IR-associated renal ECM
deposition, as seen by the lack of differences between CDA1 WT and KO mice in total collagen
content and IR-associated collagen deposition (Figure 7.17).
7.3.2.5. The effects of CDA1 deficiency on transcriptional changes concerning cell cycle regulation
and apoptosis
As significant tubular atrophy and increased infiltration and/or proliferation of cells was
observed in this model (Figure 7.15), I examined the effects of CDA1 deficiency on certain genes
related to cell cycle regulation and apoptosis. Surprisingly, IR-induced upregulation of p21
expression was exacerbated in CDA1 KO mice (Figure 7.18A, p<0.05 vs CDA1 WT 4d IR mice) 4
days after surgery. Conversely, IR-associated upregulation of p53 and BAK1 were attenuated in
CDA1 KO mice 4 days post-injury (Figure 7.18B and D, p<0.001 vs CDA1 WT 4d IR mice). In
addition, gene expression of Bcl2 and caspase 8 were reduced in CDA1 KO mice 4 days post-injury
(Figure 7.18, p<0.001 vs CDA1 WT 4d IR mice). There was an IR-associated increase in ki67 gene
expression in both CDA1 WT and KO mice at 4 days after IR injury (Figure 7.18F, p<0.05 vs Sham
mice), which is indicative of cellular proliferation. Interestingly, while there was no difference in IRassociated ki67 gene expression between CDA1 WT and KO mice at 4 days after IR injury, CDA1
deficiency was associated with a tendency towards an IR injury-associated increase, albeit not
statistically significant, in ki67 gene expression (Figure 7.18F, p=0.12 vs CDA1 WT 8d IR).
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Figure 7.10. Gene expression of CDA1 in IR injury. Male CDA1 WT and KO mice had their left
renal artery obstructed for 45 mins or underwent sham operation (Sham; lighter columns) before
being released and kidneys were collected 4 and 8 days after obstruction. Kidney CDA1 mRNA levels
were determined by qRT-PCR using primers detecting CDA1 transcripts from both WT CDA1 gene
(A) and the remnant CDA1 gene from the knockout allele. Genetic deletion of CDA1 in KO mice
was confirmed by genotyping as well as qRT-PCR using primers specific for the region of CDA1
gene which was deleted in KO mice (B). Fold changes are shown as mean±SE (n=6 for sham, n=810 for IR). *p<0.05 vs corresponding Sham control and †p<0.05, ††p<0.01 vs time-matched CDA1
WT IR mice.
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Figure 7.11. Activation of TGFβ signalling in IR injury. qRT-PCR analysis for the relative TGFβ1 (A), TβRI (B) and TβRII (C) mRNA levels in CDA1
WT and KO mice which underwent IR injury or sham surgery for 4 and 8 days. Fold changes are shown as mean±SE (n=6 for sham, n=8-10 for IR). *p<0.05,
***p<0.001 vs corresponding Sham control, #p<0.05, ###p<0.001 vs corresponding 4d IR mice and †p<0.05 vs time-matched CDA1 WT IR mice.
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Figure 7.12. IR-associated activation of the TGFβ signalling pathway is attenuated by CDA1 deficiency early in disease development. Western blot
analysis for the relative expression of pSmad3 expression in renal protein lysates from CDA1 WT and KO mice 4 days (A) and 8 days (C) after renal IR injury,
with quantification performed by normalising the band intensity of pSmad3 with β-actin (B and D for 4 and 8 days after IR injury, respectively). lysates of
mouse aortic endothelial cells which were either treated with 1ng/mL recombinant TGFβ1 for 30 mins or left untreated were used as positive (+) and negative
(-) controls, respectively. Fold changes are shown as mean±SE (n=4 for sham, n=7-9 for IR). **p<0.01 vs corresponding Sham control, †p<0.05 vs timematched CDA1 WT IR mice.
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Figure 7.13. Effects of CDA1 deficiency on profibrotic gene expression in response to renal ischaemic/reperfusion injury in mice. qRT-PCR analysis
for the relative collagen III (A), fibronectin (B), MMP2 (C), TIMP1 (D), TβRI (E) and TβRII (F) mRNA levels in CDA1 WT and KO mice which underwent
IR injury or sham surgery for 4 and 8 days. Fold changes are shown as mean±SE (n=6 for sham, n=8-10 for IR). *p<0.05, **p<0.01, ***p<0.001 vs
corresponding Sham control, ###p<0.001 vs corresponding 4d IR mice and †p<0.05, ††p<0.01, †††p<0.001 vs time-matched CDA1 WT IR mice.
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Figure 7.14. Effects of CDA1 deficiency on proinflammatory gene expression in response to
renal ischaemic/reperfusion injury in mice. qRT-PCR analysis for the relative MCP1 (A), TNFα
(B), VCAM1 (C), ICAM1 (D), MSR1 (E), IL6 (F), iNOS (G) and C5 (H) mRNA levels in CDA1
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WT and KO mice which underwent IR injury or sham surgery for 4 and 8 days. Fold changes are
shown as mean±SE (n>3 for sham, n>8 for IR). *p<0.05, **p<0.01, ***p<0.001 vs corresponding
Sham control, ##p<0.01, ###p<0.001 vs corresponding 4d IR mice and ††p<0.01, †††p<0.001 vs
time-matched CDA1 WT IR mice.

Figure 7.15. ECM deposition and renal morphology in a mouse model of renal IR injury.
Representative images of Masson’s trichrome staining of kidneys from CDA1 WT and KO mice at 4
and 8 days after IR injury, with sham mice used as uninjured controls (magnification 200x). Notice
the general lack of ECM accumulation (blue staining) despite abnormal renal morphology.
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Figure 7.16. CDA1 deficiency does not affect total collagen content in response to renal
ischaemic/reperfusion injury in mice. Hydroxyproline analysis of kidneys extracted from CDA1
WT and KO mice which underwent IR injury or sham surgery for 4 and 8 days. Data are shown as
mean±SE (n=6 for sham, n=8-10 for IR). ***p<0.001 vs corresponding Sham control.
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Figure 7.17.a. CDA1 deficiency does not affect collagen deposition in response to renal ischaemic/reperfusion injury in mice. Representative images of
immunohistochemical staining of cortical collagens III (A) and IV (C) in kidneys extracted from CDA1 WT and KO mice which underwent IR injury or sham
surgery for 4 and 8 days (magnification 200x), with quantitation of each collagen (B and D). Data are shown as mean±SE (n=4 for sham, n>6 for IR). *p<0.05
vs corresponding Sham control.
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Figure 7.17.b. CDA1 deficiency does not affect collagen deposition in response to renal ischaemic/reperfusion injury in mice. Continued from previous
page.
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Figure 7.18. Effects of CDA1 deficiency on gene expression related to apoptosis, cell cycle
regulation and proliferation in response to renal ischaemic/reperfusion injury in mice. qRTPCR analysis for the relative p21 (A), p53 (B), Bcl2 (C), BAK1 (D), Caspase 8 (E) and ki67 (F)
mRNA levels in CDA1 WT and KO mice which underwent IR injury or sham surgery for 4 and 8
days. Fold changes are shown as mean±SE (n=6 for sham, n=8-10 for IR). **p<0.01, vs
corresponding Sham control, #p<0.05, ##p<0.01, ###p<0.001 vs corresponding 4d IR mice and
††p<0.01, †††p<0.001 vs time-matched CDA1 WT IR mice.
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7.4. Discussion
The TGFβ signalling pathway is critical in the pathogenesis of most CKD. Inhibition and
genetic deletion of TGFβ signalling components has previously been demonstrated to attenuate renal
fibrosis in animal models of acute kidney injury (AKI) (see Table 2.1), including genetic deletion of
Smad3,212, 216, 218 and miRNA-21,240 as well as the use of TGFβ neutralising antibodies,184, 222 in rodent
models of UUO and renal IR injury. Direct inhibition of TGFβ activity, while appealing, is unviable
due to the pleiotropic nature of TGFβ activity, as well as the adverse side effects associated with its
complete inhibition. In addition, attempts to elucidate specific roles of TGFβ in renal disease, through
the use of cell-specific knockout mouse strains, have demonstrated the complex nature of TGFβ
signalling. For example, although tubule-specific Smad4 mutant mice exhibited an attenuation in
UUO-associated renal fibrosis, these mice also exhibited an exacerbation of proinflammatory
signalling and leukocyte infiltration.201 In other cases, renal fibrosis was not affected by the knockout
of TβRII in ECM depositing cells,231 nor TGFβ-knockout in macrophages.223 Thus, we hypothesised
that targeting CDA1, which has been previously shown to significantly attenuate but not completely
block TGFβ signalling, would have antifibrotic potential in renal disease. In this study, I used the
global CDA1 KO mouse strain, which had previously exhibited an attenuation in diabetes-associated
renal fibrosis.256 As CDA1 deficiency was not associated with the development of any obvious
deleterious phenotype, it was expected that targeting CDA1 would be a safe option in modulating the
TGFβ signalling pathway and attenuating the development of renal fibrosis in CKD. Surprisingly,
however, CDA1 deficiency was found to have no obvious impact on the development of renal fibrosis
in the two models of AKI examined in this study.
In this chapter, I examined the effect of CDA1 deficiency in vivo on the progression of renal
fibrosis in two models of acute renal injury. Although both models had a similar experimental
duration of time, the degree and development of fibrosis observed differed due to the specific nature
of injury in each model. In the UUO model, the obstructed kidney is permanently ligated, leading to
continuous injury and eventual hydronephrosis, with ECM deposition evident by 5 days post-injury.
On the other hand, development of fibrotic lesions in the IR model, which was the result of an initial
injurious event (ischaemia) followed by secondary tissue injury (reperfusion), occurred by 8 days
post-injury. Despite abnormal renal morphology being observed at this timepoint, renal fibrosis in
the IR study was noticeably less severe than lesions observed in the UUO study. Fibrotic lesions in
the IR model are reported to be seen by 9 days,243 with severe lesions observed by 12 weeks, after IR
injury,305, 308, 313 with the progressive development of renal fibrosis being attributed to the eventual
downregulation of IR-induced MMP2 expression with a concomitant increase in TIMP1 expression
over time.314 Indeed, regulatory pathways, such as the TGFβ signalling pathway, are presumed to
play key roles in modulating processes which lead to renal fibrosis. Thus, with the timepoints utilised
in this study, the UUO model represents severe renal injury and an established fibrotic state, while
113

the IR injury model represents moderate renal injury, with pathological processes recapitulating early
stages of renal disease development.
Acute renal injury was associated with an upregulation of CDA1 gene expression in CDA1
WT mice in both models (Figure 7.3 and 7.10). This was accompanied by concomitant increases in
expression of TGFβ and other profibrotic genes. These findings further validate previous observations
whereby CDA1 expression is upregulated in diabetic and non-diabetic renal fibrosis, as well as
supporting the notion that there is a synergistic relationship between the expression of CDA1 and
TGFβ. However, surprisingly, there was no difference between CDA1 WT and KO mice in UUOassociated, nor IR-associated, upregulation of profibrotic gene expression, as well as a lack of changes
in ECM accumulation, particularly collagen, at any of the timepoints examined in this study. While
this is the common outcome for both of the acute renal injury models utilised in this chapter, the
differences in disease progression between the two models, as well as the different timepoints for
each model, may provide some insight to the underlying mechanism to explain this phenomenon.
Silencing or genetic deletion of CDA1 has previously been demonstrated to ameliorate TGFβ
signalling in vitro and in vivo. In particular, primary renal cells extracted from CDA1 KO mice
exhibited an attenuated response towards TGFβ1 treatment.256 This suggest that the absence of
functional CDA1 in CDA1 KO mice contributed towards the attenuation of diabetes-associated TGFβ
signalling and subsequent reduction of renal fibrosis in a mouse model of diabetic nephropathy. While
the same CDA1 KO mouse strain was used in this study, CDA1 deficiency was unable to attenuate
renal fibrosis in these acute renal injury models. Enhanced activation of the TGFβ signalling pathway
was observed in both models, as reflected by the upregulated expression of TGFβ-related genes,
particularly TGFβ receptors, as well as elevated expression of pSmad3 in injured kidneys (Figure
7.12). Interestingly, the absence of CDA1 appeared to affect TGFβ signalling activation differently
between the two models of AKI. In the IR model, there was a reduction in gene expression of TGFβ
receptors, TβRI and TβRII, in CDA1 deficient mice 4 days after IR injury (Figure 7.11). This was
associated with an apparent reduction in IR-associated pSmad3 expression in these mice (Figure
7.12B). Surprisingly, this reduction of pSmad3 in CDA1 deficient mice was not observed at 8 days
post-IR-injury (Figure 7.12D), which coincided with the expression of many genes associated with
IR injury, in particular TGFβ receptor genes. Indeed, expression of the TGFβ receptor genes were not
different to those observed in CDA1 WT mice at this timepoint. In contrast, there was no indication
that TGFβ signalling was affected by CDA1 deletion in the UUO model. These results collectively
suggest that the increasing severity of renal disease may surpass any potential effect of CDA1
deficiency had on the enhanced TGFβ signalling observed in these disease models. Indeed, CDA1
deficiency, ultimately, was not associated with an attenuation of profibrotic gene expression, and
subsequent ECM deposition at any timepoint examined in this study. In fact, it appears that CDA1
deficiency may have been associated with the exacerbation of profibrotic gene expression in the UUO
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model, albeit at different times of UUO development. Whether or not the absence of CDA1 causes
further renal injury in this model appears to be inconclusive, as seen by the contradictory nature of
collagen deposition in CDA1 KO mice, as well as the attenuation of proinflammatory genes at later
timepoints in the UUO model. As there is considerable cross-talk between TGFβ and other signalling
pathways, it is possible that absence of CDA1 and/or the attenuation of TGFβ signalling in these AKI
models might be compensated by the upregulation of other profibrotic factors. Nonetheless, although
these two AKI models represent different severities of renal fibrosis, CDA1 deletion was unable to
attenuate fibrosis progression in either of the models examined.
Although CDA1 deficiency appeared to have no effect on the progression of fibrosis in these
AKI models, the most profound effect of CDA1 deficiency was observed on markers involved with
inflammation, particularly in the early stages of the IR injury model. As seen from qRT-PCR analysis
of kidneys after 4 days of reperfusion, CDA1 deficiency was associated with an exacerbation of IRinduced proinflammatory gene expression, notably TNFα, IL6 and iNOS (Figure 7.13). This
phenomenon may be due to the amelioration of IR-induced TGFβ signalling in CDA1 KO mice, as
TGFβ has been known to confer anti-inflammatory properties.70 Indeed, TGFβ1-deficient mice have
been previously shown to exhibit an exacerbation of IR-associated renal cortical injury, with those
authors suggesting that TGFβ deficiency increased the sensitivity of tubular cells to TNFα-mediated
apoptosis.224
Despite the aforementioned IR-associated proinflammatory gene changes in CDA1 KO mice,
CDA1 deficiency has various effects on markers associated with macrophages and/or inflammatory
cell infiltration in both UUO and IR models. Adhesion molecules, particular ICAM1 and VCAM1,
play important roles in inflammation such as leukocyte adhesion and transendothelial migration into
inflammatory sites.315, 316 Interestingly, there were trends towards decreases in the gene expression of
these adhesion molecules, especially VCAM1, in CDA1 KO mice at early timepoints in both the
UUO and IR studies (Figures 7.6 and 7.13). Previous studies have demonstrated that inhibition
and/or absence of ICAM attenuates renal injury in mouse models of IR and UUO,317-320 while
inhibition of VCAM1 has been proposed as a viable therapeutic strategy against the development of
atherosclerosis.321 Paradoxically, however, there appears to be an exacerbation of IR-associated gene
expression of various macrophage markers, such as iNOS and MSR1 in IR-injured kidneys of CDA1
KO mice 4 days of reperfusion (Figure 7.13). The increased levels of iNOS and MSR1, which are
markers of pro-inflammatory M1322 and anti-inflammatory M2 macrophages,323 respectively, suggest
that CDA1 deficiency is associated with increased macrophage infiltration, of both subtypes, in this
model. Furthermore, as the effects of CDA1 deficiency on MSR1 expression are sustained at 8 days
after IR injury while levels of iNOS gene expression in CDA1 KO mice became comparable to those
in CDA1 WT, it is possible that CDA1 deficiency facilitates a switch of macrophage subtypes, which
may result in anti-inflammatory effects. Whether CDA1 deficiency was associated with elevated
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macrophage infiltration and changes in specific macrophage populations in these models requires
further investigation.
In addition to being a marker of M1 macrophages, iNOS is a major source of nitric oxide
(NO) in renal diseases.324 Interestingly, gene expression of iNOS, which was elevated in UUO and
IR mice (Figure 7.6 and 7.13), was exacerbated by CDA1 deficiency at an early stage of IR injury.
As both CDA1 and TGFβ have been reported to suppress iNOS expression,271, 325 it is possible that
this phenomenon is due to either the direct effect of the absence of CDA1 and/or amelioration of
TGFβ signalling. Indeed, iNOS expression, which is modulated via Smad2 and/or Smad3-dependent
pathways,198, 326 has been reported to be elevated in TGFβ1 null mice, as well as in Smad3 KO mice,
with concomitant inflammation, in a model of abdominal aortic aneurysm.327 However, as iNOS KO
mice have been associated with an increase in TGFβ expression and signalling in a model of cardiac
IR injury,328 and NO production inhibits Smad2/3 activity,329 iNOS and TGFβ may mutually
modulate each other. Further complicating this issue, iNOS expression was attenuated at later stages
of UUO in CDA1 KO mice (Figure 7.6). Although it is possible that these findings may reflect a
dynamic role of CDA1 in the modulation of iNOS expression at different stages of renal disease
development, it is also possible that this may reflect a difference between the UUO and IR model.
Indeed, deficiency of iNOS has been associated with an exacerbation of renal fibrosis, inflammation
and tubular apoptosis in the UUO model,330, 331 while the inhibition of iNOS attenuates renal IR
injury.332 Whether the deficiency of CDA1 in these models leads to worsening of disease progression
through its effects on iNOS expression requires further investigation.
Overall, CDA1 deficiency and its exacerbation of proinflammatory gene expression in the
early stages of IR injury appear to have no effect on disease outcome. Indeed, I observed no greater
susceptibility towards renal fibrosis, the final pathological feature in many chronic diseases and a
contributing factor towards organ failure, in either the CDA1 KO mice in the IR study, nor in the
severe renal fibrosis model of UUO. In fact, many of the proinflammatory genes which were
exacerbated by CDA1 deficiency 4 days after IR injury were not different to that seen in CDA1 WT
mice at 8 days post-injury. In addition to the lack of overall transcriptional changes in the UUO model,
these findings suggest that CDA1 may have a role in suppressing renal inflammation at early stages
of disease progression. As inhibition of TGFβ signalling has previously been shown to potentially
exacerbate inflammation while also attenuating renal fibrosis in both IR injury,222 and UUO,230 it will
be necessary to examine the long-term effects of CDA1 deficiency in IR injury by including later
timepoints.
As a result of severe renal injury, the inhibition of cell cycle progression, as well as activation
of apoptotic pathways, is seen in AKI and is considered to play a role in removing any damaged and
unviable cells. Furthermore, tubular cell cycle arrest has been suggested to promote profibrotic
responses in kidney disease.333 There is an increasing body of evidence that CKD is associated with
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cell cycle arrest of the tubular epithelial cells,334 which may contribute to enhanced profibrotic
cytokine activity.333 It was expected that targeting CDA1, which has been shown to exert
antiproliferative properties in a p21 and cyclin B/CDK1-dependent manner,266, 272 would have had an
effect on cell cycle markers in AKI. However, surprisingly, CDA1 deficiency was associated with an
exacerbation of IR-induced p21 expression at 4 days post-injury. Furthermore, expression of many
genes involved in cell cycle regulation, such as p53, and apoptosis, such as Bcl2, Bax1 and caspase8, were reduced in CDA1 KO mice 4 days after IR injury. This is in contrast to previous reports
whereby CDA1 deficiency had no effect on apoptosis,264 nor did CDA1 overexpression lead to an
increase in cell death.248 As Bcl2 is a known anti-apoptotic protein, while Bak1 is generally apoptotic,
it is not clear what would be the result of a reduction in both proteins. In addition, the expression of
these genes was not different between CDA1 WT and CDA1 KO at 8 days post-injury, nor at later
timepoints in the UUO study. This suggests, similar to that seen in respect to renal inflammation,
CDA1 may modulate cell cycle responses as well as apoptotic processes in early AKI development.
Thus, further examination, particularly at the protein level, is warranted to determine the role of
CDA1 on cell cycle control and apoptosis in renal disease.
Interestingly, I also observed a tendency towards an increase in ki67 expression at later stages
of IR injury in CDA1 KO mice when compared to WT mice. This finding suggests that CDA1
deficiency might be associated with increased proliferation of cells at later stages of AKI
development. As renal IR injury has been reported to resolve if given sufficient time in this model,335
whether the absence of CDA1 has any effect on proliferation of tubular cells after IR injury remains
to be investigated.
Overall, CDA1 deficiency was not associated with the attenuation of renal fibrosis in two
models of acute renal injury. Surprisingly, however, there was an exacerbation of IR-associated
proinflammatory gene expression, suggesting that CDA1 may play a role in the transcriptional
modulation of inflammation in early disease development, potentially through the TGFβ signalling
pathway. Although CDA1 deficiency was associated with an exacerbation of proinflammatory gene
expression, and paradoxically a minor reduction in adhesion molecule expression, the absence of
CDA1 ultimately had no effect on renal injury or fibrosis in the two AKI models examined. As these
proinflammatory effects of CDA1 deficiency are associated with a reduction in TGFβ signalling,
caution is advised when pursuing the pharmacological inhibition of CDA1 in certain fibrotic diseases.
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Chapter 8. Discussion & Conclusion
8.1. Summary of major findings
8.1.1. Overview
CDA1 has been implicated to play a role in the development of fibrosis in vascular and renal
diseases.255, 256, 262, 270 Pioneering studies suggest that CDA1 drives profibrotic processes in these
diseases through its augmentation of the TGFβ signalling pathway. In addition, the inhibition and
absence of CDA1 has been demonstrated to attenuate TGFβ-induced upregulation of profibrotic
markers in vitro and in vivo, leading to the subsequent attenuation of renal fibrosis development.255,
256

The studies presented in this thesis aimed to further examine the pathological role of CDA1 in

renal fibrosis through the use of conventional and inducible genetic knockout mouse strains in
experimental models of non-diabetic and diabetic kidney disease, respectively. Overall, the findings
described in this thesis show that the potential renoprotective effect of targeting CDA1 in renal
disease appears be context-dependent. In the diabetic nephropathy studies, early intervention against
CDA1 activity through induced genetic deletion of CDA1 at an early stage of diabetic kidney disease
attenuated renal fibrosis, while delayed intervention was found to be less effective on long-term
disease development. In the non-diabetic renal fibrosis studies, the absence of functional CDA1, as
seen in CDA1 KO mice, failed to attenuate renal fibrosis in two models of AKI, UUO and IR injury.
However, CDA1 deficiency at early stages of AKI development was associated with profound effects
on pathological processes which are known to be modulated and may influence the response of the
TGFβ signalling pathway, such as inflammation and apoptosis. Collectively, these findings further
suggest that the involvement of CDA1 on the pathogenesis of renal disease extends beyond its role
in promoting the fibrotic process. Indeed, the effects associated with the absence of CDA1 appear to
be overwhelmed by the robust stimuli used in these non-diabetic models. Thus, targeting CDA1 in
renal disease appears to be more effective at early stages of disease development. Furthermore, these
findings are consistent with the concept that while CDA1 is able to modulate TGFβ signalling, it is
not an intrinsic component of the TGFβ pathway, and that the absence of CDA1 may attenuate TGFβ
signalling but cannot totally block this physiologically important pathway.
8.1.2. Induced genetic deletion of CDA1 and its effects on the progression of diabetic
nephropathy
8.1.2.1. Inducible CDA1 KO mice
Although the effects of CDA1 deficiency in an experimental model of diabetic nephropathy
had been previously investigated,256 direct inhibition of CDA1 and its effect on the progression of
established diabetic kidney disease had not been investigated previously. As the development and
characterisation of a pharmacological inhibitor of CDA1 is still at an early stage [Wu, T., submitted
manuscript], I utilised an inducible genetic knockout mouse strain, CDA1flox/ERCre strain, to
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“imitate” certain aspects of the pharmacological inhibition of CDA1 activity in a mouse model of
diabetic nephropathy. As seen in Chapter 4, the administration of tamoxifen to CDA1flox/ERCre
mice was able to induce the genetic deletion of CDA1 in a rapid and consistent manner. Although
deletion of the CDA1 gene upon tamoxifen administration occurred in a dose-dependent manner in
these mice, I chose not to increase the dose beyond 1.5 mg/mouse for 3 consecutive days used, nor
did I attempt to achieve a complete ablation of CDA1 expression, in order to avoid potential side
effects associated with high doses of tamoxifen administration (As described in Section 4.4).
Fortunately, with the dose utilised in this thesis, I observed no tamoxifen-associated effect on
metabolic and biochemical parameters in both non-diabetic control and diabetic CDA1flox mice.
Thus, any effect of tamoxifen-administration to the CDA1flox/ERCre mice was largely, if not solely,
due to the substantial reduction of CDA1 expression and resultant activity in these mice.
8.1.2.2. The effect of early versus delayed intervention against CDA1 in diabetic nephropathy
As seen in Chapter 5, early intervention against CDA1 activity via induced genetic deletion
of CDA1 attenuates the development of diabetes-associated renal fibrosis. Induced genetic deletion
of CDA1 five weeks after the induction of diabetes was associated with an attenuation of diabetesassociated profibrotic gene expression, with a consequent reduction in renal collagen accumulation.
This is consistent with the findings from previous studies, where the renoprotective effects observed
in CDA1 deficient mice were shown to be due to an attenuation of diabetes-associated TGFβ
signalling.256 By contrast, delayed intervention against CDA1 at a more established stage of renal
disease appeared to have had minimal effect on the long-term development of renal fibrosis in this
disease model (Chapter 6). While diabetes-associated collagen III deposition at 20 weeks after
diabetes induction was attenuated in mice with induced CDA1 deficiency at 10 weeks after diabetes
induction, there was no effect on any other parameter associated with renal fibrosis that was
examined, including diabetes-associated profibrotic gene expression, nor collagen IV accumulation.
The lack of renoprotective effects in the delayed intervention study is consistent to the lack of efficacy
associated with TGFβ inhibition in established stages of diabetic kidney disease, as seen in a recent
clinical study using TGFβ neutralising antibodies.204 Whether the minimal effect of CDA1
intervention at later stages of diabetic kidney disease development is due to the ineffectiveness of
targeting either CDA1 or the TGFβ signalling pathway in established renal disease requires further
examination.
8.1.3. Global CDA1 KO and its effect on renal fibrosis in mouse models of AKI
Although knockout of CDA1 has been previously demonstrated to attenuate fibrosis in a
mouse model of DN, the development of renal fibrosis was not affected by the absence of CDA1 in
two models of AKI presented in this thesis (Chapter 7). Based on previous observations, knockout
of CDA1 was considered to be associated with an attenuation of TGFβ activity in these disease
models. Indeed, CDA1 KO mice exhibited an attenuation of IR-associated upregulation of TGFβ
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receptors at an early timepoint, with western blot analysis also demonstrating reduced IR-associated
expression of pSmad3 in these mice. Despite this, the absence of CDA1 did not affect the upregulation
of profibrotic genes, nor the overall ECM accumulation, in both AKI models. CDA1 deficiency,
however, was associated with profound effects on transcriptional changes related to inflammation,
cell cycle regulation and apoptosis in early stages of AKI (See Section 7.3). Indeed, there appeared
to be an exacerbation of IR-associated proinflammatory genes, particularly IL6, iNOS and MSR1, in
IR-injured CDA1 KO mice at an early stage of disease development. These mice were also associated
with reduced expression of genes such as adhesion molecules involved in recruitment of
inflammatory cells, such as VCAM1 and ICAM1, and apoptotic modulators, such as Bcl2, Bak1 and
Caspase 8, at this timepoint. As many of these transcriptional changes can be attributed to a reduction
in TGFβ signalling activity, it was surprising to observe that the expression of many of these genes
was not different between CDA1 WT and KO mice at later stages of renal IR injury development, as
well as in the more severe renal injury model, UUO. Nonetheless, both AKI models were associated
with profound renal injury with robust upregulation of profibrotic and proinflammatory genes. The
overwhelming response observed in these AKI models may involve the activation of a multitude of
different pathological pathways. Thus, while targeting CDA1 may attenuate TGFβ signalling activity
in these models, particularly at early stages of disease development, it does not completely block the
TGFβ signalling pathway. Furthermore, it is possible that other profibrotic pathways are either not
affected and/or enhanced to compensate for the absence of CDA1 in these non-diabetic renal disease
models.

8.2. The pathological role of CDA1 in renal disease
8.2.1. Renal disease is associated with an elevation in CDA1 expression
From the findings presented in this study, it is abundantly clear that the role of CDA1 in renal
disease is more complicated than originally thought. As previously reported, the physiological levels
of CDA1 in the adult kidney are low.252-254, 268 In agreement with previous studies,255, 256, 262 I have
observed elevations in CDA1 gene expression with injury, in a number of diabetic and non-diabetic
models of renal injury. In fact, based on the qRT-PCR analysis presented in this thesis, levels of
CDA1 appears to increase with severity of disease, with the gene expression of CDA1 increasing to
~1.5-fold in diabetic nephropathy, ~2.0-fold in renal IR injury and more than 3.0-fold in UUO, when
compared to control mice. While upregulation of CDA1 has been considered to occur as a result of
enhanced TGFβ signalling in vascular and renal disease,255, 262 CDA1 may also be transcriptionally
induced by various factors associated with the development of CKD,336, 337 such as X-box binding
protein-1,338 and the arylhydrocarbon receptor,339 as well as in response to DNA damage,272 and
hypoxia [Li, J., unpublished work]. Coinciding with the concomitant increases in expression of TGFβ
and TGFβ-related molecules, it is clear that CDA1 is involved in the development of renal fibrosis.
While the pathological role of CDA1 in renal disease has been found to be associated with its ability
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to enhance the TGFβ signalling pathway through a TβRI-dependant manner (described in Section
2.4), the direct mechanism responsible for its activity remain unclear. However, based on findings
from domain-swapping and gene deletion studies, CDA1 may be involved in the transcriptional and
post-translational regulation of a variety of targets, which, in turn, may modulate the pathological
actions of TGFβ.
8.2.2. Speculated mechanisms behind CDA1 ability to enhance TGFβ signalling
Among the many studies which have investigated the role of CDA1 in a variety of diseases,
the most common observable characteristic of CDA1 is its antiproliferative ability. This property may
be relevant to its activity in renal fibrosis, given that there is increasing evidence demonstrating that
cell cycle arrest in renal tubular cells may contribute towards enhanced profibrotic cytokine activity
in renal disease.333 Interestingly, findings from several independent studies strongly suggest that the
antiproliferative ability of CDA1 might be related to its TGFβ-enhancing properties. Firstly, like
CDA1,272 TGFβ is able to transcriptionally upregulate p21 expression through a MAPK-dependent
pathway.340, 341 Indeed, a preliminary study demonstrated that CDA1-mediated activation of p21
promoter and its subsequent transcription in vitro was also TβRI-dependent [Tu, Y., unpublished
work]. Furthermore, CDA1 has been shown to induce cell cycle arrest at the G2/M phase in a cyclin
B/CDK1-dependent manner,266 while there have been reports of strong associations between cell
cycle arrest and TGFβ levels.221, 333 Secondly, chromatin immunoprecipitation assays demonstrate
that CDA1 does not bind to the p21 promoter,259 suggesting that CDA1 indirectly promotes the
transcriptional upregulation of p21. Collectively, these findings suggest that CDA1 may confer its
antiproliferative properties through the TGFβ signalling pathway.
As described in Section 2.3.1, both the NAP domain and the acidic carboxyl tail have been
extensively investigated for their role in the antiproliferative properties of CDA1. The importance of
these structural features is emphasised by findings obtained from our CDA1 KO mice. The deletion
of exons 2-5 of the mouse CDA1 gene, which encodes a portion of the NAP domain (residues 238381), results in an open-reading frame shift, leading to the introduction of a stop codon within 6
residues downstream of the deleted region (Figure 8.1). Thus, the resultant protein translated from
the truncated gene of CDA1 KO mice contains the amino-terminal portion of CDA1, while lacking
both a functional NAP domain and the acidic carboxyl-terminal tail. Although it has been proposed
by an independent group that the amino-terminal portion of CDA1 may be involved in the interaction
with certain transcription factor complexes, such as repressor element 1-silencing transcription
factor/neuron-restrictive silencer factor (REST/NRSF), it is likely that the remnant CDA1 protein in
our CDA1 KO mice is non-functional.263 Indeed, in the same study, these authors demonstrated that
a mutant variant of the human CDA1 protein encoding residues 1-216 alone was unable to suppress
proliferation nor enhance TGFβ signalling in vitro and required the presence of other structural
domains to exert these effects. Furthermore, consistent with this finding, primary cells from CDA1
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mutant mice, despite the presence of the amino-terminal end of CDA1 in these mice with deletion of
exons 2-5 of the CDA1 gene, have not only exhibited stunted profibrotic responses towards TGFβ1,256
but also had impaired ability to undergo cell cycle arrest.264

A

B

Figure 8.1. Deletion of exons 2-5 of the mouse CDA1 gene leads to a non-functional gene
product. A schematic diagram of the mouse CDA1 gene, with the resultant translated amino
acid sequence listed below, in CDA1 wildtype mice (A). In CDA1 KO mice, an open-reading
frame shift occurs after the excision of exons 2-5 of the CDA1 gene, resulting in the introduction
of a STOP codon within 6 residues after exon 1 of the truncated gene (B). Thus, the resultant
protein from the CDA1 KO allele will contain the amino-terminal portion of CDA1, while
lacking both a functional NAP domain and the acidic carboxyl-terminal tail.

8.2.3. The inhibition or absence of CDA1 activity affects TGFβ signalling and subsequent renal
fibrosis development in a time and context-dependent manner
In agreement with previous studies using global CDA1 KO mice,256, 270 early intervention
against CDA1 activity was demonstrated to attenuate the development of diabetes-associated renal
fibrosis (Chapter 5). Based on in vitro and in vivo data from previously reported studies,255, 256 it is
assumed that the renoprotective effect associated with the absence or inhibition of CDA1 activity in
the development of diabetic nephropathy is due to reduced TGFβ signalling activity. The reduction
in TGFβ signalling activity may also be associated with profound transcriptional effects as was
observed in CDA1 KO mice at early stages of renal IR injury development. Indeed, CDA1 deficiency
was associated with transcriptional changes in IR-associated expression of genes related to
inflammation, cell cycle control and apoptosis at 4 days after renal IR injury, which coincided with
an attenuation in IR-associated pSmad3 expression in these mice (Chapter 7).
However, the effects of CDA1 deficiency on TGFβ signalling and subsequent renal disease
development appear to be temporal in nature, particularly at advanced stages of renal disease. Indeed,
delayed intervention against CDA1 through the induced genetic deletion of CDA1 had minimal, if
any, effect on long-term renal fibrosis development in a mouse model of diabetic nephropathy
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(Chapter 6). Similarly, despite the profound transcriptional changes associated with reduced TGFβ
signalling observed at early stages of IR-injury disease development in CDA1 deficient mice, the
absence of functional CDA1 had little, if any, effect on profibrotic gene expression nor on subsequent
ECM deposition in two disparate mouse models of AKI (Chapter 7). Interestingly, the differences
in transcriptional changes, particularly of genes related to inflammation such as IL6 and iNOS, and
IR-associated pSmad3 expression between CDA1 WT and KO mice at early stages of IR-associated
disease development were not observed at a later timepoint. In addition, I observed no difference
between CDA1 WT and CDA1 KO mice in expression levels of genes related to inflammation, cell
cycle control and apoptosis in the more severe AKI model, UUO. As primary renal cells extracted
from CDA1 KO mice have previously been demonstrated to have a stunted response to exogenous
TGFβ1 stimulation,256 it is possible that other signalling pathways are activated to sustain profibrotic
processes in the absence of CDA1 activity in these models, particularly at later stages of renal disease
development. Collectively, these findings suggest that CDA1, through the modulation of the TGFβ
signalling pathway, plays multiple roles in early renal disease development and, therefore, inhibition
of CDA1 activity is more effective at early stages of renal disease. However, as renal disease
develops, the activation of other pathological pathways may occur in order to compensate for the
absence of CDA1 activity, potentially rendering CDA1 activity in some of these disease models
redundant. These findings further support the concept that while CDA1 may modulate the TGFβ
signalling pathway in disease, the absence or inhibition of CDA1 activity does not completely block
this physiologically important pathway. This could be an advantage since this would otherwise lead
to undesirable side-effects. Thus, targeting CDA1 represent a non-aggressive approach towards the
inhibition of TGFβ-mediated profibrotic processes and could be used in combination with other
potential therapeutic strategies to combat the development of fibrosis in CKD.

8.3. Questions left unanswered, study limitations and future directions
From the findings presented in this thesis, it is clear that the role of CDA1 in disease
development is far more complex than originally predicted. Although CDA1 deficiency was
associated with profound transcriptional changes in genes related to inflammation, cell cycle control
and apoptosis at early stages of renal IR-injury development, these disease processes lie beyond the
research focus of this thesis and, therefore, were not extensively examined. Furthermore, despite what
appears to be an exacerbation of IR-associated proinflammatory expression at early stages of IR
disease development in CDA1 deficient mice, ultimately, this did not appear to affect the
development of renal fibrosis, as reflected by the lack of changes in profibrotic gene expression, nor
subsequent ECM accumulation. Nonetheless, as these disease processes have been implicated in the
development of renal fibrosis, it will be necessary to examine the role that CDA1 plays in modulating
these processes in the future.
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Although pioneering studies in our laboratory have demonstrated the ability of CDA1 to
enhance TGFβ signalling and independent mechanistic studies have unveiled potential mechanisms
of CDA1 action, it is imperative towards our further understanding of CDA1 to examine the
mechanisms which govern the direct actions of this protein in the context of fibrosis. Indeed, a more
thorough understanding of the molecular and protein structure of CDA1 will not only assist in the
identification of potential binding partners but will also assist in the development of pharmacological
inhibitors towards CDA1. Furthermore, while I was able to demonstrate that CDA1 gene expression
was upregulated in renal disease, I was unable to validate this expression at the protein level due to
the lack of a suitable antibody. To address this issue, attempts have been made in our laboratory to
generate specific antibodies suitable for the immunohistochemical staining of CDA1 protein in mouse
kidney. Of particular interest, as CDA1 has been suggested to be post-translationally regulated by
phosphorylation, the production of antibodies which can identify phosphorylated and nonphosphorylated forms of CDA1 may help to improve our understanding of CDA1 regulation and
actions in disease.
One of the core hypotheses of my studies was that the absence of CDA1 activity attenuates
TGFβ signalling. While our initial investigations in vitro have demonstrated that silencing the
expression or the complete absence of functional CDA1 is associated with reduced TGFβ signalling
activity, the absence or delayed inhibition of CDA1 activity was unable to attenuate renal fibrosis
development in the non-diabetic renal fibrosis or experimental diabetic nephropathy models,
respectively. However, more thorough analysis of TGFβ signalling activation, such as
immunohistochemical staining for pSmad3 expression, is required to further confirm our findings
obtained from western blot analysis. Furthermore, to determine whether the effects associated with
CDA1 deficient mice in these disease models were a direct consequence of reduced TGFβ signalling,
it will be necessary to perform further experiments using animal models utilising TGFβ signalling
inhibitors, alongside parallel studies in CDA1 KO mice. Not only will this help validate the
relationship of CDA1 and TGFβ in disease development but will determine whether the inability to
affect renal fibrosis in these studies can be pinpointed to the lack of efficacy of CDA1 or TGFβ
inhibition.
I utilised a number of mouse models of diabetic and non-diabetic forms of renal disease to
examine the pathological role of CDA1 in this thesis. While a number of interesting findings have
been gathered from these studies, there are still questions left to be answered. Indeed, the mouse strain
used in the diabetic nephropathy studies was on the C57BL6 background, which are known to be
relatively resistant to glomerulosclerosis. Therefore, it would be interesting to examine our findings
in a more clinically relevant model, such as the more glomerulosclerotic-prone ApoE KO strain or a
genetic model of diabetes with nephropathy, such as the Akita mouse. In addition, while the two
models of AKI used in this thesis, UUO and renal IR injury, may share certain pathological features
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at certain timepoints in disease development, they are, nonetheless, disparate models of disease with
important differences in disease progression and outcome. Thus, it would be important to examine
additional timepoints in these models in order to investigate the role of CDA1 in pathological
processes contributing to the progression of CKD, such as inflammation, cell cycle control and
apoptosis.

8.4. Conclusions
In summary, the work presented in this thesis examined the effect of CDA1 deficiency on the
development of renal fibrosis in mouse models of diabetic and non-diabetic renal diseases. Elevated
CDA1 expression was observed with renal injury, which appears to increase with disease severity,
suggesting a role for CDA1 in the initiation of renal disease in these models. Induced genetic deletion
of CDA1 at early stages of disease development appears to afford renoprotection in a mouse model
of diabetic nephropathy. In contrast, induced genetic deletion of CDA1 at a later timepoint had
minimal effect on long-term diabetes-associated renal fibrosis. The latter finding is consistent with
observations obtained from the more acute and severe non-diabetic mouse models of renal fibrosis.
Indeed, although CDA1 deficient mice exhibited profound transcriptional changes associated with
reduced TGFβ signalling activity at early stages of IR injury development, the absence of CDA1 did
not appear to affect profibrotic gene expression nor subsequent ECM accumulation in either AKI
models examined in this study. Collectively, these findings suggest that CDA1 is involved in early
stages of disease development, with inhibition of its activity at these early stages having profound
effects on TGFβ-mediated pathological processes. However, the effect of CDA1 deficiency on the
TGFβ signalling pathway and subsequent renal fibrosis development appears to be time and contextdependent. Overall, targeting CDA1 represents a relatively non-aggressive approach towards the
attenuation of the TGFβ signalling pathway. It is likely that these studies will aid in the development
of future therapies, including the targeting of CDA1, against the development and progression of
various fibrotic renal diseases including the most common cause of ESRD worldwide, diabetic
nephropathy.
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Appendix
Supplementary Figures

Supplementary Figure 1. Total collagen content progressively increases with time in the UUO
model. Obstructed kidneys from CDA1 WT mice were analysed using hydroxyproline content to
examine total collagen content in all timepoints examined. Data are shown as mean±SE (n=5 for
sham, n=9 for UUO). ***p<0.001 vs corresponding Sham control.
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Supplementary Figure 2. Induced genetic deletion of CDA1 attenuates diabetes-associated
ECM accumulation in mice. Masson's Trichrome staining for renal ECM accumulation in 10-week
non-diabetic (Con) and diabetic (Dia) CDA1flox/ERCre mice treated with Tamo or Veh is shown in
blue (A, magnification 200x), and quantification of staining (B). Fold changes are shown as mean±SE
(n=6-7 for Con, >7 for Dia). †††p<0.001 vs Veh Dia.
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Supplementary Figure 3. Tamoxifen administration induces genetic deletion of CDA1 in aortic
tissue of CDA1flox/ERCre mice. Male CDA1flox and CDA1flox/ERCre mice were rendered
diabetic (Dia) with STZ injections, (or buffer alone to serve as non-diabetic controls (Con)) at 6-8
weeks of age and were injected with tamoxifen (Tamo) or vehicle to delete the CDA1 gene in
CDA1flox/ERCre mice at 10 weeks of diabetes. Aortas were collected at 20 weeks of diabetes. Aortic
CDA1 mRNA levels are expressed as mean±SE (n=3-4). #p<0.05 vs Veh Con, †p<0.05 vs Veh Dia.
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Supplementary Figure 4. Delayed CDA1 genetic knockout does not attenuate diabetesassociated ECM deposition. Masson's Trichrome staining for renal ECM accumulation in 20-week
Con and Dia CDA1flox/ERCre mice treated with Tamo or Veh is shown in blue (A, magnification
200x), and quantification of staining (B). Fold changes are shown as mean±SE (n=6-7 for Con, >7
for Dia).
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Supplementary Figure 5. Mesangial expansion is not significantly increased in STZ-induced
diabetic mice. Representative images of PAS images from the 10 and 20-week CDA1flox/ERCre
mice receiving vehicle or treated with tamoxifen (A and C, respectively. Magnification 200x), and
quantification of staining (B and D, respectively). Fold changes are shown as mean±SE (n=5-7 for
Con, >7 for Dia).
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Supplementary Figure 6. Confirmation of genetic deletion of CDA1 in UUO study. Genetic
deletion of CDA1 in KO mice was confirmed by genotyping as well as qRT-PCR using primers
specific for the region of CDA1 gene which was deleted in KO mice. Data shown as mean±SE (n>5
for sham, n>6 for UUO).

Supplementary Figure 7. UUO-associated collagen content in mice is not affected by CDA1
deficiency. Total collagen content as measured by hydroxyproline assay of renal cortex CDA1 WT
and KO mice 14 days post-UUO. *p<0.05, ***p<0.001 vs corresponding Sham control (n>7).
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accumulation of extracellular matrix in the vascular wall, thereby strengthening it. This role of CDA1
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Furthermore, aortic CDA1 expression was downregulated ∼70% within biopsies from human abdominal aortic
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with upregulation of vascular CDA1 and that CDA1 deletion in diabetic mice promotes aneurysm formation provides evidence that CDA1 plays a role in diabetes to
reduce susceptibility to aneurysm formation.
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Aortic aneurysm is a major cause of mortality in older
adults (1). Interestingly, although diabetes is associated
with an increased incidence of cardiovascular disease, speciﬁcally related to atherosclerosis, the incidence of aortic
aneurysms has been reported to be reduced in diabetes
(2–5). The underlying mechanisms for this puzzling clinical observation are poorly understood (2,6). Diabetic complications are considered to be closely linked to enhanced
transforming growth factor-b (TGF-b) signaling (7–11). Aneurysm formation is thought to occur as a result of altered
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COMPLICATIONS

Diabetes is a negative risk factor for aortic aneurysm,
but the underlying explanation for this phenomenon is
unknown. We have previously demonstrated that cell
division autoantigen 1 (CDA1), which enhances transforming growth factor-b signaling, is upregulated in diabetes. We hypothesized that CDA1 plays a key role in
conferring the protective effect of diabetes against aortic
aneurysms. Male wild-type, CDA1 knockout (KO), apolipoprotein E (ApoE) KO, and CDA1/ApoE double-KO (dKO)
mice were rendered diabetic. Whereas aneurysms were
not observed in diabetic ApoE KO and wild-type mice,
40% of diabetic dKO mice developed aortic aneurysms.
These aneurysms were associated with attenuated aortic
transforming growth factor-b signaling, reduced expression of various collagens, and increased aortic macrophage inﬁltration and matrix metalloproteinase 12
expression. In the well-characterized model of angiotensin II–induced aneurysm formation, concomitant
diabetes reduced fatal aortic rupture and attenuated suprarenal aortic expansion, changes not seen in dKO mice.
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TGF-b signaling, enhanced inﬂammation, and activation
of matrix metalloproteinases (MMPs), which leads to increased degradation of extracellular matrix (ECM) and
weakening of the vessel wall (12,13). Genetic mutations and
impaired functions of genes involved in the TGF-b signaling
pathway have been demonstrated to play a causal role in
aortic aneurysm formation (14–22). We have previously
shown that cell division autoantigen 1 (CDA1) is upregulated in diabetes and enhances TGF-b signaling, including
in the vasculature (23–25). Based on these ﬁndings, we
postulated a role for CDA1 in promoting resistance to aneurysm formation in diabetes. In the current study, we have
directly examined if CDA1 contributes to the relative protection from aortic aneurysm associated with diabetes using
various models of aneurysm formation in the setting of
concurrent streptozotocin-induced diabetes in mice with
and without deletion of CDA1, a molecule implicated in
TGF-b signaling.
RESEARCH DESIGN AND METHODS
Mice With and Without Diabetes

The CDA1 knockout (KO) and the CDA1/apolipoprotein
E (ApoE) double-KO (dKO) mouse strains, both on a C57BL/6
background, have been previously described (25). In this
study, male wild-type (WT), CDA1 KO, and ApoE KO and
dKO mice were rendered diabetic by ﬁve consecutive daily
injections with streptozotocin (55 mg/kg) or injected with
buffer alone to serve as nondiabetic controls. Animals
were euthanized 20 weeks later for analysis of aortic
tissues and metabolic parameters as previously described
(23–25). The animal studies were approved by the Alfred
Medical Research and Education Precinct Animal Ethics
Committee.
Morphometric Determination of Aortic Size and
Histological and Biochemical Analyses

Aortas were dissected and placed in cold 0.9% sodium chloride
and photographed. A subset of aortas was either ﬁxed in 10%
neutral buffered formalin for histological analysis or snap
frozen in liquid nitrogen for later extraction of total RNA. The
maximum diameters of the ascending, descending, and abdominal aortas were determined by analysis of the photographed images as previously described (26). Measurements
were taken in duplicate in a blinded fashion.
Assessment of Aortic Aneurysm

Aortic aneurysms were assessed by three techniques in
different experiments. Firstly, isolated aortas were photographed and morphometrically examined (see above). Secondly,
aortas were examined histologically for areas of balloon-like
bulges under the microscope at a magniﬁcation 310. Histological features of aneurysm such as medial elastin lamella
breaks, adventitial structural damage, and macrophage inﬁltration were sought (27). Thirdly, aortas were examined
in vivo using ultrasound imaging, and the maximum aortic
diameters were determined at the suprarenal region (see
below).
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Analysis of Aortic Elastin Lamella and Collagen Fibril
Structure

Parafﬁn-embedded aortic sections (4-mm thick) were stained
in orcein solution and counterstained by hematoxylin and
eosin (H&E) as previously described (28). The degree of
elastin lamella fragmentation was graded by an observer
blinded to the mouse group using a scoring system (scores
0–4) previously used (29,30). Examples of each grade are
illustrated in Supplementary Fig. 1. Elastin lamella thickness of each sample was randomly measured at 10 random
locations using Photoshop CS4 software (Adobe Systems).
Aortic collagen staining using picrosirius red (31) and confocal microscopy examination of the collagen ﬁber network
(32) have been previously described. Picrosirius red–stained
collagen ﬁber images were analyzed for ﬁber anisotropy using
the Fibriltool plugin in ImageJ software (National Institutes of Health) as described previously (33).
Immunohistochemical Staining

Parafﬁn-embedded aortic sections were immunohistochemically stained for various ﬁbrotic and inﬂammatory
proteins, and the staining signals were quantiﬁed as previously described (24,25). For phospho-Smad3 staining, the
percentage of cells with positively stained nuclei among
cells examined were quantiﬁed. Antibodies to collagen III
(ab7778), phospho-Smad3 (ab52903), and F4/80 (ab16911)
were purchased from Abcam (Cambridge, U.K.), and antibody to collagen IV (GWB-5A65E0) was from GenWay Biotech (San Diego, CA). Negative control with no primary
antibody and isotype control antibodies (Supplementary
Fig. 2) was performed to conﬁrm the speciﬁcity of the immunohistochemical staining.
Determination of mRNA Levels in Mouse Aortas

Gene-speciﬁc mRNA levels were determined by real-time
RT-PCR as previously described (24,25). RT-PCR was carried
out on the cDNA templates using TaqMan Fast Universal
PCR Master Mix (Applied Biosystems, Foster City, CA) with
b-actin gene used as an internal control. The sequences of
primers and probes are shown in Supplementary Table 1.
Angiotensin II Infusion in Nondiabetic and Diabetic Mice

To further explore the role of diabetes and CDA1 expression, a well-characterized model of aortic aneurysm formation was studied, involving angiotensin II (AngII) infusion
(34). Male mice were rendered diabetic by streptozotocin as
described above. Ten weeks later, both nondiabetic and diabetic mice were implanted with an Alzet osmotic minipump (model 1004; Alzet, Cupertino, CA) subcutaneously,
which released AngII at a dose of 1 mg/min/kg for 4 weeks.
Animals found dead were autopsied in order to identify any
evidence of aortic aneurysm rupture as well as the rupture
site. Animals found to be severely sick, which had to be
killed according to the animal welfare guidelines, were included as censored in the survival curve comparison analysis. Animals were killed after 4 weeks’ AngII infusion, and
their aortas were examined for the assessment of aortic
aneurysms. Isolated aortas were photographed before being
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either ﬁxed in formalin for subsequent histology or frozen
for further analysis.
Measurement of Inner Diameter of the Suprarenal Aorta
in Live Animals

Ultrasound imaging examination was performed on animals
receiving AngII infusion in order to analyze the size of the
abdominal aorta (35). Animals were examined on the same
day or ,2 days before AngII infusion started in order to
measure the baseline diameter as well as at weeks 1 and
2 after AngII infusion in order to detect the changes in
aortic diameter. High-resolution anterior–posterior images
of motion-mode of aortas in isoﬂurane-anesthetized animals were recorded using the Vevo 2100 Imaging System
with a 40-MHz probe (VisualSonics, Toronto, Ontario, Canada). The maximum inner wall to inner wall diameter of the
suprarenal region of the aorta during systole was measured
using the Vevo 2100 1.6.0 software.
Data Analysis

All of the data collected from the animal studies were analyzed
by two-way ANOVA, and pairwise comparisons between experimental groups were performed using the Newman-Keuls
test or by Fisher exact test. The D’Agostino-Pearson omnibus
normality test was performed to check if the data were normally distributed. Survival curves were analyzed by KaplanMeier analysis and log-rank test. Any difference with P ,
0.05 was deﬁned as statistically signiﬁcant.
Determination of Aortic CDA1 Gene Expression Levels in
Human Abdominal Aortic Aneurysm Samples

In order to explore the role of CDA1 in human aneurysm
formation, expression of the CDA1 gene was measured in
human abdominal aortic aneurysm (AAA) biopsy samples.
Ethics approval for the human sample work was obtained
from the Townsville and the Royal Brisbane and Women’s
Hospitals’ committees. Patients provided written informed
consent. Abdominal aortic specimens were obtained from
15 patients undergoing open surgery to treat AAA and six
organ donors. The maximum infrarenal aortic diameter was
assessed in patients with AAA from axial computed tomography angiography images using the viewer function on
a Philips workstation (MxView Visualization Workstation
Software; Philips Electronics, Amsterdam, the Netherlands)
as previously reported (36,37). The deﬁnitions of risk factors such as dyslipidemia, hypertension, diabetes, coronary
heart disease, and smoking were as previously described
(38). Full-thickness aortic wall biopsies were collected in
RNAlater solution (Ambion, Waltham, MA) and stored
at 280°C until assayed. The QuantiTect SYBR Green onestep RT-PCR Kit (Qiagen, Hilden, Germany) was used according to the manufacturer’s instructions with 40 ng total
RNA as template. All reactions were independently repeated
in duplicate. QT00024353 and QT00095431 QuantiTect
Primer Assays (Qiagen) were used to determine CDA1 and
b-actin mRNA, respectively. CDA1 mRNA levels were calculated by using the concentration–threshold cycle standard
curve method and normalized against the average expression

162

757

of b-actin. The Mann–Whitney U test was performed to
identify differences in CDA1 mRNA levels between AAA
and control biopsies. Statistical signiﬁcance was deﬁned at
the conventional 5% level.
RESULTS
Diabetic dKO Mice Were Prone to Aortic Aneurysm
Formation

Metabolic parameters at 20 weeks after streptozotocin
injections showed diabetes-associated changes in these mice
as expected (Supplementary Table 2). No aneurysms were
seen in diabetic WT or ApoE KO mice, but interestingly,
aortic aneurysms were identiﬁed in 40% (10 out of 25) of
diabetic dKO mice. Eight mice had solitary AAAs, and two
mice had multiple aneurysms within the descending and
abdominal aortas. Examples of these aneurysms are shown
in Fig. 1A. Histological examination on ﬁve of the aortas
with aneurysms demonstrated medial elastin lamellae fragmentation and macrophage inﬁltration in these aortas. No
such bulges or histological features of aneurysm were observed in the diabetic ApoE KO mice (n = 27) (Fig. 1B) or in
other groups (WT control, n = 15; WT diabetic, n = 16;
CDA1 KO control, n = 13; CDA1 KO diabetic, n = 17;
ApoE KO control, n = 26; dKO control, n = 14; P ,
0.003 vs. diabetic dKO, Fisher exact test).
Diabetic dKO Mice Had Increased Aortic Diameters

A moderate increase in aortic diameter determined by
the morphometric method was observed in the ascending
(1.31 6 0.02 vs. 1.20 6 0.02 mm; P , 0.002) and descending (1.10 6 0.12 vs. 0.84 6 0.03 mm; P = 0.036) aortas of
the diabetic dKO mice compared with the diabetic ApoE KO
mice (Fig. 1C and D). A tendency toward an increase in the
aortic diameter in the abdominal region (1.03 6 0.10 vs.
0.88 6 0.03 mm; P = 0.13) was also observed, although this
difference was not statistically signiﬁcant (Fig. 1E). Furthermore, WT and CDA1 KO mice on the C57BL/6 background,
including both nondiabetic and diabetic groups, had no
difference in aortic diameter (Supplementary Fig. 3).
Extensive Elastin Lamella Breakages at the Sites of
Aortic Aneurysms

Histological examination of orcein- and H&E-stained aortic
sections showed extensive breakage of the elastin lamella
at the aneurysm site in diabetic dKO mice (Fig. 2). Diabetic
ApoE KO mice developed atherosclerotic plaques within the
intima (Fig. 2A). The diabetic dKO mice developed plaques
invading into the media and adventitia, associated with
breakage of elastin lamella at the affected site (Fig. 2A). An
approximately twofold increase in the aortic elastin fragmentation in ApoE KO and dKO mice was observed when
compared with WT and CDA1 KO mice (Fig. 2B). The diabetic dKO group had an ;30% greater elastin fragmentation compared with the diabetic ApoE KO group (Fig. 2B).
The elastin lamella was thicker in diabetic ApoE KO mice.
This parameter was signiﬁcantly attenuated in the diabetic
dKO mice (Fig. 2C).
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Figure 1—Aneurysms develop in diabetic dKO mice after 20 weeks of diabetes. A: Representative aortas from diabetic dKO mice show multiple
aneurysms (arrows) at thoracic (left) and abdominal (right) sites. B: A representative aorta from a diabetic ApoE KO (ApoE) mouse shows no
aneurysms. Aortic sizes (diameter) at ascending (C), descending (D), and abdominal (E) regions from control (Con) and diabetic (Dia) ApoE KO
and diabetic dKO groups are shown as univariate scatterplots with mean 6 SD and P value between speciﬁed groups.

CDA1 Deﬁciency Attenuated Diabetes-Associated
Vascular Expression of ECM Genes Leading to Vascular
ECM Remodeling

Aortic mRNA levels for collagens I and III were increased in
diabetic ApoE KO mice compared with nondiabetic controls.
Both of these parameters were signiﬁcantly attenuated
in the diabetic dKO mice (Fig. 3A). Immunohistochemical
staining showed that aortic accumulation of collagens III
(Fig. 3B and C) and IV (Fig. 3D and E) was greater in diabetic ApoE KO compared with nondiabetic mice, albeit the
difference in quantiﬁcation of collagen III staining failed to
reach statistical signiﬁcance. This effect of diabetes was
signiﬁcantly attenuated in the dKO mice. Picrosirius red
staining showed that diabetic dKO mice aortas had lost
the well-knitted collagen ﬁber structure within the aortic
adventitia around the aneurysms (Fig. 4A). Collagen ﬁber

structure within the medial layer of aortic aneurysms within
the diabetic dKO mice was disorganized. This was consistent with the collagen ﬁbril anisotropy ﬁnding, as assessed
using ImageJ software (National Institutes of Health). A
higher level of collagen ﬁbril disarray at the lesion sites in
the diabetic dKO mice has been observed, when compared
with the diabetic ApoE KO mice (Fig. 4B). Confocal stacking
images conﬁrmed the disorganized collagen ﬁber network
around the aneurysms in diabetic dKO mice (Fig. 4C).
TGF-b/Smad3 Signaling Was Attenuated in the Aortas of
Diabetic dKO Mice

Nuclear staining of phospho-Smad3 in aortic sections by
immunohistochemistry (Fig. 5A) showed a greater positive
staining rate in diabetic ApoE KO mice compared with nondiabetic mice (.30 vs. ;13%; P , 0.0001). This parameter
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Figure 2—Extensive elastin lamella breaks at the aneurysm site. A: Ocein/H&E staining of aorta sections from 20-week diabetic (Dia) and agematched nondiabetic control (Con) WT, CDA1 KO (CDA1), ApoE KO (ApoE), and CDA1/ApoE dKO (dKO) mice show elastin lamellae. Yellow
arrows indicate the elastin lamella breaks. The atherosclerotic plaques are labeled (yellow “p”). Elastin fragmentation scores (B) and elastin
lamella thickness (C) are shown as univariate scatterplots with mean 6 SD and P value between speciﬁed groups.

was attenuated in diabetic dKO mice (;20%; P , 0.0001)
(Fig. 5B). The effect of CDA1 on aortic phospho-Smad3
levels is further conﬁrmed by Western blotting in 14-week
diabetic and nondiabetic WT and CDA1 KO mice (Supplementary Fig. 4).
Diabetes and ApoE Deﬁciency Are Associated With
Increased Aortic Macrophage Inﬁltration and MMP12
Expression

Mature macrophage marker, F4/80, was stained in aortas
from diabetic ApoE KO (Fig. 6A) and dKO (Fig. 6B) mice
with a twofold greater staining area observed in diabetic
ApoE KO mice compared with controls (Fig. 6C, left panel).
There was no statistically signiﬁcant difference in F4/80
staining area between diabetic dKO and diabetic ApoE KO
groups. Macrophages mainly accumulated within the atherosclerotic plaques in the intima of diabetic ApoE KO mice
(Fig. 6A), whereas macrophages were abundantly present
within the media as well as in the adventitia in the diabetic
dKO mice at sites of aneurysms (Fig. 6B). When analyzing
the macrophage staining distribution across the sectional
layers of the aortic wall containing a plaque, the F4/80 immunohistochemical staining area in the medial-adventitial
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layers was approximately ﬁvefold more than that seen in
the intima in diabetic dKO mice, whereas there was more
staining in the intima in the diabetic ApoE mice (Fig. 6C,
right panel). The macrophage is known to be the main
source of MMP12 within the vasculature, which is responsible for elastin degradation (39). Minimal MMP12 gene
expression was detected in the WT and CDA1 KO groups.
ApoE deﬁciency was associated with a .100-fold increase
in aortic MMP12 mRNA levels in ApoE KO and dKO mice
(P , 0.05) (Fig. 6D). Diabetes further increased the MMP12
mRNA levels in both strains of ApoE-deﬁcient mice.
MMP12 mRNA levels within macrophages isolated from
the peritoneal cavity of ApoE KO and dKO mice were approximately fourfold higher than those of WT and CDA1
KO mice (Fig. 6E). These ﬁndings suggest that the inﬁltrating macrophages in the aorta of ApoE-deﬁcient mice contributed to the increased activities of MMP12, leading to
elastin degradation in the aortic wall.
Protective Effect of Diabetes in AngII-Induced Aneurysm
in ApoE KO Mice Is CDA1 Dependent

Male ApoE KO and dKO mice injected with streptozotocin,
monitored weekly, demonstrated blood glucose levels

760

CDA1 Deﬁciency and Aortic Aneurysms

Diabetes Volume 67, April 2018

Figure 3—CDA1 deﬁciency attenuates diabetes-associated increases in aortic expression of collagens I, III, and IV. A: Aortic mRNA levels for
collagens I and III in control (Con) and 20-week diabetic (Dia) ApoE KO (ApoE) and dKO groups are shown as univariate scatterplots with mean 6
SD and P value between speciﬁed groups. B–E: Representative immunohistochemical staining for aortic collagens III (B) and IV (D) of these mice
is shown. The quantiﬁcation of the immunohistochemical staining for collagens III (C) and IV (E) is shown as individual value, mean 6 SD, and
P value between speciﬁed groups. a, adventitia; m, media.

.20 mmol/L, whereas mice injected with buffer alone
had blood glucose levels of ;10 mmol/L. Ten weeks after
streptozotocin injections, diabetic mice had lower body
weight than controls (Supplementary Table 3). Both diabetic and control mice were given an AngII infusion for
4 weeks with the AngII dosage adjusted according to the

body weight of individual mouse. The elevated HbA1c levels
seen in the diabetic mice and the blood pressure levels in
all groups were not affected by the AngII infusion (Supplementary Table 3). Approximately 53% (9 out of 17) of
nondiabetic ApoE KO mice died of aortic aneurysm rupture, occurring on days 3–13 during the AngII infusion,
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Figure 4—Picrosirius red–stained aortic sections examined by light microscopy show disorganized collagen ﬁber structures in the medial and
adventitial layers of diabetic (Dia) dKO mouse aortas, particularly at the aneurysm sites in comparison with WT, CDA1 KO (CDA1), and ApoE KO
(ApoE) groups (A). The collagen ﬁber orientation anisotropy quantitation at the sites of lesion in diabetic ApoE and dKO mice as determined using
ImageJ software (National Institutes of Health) is shown (B). Collagen ﬁber organization, reconstructed from the backscatter confocal images of
aortas from diabetic dKO mice, shows more disorganization than that from ApoE KO mice (C). a, adventitia; an, aneurysm site; Con, control;
m, media; p, plaque.

whereas diabetic ApoE KO mice had a lower fatal rupture
rate of 19% (4 out of 21) occurring on days 5, 7, 22, and
25 (P , 0.05) (Fig. 7A). This diabetes-associated protective
effect on aneurysm-related mortality was not observed
in AngII-infused dKO mice in which CDA1 had been deleted, with similar survival curves for both nondiabetic
and diabetic dKO mice (Fig. 7B). Kaplan-Meier analysis
of all four groups conﬁrmed these ﬁndings. Nondiabetic
ApoE KO mice had shorter estimated mean survival
of 17.0 days (95% CI 12.0–22.1) than diabetic mice
(25.3 days [95% CI 22.4–28.2]; P = 0.029, log-rank pairwise
comparison), whereas nondiabetic and diabetic dKO mice
had similar survivals (21.7 days [95% CI 17.4–26.0] vs.
24.7 days [95% CI 20.5–28.9]; P = 0.39). Comparison of
nondiabetic ApoE KO and dKO groups showed no clear
difference, which was conﬁrmed by log-rank analysis of these
groups alone (P = 0.18). These ﬁndings demonstrate that
diabetes was associated with reduced severity of aortic
aneurysms induced by an AngII infusion in ApoE KO mice
and, importantly, that this phenomenon was CDA1 dependent.

166

In this model, most of the fatal aneurysm rupture
occurred in the abdominal aorta with blood clot seen in the
abdomen (Supplementary Figs. 5 and 6). Furthermore,
there was a signiﬁcantly enlarged diameter in the suprarenal region of aortas in these mice (Supplementary Figs. 5
and 6). Aneurysms were identiﬁed by the presence of aortic
enlargement in 82% (14 out of 17) of nondiabetic and 60%
(12 out of 20) of diabetic ApoE KO mice and similarly in
81% (17 out of 21) of nondiabetic dKO and 62% (8 out of
13) of diabetic dKO mice (Supplementary Figs. 5 and 6).
These observations and the mortality data suggest that
CDA1 does not affect the onset but rather the severity of
aneurysm in this model.
AngII infusion caused suprarenal aortic expansion in
both nondiabetic and diabetic ApoE KO mice (Fig. 7C), with
aortic diameter determined by ultrasound (Supplementary
Fig. 7). Baseline suprarenal aortic diameters had low
individual variation within either nondiabetic or diabetic ApoE KO mice. Diabetic ApoE KO mice had a larger
mean diameter at baseline than nondiabetic controls
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Figure 5—Aortic nuclear phospho-Smad3 staining is increased by diabetes in ApoE KO mice and is attenuated in diabetic dKO mice. Nuclear
staining of phospho-Smad3 (Ser433/435) detected by immunohistochemical staining (brown color) is shown in aortas from nondiabetic (Con) and
20-week diabetic (Dia) ApoE KO (ApoE) and dKO mice (A). A part of the ApoE Dia section (boxed) is shown as an enlarged image. Red arrows
indicate positive staining; green arrowheads indicate negative staining. B: The phospho-Smad3 nuclear stained positive cells (%) are quantiﬁed
and shown as univariate scatterplots with mean 6 SD and P value between speciﬁed groups. a, adventitia; m, media; p, plaque.

(1.17 6 0.03 vs. 1.03 6 0.02 mm; P , 0.05) (Fig. 7C).
After 1 week of AngII infusion, the mean diameters of both
groups were signiﬁcantly increased (P , 0.001) (Fig. 7C). All
of the mice in the nondiabetic ApoE KO group had an
enlarged aortic size, whereas some mice in the diabetic
group had no change in aortic diameter (Fig. 7C). The aortic
expansion rate at week 1 in response to AngII infusion was
161 6 11 and 130 6 7% (P , 0.05) in nondiabetic and
diabetic ApoE KO mice, respectively (Fig. 7E).
At baseline, the suprarenal aortic diameter was larger in
dKO mice with CDA1 deleted (1.29 6 0.03 mm) than in
ApoE KO mice (1.03 6 0.02 mm) (P , 0.001) or diabetic
dKO mice (1.1 6 0.06 mm) (P , 0.05) (Fig. 7D). After
1 week of AngII infusion, mean suprarenal aortic diameters
increased relative to those at baseline in both nondiabetic
and diabetic dKO groups (P , 0.05) (Fig. 7D). Unlike ApoE

KO mice, there was no difference in the aortic expansion
rates between nondiabetic and diabetic dKO mice (126 6
10 vs. 125 6 11%) (Fig. 7F), demonstrating that the inhibitory effect of diabetes on aortic expansion in response
to AngII, as observed in ApoE KO mice, was CDA1 dependent. This ﬁnding complements the aortic aneurysm rupture data (Fig. 7A and B) and indeed suggests that CDA1
per se mediates the protective effect of diabetes in reducing
the severity of AngII-induced aneurysms in this model.
CDA1 Expression Was Downregulated in Human
Subjects With AAA

In order to explore the clinical relevance of our primary
ﬁndings from the preclinical studies, we examined the
mRNA levels of CDA1 in 15 biopsy samples from human
patients with AAA and 6 nonaneurysm control samples.
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Figure 6—Macrophage inﬁltration and MMP12 expression are increased in 20-week diabetic mice with ApoE deﬁciency. A–C: Immunohistochemical (IHC) staining of the macrophage marker, F4/80, is shown in the aortic sections of diabetic ApoE KO (A) and dKO (B) mice.
Atherosclerotic plaque (p) and adventitial side (adven) of aortic wall are indicated. Quantiﬁcation of the staining is shown for control (Con)
and diabetic (Dia) ApoE KO (ApoE) and dKO mice (C, left panel). The ratio of the medial-adventitial (Med-Adv) F4/80 staining to the intima staining
at sites containing a plaque in Dia ApoE and dKO mice is also shown (C, right panel). MMP12 mRNA levels in aortas from Con and 20-week Dia
WT, CDA1 KO (CDA1), ApoE, and dKO mice (D) as well as in macrophages (E) isolated from peritoneal cavity, using the method previously
described (55), of ;12-week-old male WT, CDA1 KO, ApoE KO, and dKO mice were determined by RT-PCR. Data (C–E) are shown as univariate
scatterplots with mean 6 SD and P value between speciﬁed groups.

The majority of the patients with AAA were male (80%)
and had dyslipidemia (73%). One-third of the patients with
AAA were diabetic (33%). Their average maximum infrarenal aortic diameter was 58.9 6 2.8 mm (mean 6 SEM),
with a trend toward a smaller diameter in subjects with
diabetes (n = 5) than in subjects without diabetes (51.8 6
5.1 mm [n = 5] vs. 62.5 6 2.9 mm [n = 10]; P = 0.072). The
average age of the AAA group was greater than that of the
control samples from younger organ donors (P , 0.001),
reﬂecting the fact that AAA is an age-related disease (Supplementary Table 4). As shown in Fig. 8, CDA1 gene expression
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in the AAA samples was downregulated ;70% when compared with the control subjects (P = 0.006). In patients with
AAA, there was no difference in CDA1 expression levels
between participants with diabetes and without diabetes
(Fig. 8).
DISCUSSION

The current study reveals a potential molecular mechanism
to explain, at least in part, the resistance to aneurysm
formation in diabetes, a puzzling and previously poorly
understood observation. Numerous studies have revealed
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Figure 7—Diabetes reduces fatal aortic aneurysm rupture and aortic expansion in AngII-infused ApoE KO mice, which are CDA1 dependent.
Percent survival (%) curves of control (Con) and diabetic (Dia) ApoE KO (A) and dKO (B) mice are shown with respect to days of AngII infusion.
Animals killed for animal welfare reasons, including three diabetic ApoE KO, one nondiabetic dKO, and six diabetic dKO mice, were included in
the survival curve (censored). Inner diameters of suprarenal aortas determined by ultrasound imaging at baseline and week 1 after AngII infusion
are shown for Con and Dia ApoE KO (C) and dKO (D) mice. Suprarenal aortic expansion rates (%) at week 1 relative to the baseline are shown for
Con and Dia ApoE KO (E) and dKO (F) mice. Individual value, group mean 6 SEM, group size (n), and P value between speciﬁed groups are
shown (C–F).

a decreased incidence of aneurysms in subjects with diabetes, as summarized in a recent meta-analysis (2). Interestingly, metformin, a widely used diabetes medication, has
been observed to be associated with reduced AAA growth
in patients who have diabetes (40,41). Whether this association is due to metformin alone or the effect of diabetes
plus metformin is not clear and requires a randomized trial
to resolve. In the current study, in which metformin was
not administered, diabetic ApoE KO mice had less severe
aneurysms than their nondiabetic controls. It appears likely
that there are multiple mechanisms by which diabetes slows
AAA growth, including the mechanisms highlighted in this
study.

Diabetes is a state of enhanced ﬁbrosis with increased
ECM accumulation in the vasculature (7,23). We have previously shown increased renal and vascular expression of
CDA1 in diabetes, which enhances TGF-b/Smad signaling,
leading to increased ECM accumulation (23–25). Increased
ECM accumulation presumably contributes to the relative
protection against aneurysm formation in subjects with diabetes, although it is possible that multiple mechanisms
are involved (2,6,12,42). It has been reported that subjects
with diabetes with chronic complications are less likely
to develop aortic aneurysms than patients with diabetes
without complications (43). In this and in our previous
studies (7,23), diabetic ApoE KO mice did not develop any
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Figure 8—CDA1 mRNA levels are decreased in AAAs in humans.
Aortas from 15 subjects with AAA and 6 organ donors as control
subjects were examined for CDA1 mRNA levels by RT-PCR using
b-actin as a housekeeping gene control. b-Actin was chosen as the
housekeeping gene because analyses showed that its expression was
similar in aortic biopsies from patients and organ donors. Individual
results (relative value) are shown as dots in groups as well as the
group median value with the interquartile range. Open squares represent
10 subjects without diabetes, and black squares represent 5 subjects
with diabetes and AAA. Control group median is 1.356 (interquartile range 0.792–1.726) and AAA group median is 0.415 (interquartile
range 0.279–0.564). P = 0.006.

aneurysms in the absence of classic stimuli of aneurysm
formation, such as AngII infusion, and were found to
have greater aortic phospho-Smad3 levels; greater accumulation of collagens I, III, and IV; and greater thickness of
elastin lamella, which could reﬂect an increase in strength
of the aortic wall. We have previously shown that aortic
mRNA levels of CDA1 (the Tspyl2 gene) are increased by
approximately twofold at 10 weeks after diabetes induction
in ApoE KO mice, which are further increased to greater
than sixfold at 20 weeks after diabetes induction with concurrent increases in aortic CDA1 protein staining, TGF-b
expression, and ECM accumulation (23). We have previously reported that CDA1 overexpression and CDA1 knockdown or genetic deletion of CDA1 enhances and attenuates
TGF-b signaling, respectively, as reﬂected by changes in
TGF-b–stimulated phosphorylation of Smad3 and TGFb–responsive promoter luciferase reporter activities. This
effect of CDA1 on TGF-b signaling is probably at least in
part via inﬂuencing expression of TGF-b type I receptor
(23–25). In this study, diabetic dKO mice in the absence
of CDA1 showed attenuated TGF-b signaling, breakage of
elastin lamella, and reduced ECM accumulation, which presumably would contribute to aneurysm formation (44,45).
The effect of CDA1 on TGF-b signaling in the vascular
smooth muscle cells has been previously described (23).
Indeed, this ﬁnding is consistent with a recent report
that impaired TGF-b signaling in the vascular smooth
muscle cells causes aortic aneurysm formation in mice
(22). This increase in aneurysm formation is reﬂected by
the increased aortic diameter in diabetic dKO mice. This is
potentially clinically relevant because TGF-b and other TGF-
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b–dependent molecules such as connective tissue growth
factor remain targets for reducing other diabetic complications such as nephropathy in subjects with diabetes (11,46).
The current study highlights the possibility that aggressive
approaches to interrupt the TGF-b axis could lead to increased susceptibility to aneurysms.
As outlined earlier, numerous clinical studies, recently
summarized in a meta-analysis (2), have demonstrated reduced aneurysms in subjects with type 2 diabetes (T2D).
Indeed, our preclinical experiments are consistent with the
clinical studies with reduced severity of aortic dilation in
response to the proaneurysm stimulus, AngII, in diabetic
mice. Although these studies have focused on an insulindeﬁcient model of diabetes, because aneurysms occur in
the older population in whom T2D is more prevalent, it
is worth considering subsequent studies in relevant models
of T2D.
Runt-related transcription factor 2 (Runx2) is known to
be upregulated by TGF-b (47) and is involved in calciﬁcation in the vasculature. Furthermore, recently, Runx2
was found to be upregulated in aortas of diabetic db/db
mice in association with increased aortic ﬁbrosis and stiffness (48). Whether CDA1 plays a role in affecting Runx2 in
the vascular calciﬁcation and vascular ﬁbrosis due to its
ability to inﬂuence TGF-b signaling requires further investigation, although our experiments failed to show this
phenomenon in our model (data not shown), which displays prominent aneurysm development rather than vascular calciﬁcation.
Macrophage activation and inﬁltration from the adventitia are common features observed in aneurysms (39,49).
Macrophages were mainly located within the atherosclerotic
plaque speciﬁcally within the intimal layer of the aorta in
the diabetic ApoE KO mice. By contrast, in diabetic dKO
mice, macrophages inﬁltrated into the medial and adventitial layers with associated increased elastin breakage in the
medial layer and collagen structural damage in both medial
and adventitial layers. This ﬁnding is consistent with the
macrophage distribution pattern previously reported in
other models of aneurysm formation (50,51), which is associated with increased elastin ﬁber digestion and aneurysm
or dissection formation (34,39,49,52). The mechanisms
responsible for the differential distribution patterns of
macrophages within the aortas in diabetic ApoE KO and
diabetic dKO mice are still unclear. It is yet to be determined whether CDA1 deﬁciency–related ECM remodeling is
responsible for the aortic wall becoming more prone to the
widespread macrophage inﬁltration into the media and adventitial layers.
Therefore, this study suggests the importance of inﬂammation and the attenuation of proﬁbrotic pathways in
the pathogenesis of aortic aneurysm. Deletion of CDA1, a molecule
closely linked to the TGF-b axis, led to enhanced aneurysm
formation in the context of the generally proﬁbrotic milieu
of diabetes. The role of the TGF-b axis in aneurysm formation has been extensively explored, with a large body of
experimental and clinical data (14–21,53) emphasizing
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that dysregulation of this pathway, both enhanced and reduced
TGF-b signaling, is associated with aneurysm formation.
Based on the results of our studies, part of the protective role of diabetes in the pathogenesis of aneurysms is
postulated to be mediated by CDA1. Indeed, AngII infusion
caused development of severe AAA mainly in the suprarenal
region of aortas in ApoE KO and dKO mice, as reﬂected by
rapid death due to aortic aneurysm rupture within a few
days and signiﬁcant expansion of the suprarenal aorta in
response to AngII. These parameters were signiﬁcantly
attenuated in the diabetic ApoE KO mice. By contrast,
diabetic CDA1-deﬁcient dKO mice failed to show attenuation of these parameters when compared with their nondiabetic dKO counterparts. Thus, these ﬁndings clearly
demonstrate a role for CDA1 in mediating the protective
effect of diabetes on aneurysms. Because the occurrence
rate of aneurysm was similar in both ApoE KO and dKO
mice, it appears that CDA1 reduces aneurysm severity, but
not the formation of aneurysms in this model. This is
consistent with the notion that CDA1 promotes the TGFb/Smad/ECM pathway, leading to increased accumulation
of ECMs in the vasculature in diabetes (23), hence limiting
the growth of the aneurysms induced by AngII.
In this study, the two mouse strains (ApoE KO and dKO)
appeared to differ in response to the AngII infusion, as
reﬂected by a trend toward higher survival and less aortic
expansion in dKO mice, albeit these differences are not
statistically signiﬁcant, probably due to a small group size. A
comparison between the nondiabetic and diabetic littermates of ApoE KO mice showed a diabetes-associated
protection in the AngII infusion groups with respect to
fatality and aortic expansion (Fig. 7A and E). This phenomenon of diabetes-associated protection of aneurysm development was not seen in the dKO groups (Fig. 7B and F).
Use of a CDA1-transgenic mouse strain to overexpress
CDA1 in relevant vascular cells or a pharmacological enhancer of CDA1, if available, would be very useful to conﬁrm the role of CDA1 in protecting aneurysm development
in this animal model.
The potential clinical relevance of these preclinical
ﬁndings was explored, and CDA1 expression was found to
be reduced ;70% in human AAA samples when compared
with control subjects without AAA. These AAA samples
have been previously shown to have reduced expression
of the TGF-b type II receptor (21). This is consistent with
our previous experimental results that CDA1 deﬁciency was
associated with decreased TGF-b signaling (23–25). This
ﬁnding in humans supports the potential likelihood that
CDA1 plays a protective role in human aneurysms. We
have previously described that CDA1 expression is increased in experimental atherosclerosis in a model without
aneurysms (23) and found that CDA1 was strongly stained
in human atherosclerotic plaques (A. Dai, Z. Chai, unpublished observation). These ﬁndings may reﬂect distinct roles
for CDA1 in vascular ECM remodeling and the obviously
different pathogenic factors involved in the development of
atherosclerosis and aneurysms (54). In this study, subjects
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with diabetes with AAA had reduced CDA1 gene expression
consistent with CDA1 playing a key protective role in aneurysm formation in those individuals who are susceptible to this condition. With limited availability of appropriate
human aneurysmal tissue, protein levels of CDA1 could not
be measured, and this is a limitation of this study.
In conclusion, this study demonstrated that CDA1deﬁcient mice with concurrent diabetes developed aneurysms, but diabetic mice in the presence of CDA1 were
protected from severe aneurysms. With evidence of reduced
CDA1 expression in human AAA, these ﬁndings are consistent
with the postulate that CDA1 may play a protective role
against aneurysm formation. Our ﬁndings suggest that CDA1
may be a therapeutic target to prevent or retard the progression of human aneurysms and that this protein may play
a key role in explaining the clinical observation that subjects
with diabetes are less susceptible to aneurysm formation.
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SUPPLEMENTARY DATA
Supplementary Table 1. Sequence of real-time qRT-PCR probes and primers
Gene

Species

CDA1

Human

CDA1

Mouse

Probe: (FAM)-5’-CTTGGGCCAGCCTG’-3’-(TAMARA)
Forward primer: 5’-TGCTGCCGGTCCCAAA – 3’
Reverse primer: 5’-TGTTTATCCGATCTTCCCTTTCTT – 3’

Col I

Mouse

Probe: (FAM)-5’-ATCGACCCTAACCAAG-3’-(TAMARA)
Forward primer: 5’-GACTGGAAGAGCGGAGAGTACTG – 3’
Reverse primer: 5’-CCTTGATGGCGTCCAGGTT – 3’

Col III

Mouse

Probe: (FAM)-5’-AATATCAAACACGCAAGGC-3’-(TAMARA)
Forward primer: 5’-GGGAATGGAGCAAGACAGTCTT-3’
Reverse primer: 5’-TGCGATATCTATGATGGGTAGTCTCA -3’

Col IV

Mouse

MMP12

Mouse

Sequence
Probe: (FAM)-5’-TTCCTGCGTCTCAAGC -3’-(TAMARA)
Forward primer: 5’-AACATCAAGGCAGGCAAAGC – 3’
Reverse primer: 5’-GAAGGGTCTTCGCATCTGGAT – 3’

Probe: (FAM)-5’-CAGTGCCCTAACGGT-3’-(TAMARA)
Forward primer: 5’-GGCGGTACACAGTCAGACCAT-3’
Reverse primer: 5’-GGAATAGCCGATCCACAGTGA-3’
Probe: (FAM)-5`-CCAAGCTGATTTCCA-3`-(TAMARA)
Forward primer: 5`-TGAGGCAGGAGCTCATGGA-3`
Reverse primer: 5`-GGCTTGATTCCTGGGAAGTG-3`
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SUPPLEMENTARY DATA
Supplementary Table 2. Metabolic data of control and diabetic WT, CDA1 knockout, ApoE knockout and dKO mice

p<0.05, † p<0.001 vs control of the same genotype; ‡p<0.05, §p<0.001 vs WT control; ||p<0.05 vs ApoE control; #p<0.05, **p<0.001 vs WT diabetic; Values
are mean ± s.e (n=7-27).

*

Metabolic data for all mouse groups collected at 20 weeks after the last streptozotocin (diabetic) or buffer (non-diabetic) injection: Body weight
(BW) of diabetic groups was lower than their non-diabetic control counterparts. Plasma glucose and HbA1c levels were higher in diabetic mice. There was
no difference in the severity of hyperglycemia in the diabetic groups amongst the various genotypes, except for a higher HbA1c in the diabetic ApoE
knockout compared to the diabetic WT mice (p<0.05). ApoE deficiency resulted in significant higher plasma levels of lipids, such as HDL, LDL and
tryglycerides (TG). Diabetes was associated with lower HDL levels and increased LDL levels, LDL/HDL ratio and TG levels in WT and CDA1 KO mice.
In ApoE KO mice diabetes was associated with increased levels of HDL, LDL, LDL/HDL ratio and TG. Importantly, CDA1 deficiency did not change any
of these parameters.
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SUPPLEMENTARY DATA
Supplementary Table 3. Metabolic data of angiotensin infused mice

*

p<0.001 vs control of the same genotype; Values are mean ± s.e. n: group size; BW: body weight at the time
when AngII minipump was inserted; BP: blood pressure determined by tail cuff plethysmography in conscious
and pre-warmed mice (Krege JH, Hodgin JB, Hagaman JR, Smithies O: A noninvasive computerized tail-cuff
system for measuring blood pressure in mice. Hypertension 1995;25:1111-1115); Baseline: BP measured before
AngII infusion; Week 1 and Week 2: BP measured at week 1 and 2, respectively, after AngII infusion.
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SUPPLEMENTARY DATA
Supplementary Table 4. Characteristics of subjects included in this study
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SUPPLEMENTARY DATA
Supplementary Figure 1. Representative images of aortic elastin lamella fragmentation with grading
scores 0 (A), 1 (B), 2 (C), 3 (D) and 4 (E).
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SUPPLEMENTARY DATA
Supplementary Figure 2. Negative control of immunohistochemical staining shows no background
staining on mouse aorta sections. Representative pictures of immunohistochemical staining with either
no primary antibody on a Non-diabetic (A) or with control rabbit IgG (1 μg/mL) on a diabetic (B) ApoE
knockout mouse aorta section is shown.

Supplementary Figure 3. Aortic size (diameter) of WT and CDA1 knockout mice are not changed with
induced diabetes for 20 weeks. Ascending, descending and abdominal regions of aortas from control
(Con) and diabetic (Dia) Wt and CDA1 knockout (KO) are shown as univariate scatter plots with mean
± SD. There is no statistically significant difference among groups (ns) analyzed by ANOVA.
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SUPPLEMENTARY DATA
Supplementary Figure 4. Aortic phospho-Smad3 expression levels are attenuated in diabetic CDA1
knockout mice. A: Aortas from 14-week streptozotocin induced diabetic (Dia) and age-matched nondiabetic control (Con) mice were homogenized for protein extraction. Estimated 20 µg/lane protein was
loaded for Western blotting. Phospho-Smad3 (pSmad3) was detected by anti-phospho-Smad3 antibody
(S423/S425) (Abcam, Cat#: ab52903, 1:500 dilution). β-actin was re-probed and is shown as a loading
control. Protein extracts (5µg/lane) from primary mouse aortic endothelial cells (passage 12-13)
(MAEC) treated with TGF-β (2.5 ng/mL) for 30 min (+) and without TGF-β treatment (-) were used as
positive and negative controls, respectively. B: The WB bands of aortic samples were quantified and
pSmad3 level of each sample was normalized by β-actin. The pSmad3 levels (fold) relative to Con WT
group (mean±SEM) are shown in a bar graph. Data were analyzed using one-way ANOVA with a least
significant difference post hoc test for multiple comparisons of the means. A statistically significant
difference between Dia WT and Dia KO groups is indicated by P<0.05 (n=5).
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SUPPLEMENTARY DATA
Supplementary Figure 5. Top (upper) and side (lower) views of representative aortas isolated from ApoE KO
mice are shown. All animals that received an AngII infusion via an Alzet minipump either died early (Died) or
were killed at the endpoint of the 4-week infusion (Survival). Non-diabetic control (Con ApoE) and diabetic
ApoE KO (Dia ApoE) mice that died from aortic aneurysm rupture, mostly at the suprarenal region of aorta,
showed evidence of blood clot (yellow arrow) in the abdomen. Surviving animals either developed significant
aneurysms (with an aneurysm) or did not develop aneurysms (without aneurysm)
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SUPPLEMENTARY DATA
Supplementary Figure 6. Top (upper) and side (lower) views of representative aortas isolated from dKO mice
are shown. All animals that received an AngII infusion via an Alzet minipump either died early (Died) or were
killed at the endpoint of the 4-week infusion (Survival). Non-diabetic control (Con dKO) and diabetic (Dia dKO)
dKO mice that died from aortic aneurysm/rupture, mostly at the suprarenal region of aorta, showed evidence of
blood clot (yellow arrow) in the abdomen. Surviving animals either developed significant aneurysms (with an
aneurysm) or did not develop aneurysms (without aneurysm).
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SUPPLEMENTARY DATA
Supplementary Figure 7. Ultrasound images of the abdominal aorta from a mouse at baseline (Baseline) and 1
week after AngII infusion (Week 1). From the B-mode long-axis ultrasound image of the abdominal aorta (A,
upper panel), the suprarenal region of aorta was selected (yellow dashed line) to generate a motion-mode (Mmode) image over time (lower panel). The aortic diameter was measured as the distance between the upper
(anterior) and lower (posterior) aortic inner walls at the systolic phase (green arrows). Please note regional aortic
dilation is evident after AngII infusion (See Diameter, week 1 vs baseline).
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