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Thesis Summary 
 

Diabetic Nephropathy (DN) is a devastating complication of diabetes, and is the 

leading cause of end stage renal failure in the UK. Uncovering mechanistic 

pathways in DN pathogenesis is vital in establishing new therapeutic targets to 

prevent its progression.  

 

Podocyte-specific insulin resistance in mice leads to a renal injury that mimics 

that seen in diabetic kidney disease, indicating that podocyte insulin signalling 

may be of critical importance in the development of DN. MicroRNAs (miRNAs) 

are post-transcriptional gene regulators that demonstrate aberrant expression 

in multiple diabetic models, and are implicated in the development of insulin 

resistance in liver, fat and muscle. The aim of this work was to establish the role 

of miRNAs in the regulation of podocyte insulin signalling. 

 

This thesis details the differential microRNA expression of an in vitro model of 

podocyte insulin resistance, and the subsequent validation of miR-155-5p as an 

important regulator of podocyte insulin sensitivity. MiR-155 was upregulated in 

insulin-resistant podocytes, and in the urine of patients with DN. Furthermore, 

overexpression of miR-155 in podocytes resulted in reduction in PI3K/Akt 

signalling and abrogation of glucose uptake in vitro. Bioinformatic analyses 

were used to identify putative miR-155 targets. PIK3R1 and CSF1R were 

confirmed to demonstrate miR-155 induced repression, hypothesised to result 

in podocyte insulin resistance via negative regulation of PI3K signalling.  

 

Whole glomerular miRNA sequencing from the db/db mouse indicated that 

changes associated with established diabetic pathways of oxidative stress, 

inflammation and fibrosis are transcriptionally activated as early as 4 weeks. 

These findings support the hypothesis that changes in miRNA expression are an 

initiating insult in DN, and highlight miRNAs as potential therapeutic targets to 

arrest disease development.  
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1.1 Type 2 Diabetes Mellitus 

Type 2 Diabetes Mellitus (T2DM) is a global health epidemic, with 3.8 million 

people diagnosed and a further 1.1 million people living with undiagnosed 

T2DM in the UK alone (1). The incidence of T2DM has doubled over the last 

decade and is causally linked with the rise in obesity The cost to NHS is 

estimated to be 14 billion pounds per year, equating to 10% of the entire NHS 

budget in England and Wales (2) . The vast majority of this health care 

expenditure is derived from managing complications of diabetes.  

1.1.1 Macrovascular complications 

Macrovascular complications of T2DM include coronary artery disease, 

peripheral vascular disease and stroke. The underpinning pathological 

mechanism is the development of atheromatous plaques, which occur in 

response to endothelial inflammation and the subsequent generation of foam 

cells: macrophages containing oxidised low-density lipoproteins (LDL). 

Cytokines released from foam cells incite further macrophage proliferation and 

T-cell chemotaxis, which induces smooth muscle proliferation, forming a fibrous 

cap. Hyperglycaemia initiates overproduction of reactive oxygen species (ROS), 

which cause endothelial cells to overexpress adhesion molecules, recruiting 

more leucocytes to the plaque. Rupture of these lesions results in the acute 

vascular infarction associated with cerebrovascular accidents (CVAs) and 

myocardial infarctions (MIs). Macrovascular complications are the commonest 

cause of death in patients with T2DM (1).  

1.1.2 Microvascular complications 

Microvascular complications of T2DM encompass retinal, renal and neuropathic 

disease. Hyperglycaemia is considered to be the principal cause of 

microvasculopathy, with several landmark studies demonstrating improved 

outcomes of microvascular, but not macrovascular complications with 

adherence to strict glycaemic control (3-5). One third of all patients will already 

have evidence of microvascular disease at the point of diagnosis (1). Retinal 

complications of diabetes are the leading cause of blindness worldwide, whilst 

the renal manifestation of diabetes, Diabetic Nephropathy (DN), is the most 
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common cause of end stage renal disease (ESRD) and need for renal 

replacement therapy (RRT) in the UK (6).  

1.1.3 Pathophysiology of T2DM: Overview 
 
T2DM is characterised by a state of hyperglycaemia that results from a 

combination of aberrant production and/or physiological response to the 

metabolic hormones responsible for regulating blood sugar: chiefly, insulin and 

glucagon. Genetic susceptibility, environmental triggers and related 

comorbidities such as hypertension and hyperlipidaemia further contribute to 

the pathogenesis of this complex condition. This is summarised in Figure 1.1. 

 

 
	

Figure	 1.1	 Overview	 of	 pathogenesis	 of	 T2DM.	 	 Genetics and environmental factors 

contribute to the development of obesity, which incites proinflammatory responses and free 

fatty acid (FFA) accumulation leading to insulin resistance and beta cell dysfunction, ultimately 

resulting in an inability to maintain normoglycaemia.  
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1.1.3.1 Insulin abnormalities 
 
Insulin resistance, i.e. the requirement of higher than normal plasma insulin 

levels to maintain normoglycaemia, is the best predictor of T2DM (7).  The 

development of insulin resistance is multifactorial and intrinsically linked to 

obesity in most cases.  

 

In addition to insulin resistance, impairment of the insulin response to glucose 

by beta pancreatic cells must be present for T2DM (and hyperglycaemia) to 

develop (8). The precise contributions of insulin resistance and beta cell 

dysfunction in the development of T2DM have been the topic of considerable 

debate, however large studies such as the UK Prospective Diabetes Study 

(UKPDS) (9) and longitudinal assessments in Pima Indians (10) have concluded 

that progressive beta cell loss is the primary insult resulting in hyperglycaemia. 

Beta cell dysfunction develops as a consequence of glucotoxicity (11), free fatty 

acid (FFA) accumulation (12) and possibly, amyloid deposition (13), and is not 

merely representative of islet cell “burn-out” following prolonged 

hyperinsulinemia, as previously hypothesised. An impairment of insulin 

processing by these cells is reflected in higher proportions of proinsulin (insulin 

precursor) levels in T2DM patients (14) 

 

1.1.3.2 Genetic susceptibility and environment 
 
Whilst there is overwhelming evidence of a genetic influence in T2DM, with 

clear predominance in certain ethnic groups (15) and monogenic twin 

concordance of approximately 90% (16) , results from genome-wide association 

studies (GWAS) explain less than 10 per cent of the heritability of T2DM (17). 

Candidate genes and genetic polymorphisms associated with T2DM are 

summarised in Table 1.1. It is widely accepted that the “missing heritability” 

results from a complex interplay of polygenic susceptibility and environmental 

factors, such as decreased physical activity, poor diet and obesity.  
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Table	1.1	The	Genetic	variants	associated	with	Type	2	Diabetes.  Genes listed demonstrate 

genome-wide levels of statistical significance, ordered by chromosome (Chr). Adapted from The 

genetics of Type 2 Diabetes: A Realistic appraisal, Florez, 2008 (18) 

 

Marker Chr Description Gene 
region 

Function 

rs10923931 1 Intronic NOTCH2 Transmembrane receptor implicated in 
pancreatic organogenesis 

rs7578597 2 Missense: 
T1187A 

THADA Thyroid adenoma, associates with PPARγ 

rs4607103 3 38kb 
upstream 

ADAMTS9 Secreted MMP expressed in muscle/
pancreas 

rs4402960 3 Intronic IGF2BP2 Growth factor binding protein; pancreatic 
development 

rs1801282 3 Missense: 
P12A 

PPARG Transcription Factor, adipocyte development 

rs10010131 4 Intron‐exon 
junction 

WFS1 Endoplasmic reticulum transmembrane 
protein 

rs7754840 6 Intronic CDKAL1 CDK5 inhibitor, islet glucotoxicity sensor 

rs864745 7 Intronic JAZF1 Transcriptional repressor; associated with 
prostate cancer 

rs13266634 8 Missense: 
R325W 

SLC30A8 β‐cell zinc transporter; insulin storage and 
secretion 

rs10811661 9 125 kb 
upstream 

CDC123‐ 
CAMK1D 

Cell cycle/ protein kinase 

rs7903146 10 Intronic TCF7L2 Transcription factor; transactivates 
proglucgon and insulin genes 

rs1111875 10 7.7 kb 
downstream 

HHEX Transcription factor involved in pancreatic 
development 

rs5219 11 Missense: 
E23K 

KCNJ11 Potassium Channel; risk allele impairs insulin 
secretion 

rs7961581 12 Intronic TSPAN8‐
LGRS 

Cell surface glycoprotein implicated in GI 
cancers 

rs8050136 16 Intronic FTO Alters BMI in general population 

rs757210 17 Intronic HNF1B Transcription factor involved in pancreatic 
development 
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The obesity epidemic of recent decades has seen paralleled increases in the 

incidence of T2DM; indeed obesity is considered responsible for 80-85% of 

overall risk of developing T2DM (19). The mechanisms by which obesity 

induces T2DM however, are poorly understood, as not all obese individuals 

develop diabetes, and not all T2DM patients are obese. Pattern of fat 

distribution (central adiposity) (20), increased FFAs (21) and decreased 

adipocytokines, such as leptin and adiponectin (22), have all been hypothesised 

to promote insulin resistance in overweight individuals.  

1.1.3.3 Inflammation 
 
The concept of inflammation as the common denominator linking obesity, 

diabetes and insulin resistance has received much attention in recent years, 

driven by the observation of elevated levels of inflammation-associated markers 

such as C-reactive protein (CRP), Interleukin-6 (IL-6) and Tumour necrosis 

factor alpha (TNF-) in obese, diabetic patients (23-25). Adipose tissue is highly 

immunologically active and metabolic homeostasis is regulated by the tight 

coordination of T-lymphocytes, cytokines and adipokines. Obesity is associated 

with an increase in adipose tissue macrophages (especially the M1 

proinflammatory variant) which correlates with the development of insulin 

resistance (26). Uniquely, obesity-induced inflammation involves multiple 

organs, and a similar macrophage infiltration is observed in the liver, resulting 

in hepatic insulin resistance (27).  The obesity-induced disruptions to the innate 

inflammatory regulation of fat, liver and muscle cells results in the disruption of 

numerous elucidated mechanistic pathways, including activation of Jnk and NF-

B pathways resulting in loss of insulin receptor/insulin receptor substrate 

(IRS) signalling (28), and the release of non-esterified fatty acids which impairs 

-cell function (29). 

 

The initiating trigger in obesity-induced inflammation has been proposed to be 

an adaptive response to overnutrition; the expanding adipose cells require 

increased delivery of nutrients/oxygen which necessitates angiogenesis, and 

therefore inflammatory cell-mediated insulin resistance my be temporarily 

beneficial as it protects the cells from over accumulating lipids before the tissue 

is able to support this new growth. However, homeostasis is not achieved in the 
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context of continued overnutrition, and the sustained inflammatory activation 

and adipose tissue expansion results in insulin resistance, cell fibrosis and 

necrosis (30). 

1.2 Diabetic Nephropathy 

1.2.1 Incidence and Risk factors 
 
DN is a complication of both T1DM and T2DM, characterised by an increase in 

urinary albumin excretion in the absence of other concomitant renal disease. 

DN develops in 15-40% of patients with T1DM with peak incidence at 

approximately 15-20 years disease duration (31).  The prevalence and 

progression of DN in T2DM is more variable, with of 5-20% of patients 

developing this complication. Non-modifiable risk factors for the development 

of DN include advancing age (partly due to age-related renal senescence, but 

also reflective of cumulative exposure to diabetic insults), genetic/ethnic 

susceptibility and female sex (although males are more likely to progress to 

ESRD, for undetermined reasons) (32). Modifiable risk factors include 

previously discussed hyperglycaemia, obesity and smoking, as well as 

hypertension (which, like hyperglycaemia, confers a linear increased risk of 

adverse renal outcomes (33)).  Patients with DN are also at a greater risk of 

acute kidney injury (AKI) episodes, and architectural changes to the glomerulus 

associated with recovery and repair, particularly to the podocytes, may 

accelerate DN progression (34).  In recent years, there has been growing 

interest in the concept of insulin resistance as an independent risk factor for the 

development of DN. This will be addressed in detail, below.  

 

1.2.2 Diagnosis and Clinical Manifestations of DN 
 
The diagnosis of DN is most commonly made based on the finding of 

persistently elevated urinary albumin:creatinine ratio (>30mg/g), and/or renal 

impairment (eGFR<60ml/min/1.73m2 ) in a patient diagnosed with Type 2 

diabetes, based on American Diabetes Association (ADA) criteria (Table 1.2). 

Routine annual urine and serum analysis is required to detect these 

asymptomatic developments in all patients with T2DM. Elevated albuminuria 

must be detected in 2 out of 3 samples over a 3-6 month period to control for 
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intra-individual daily variability in excretion and the possibility of transient 

albuminuria induced by physiological perturbations such as vigorous exercise, 

heart failure, etc. (35). Albuminuria and renal impairment are not specific to DN, 

and therefore clinical judgment as to the likelihood of alterative aetiologies 

must be employed. The presence of other microvascular diabetic complications, 

particularly proliferative diabetic retinopathy, is considered to be predictive of 

a diagnosis of DN in the context of albuminuria (36). Renal biopsy is rarely 

performed unless there is uncertainty over the diagnosis, such as in the 

presence of active urinary sediment, other systemic disease and rapid 

GFR/albuminuria change.  

 

 

 

Table	1.2	American	Diabetes	Association	Diagnostic	Criteria	 for	Type	2	diabetes. Glc = 

glucose. Adapted from (37) 

1.2.3 Natural History and outcomes in DN 
 
The natural history of DN has been challenged in recent years. Previously 

considered to be a unidirectional progression through stages of glomerular 

hyperfiltration, progressive albuminuria and eventual GFR decline (Figure 1.2), 

it is now appreciated that some patients exhibit a more variable disease course. 

For example, a subgroup of diabetics develop GFR decline before, or in the 

absence of albuminuria, coined as non-albuminuric chronic kidney disease (NA-

CKD) pattern. The prevalence of NA-CKD pattern in type 2 diabetics has been 

reported as between 0.6-28.4% in large population based studies, as recently 

Diagnostic Criteria for Type 2 Diabetes 

HbA1c ≥ 6.5% 

OR 

Fasting Plasma Glc ≥ 7.0 mmol/L 
(No caloric intake for 8 hours) 

OR 

2hr plasma Glc ≥ 11.1 mmol/L during Oral Glc Tolerance test 
(Glc load of 75g anhydrous Glc dissolved in water) 

OR 

Random Plasma Glc ≥ 11.1 mmol/L 
(In patients with classic symptoms of hyperglycaemia) 
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reviewed by Klimontov et	 al	 (38).	 Others demonstrate non-progression of 

albuminuria and preserved renal function and even regression of albuminuria 

(39). Although the increased use of angiotensin converting enzyme inhibitors 

(ACEi) and sodium glucose co-transporter-2 inhibitors (SGLT2i) has 

undoubtedly influenced the above, there is evidence to support differences in 

the underlying pathophysiological mechanisms of the non-

albuminuric/regressive variants. NA-CKD pattern is associated with a lower 

incidence of microvascular diabetic complications, non-smoking status and 

favourable HbA1c values (40), although cardiovascular risks and outcomes are 

the same in albuminuric and non-albuminuric diabetics (41). Histopathological 

findings in T2DM with NA-CKD include predominance of interstitial and 

vascular changes over the classic diabetic glomerulopathy observed in 

albuminuric DN (42) (see Figure 1.3). It has therefore been hypothesised that 

NA-CKD is reflective of a macroangiopathy associated with normal aging, 

hypertension and arteriosclerosis (38). This highlights the inherent 

heterogeneity of DN, and the challenges researchers face in identifying/showing 

efficacy of new biomarkers and therapeutic targets in such a diverse population.  

 

 
Figure	1.2	Classical	stages	of	diabetic	nephropathy	(43)	

1.2.4 Histopathology of DN 
 
The classical histopathological changes of DN are demonstrated in Figure 1.3, 

although there may be considerable variation in findings in T2DM, as noted 
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above. The Renal Pathology Society published a unifying classification 

applicable for T1DM and T2DM, shown in Table 1.3 (44), although this has been 

criticised for failing to include important pathologic lesions such as focal 

segmental glomerulosclerosis (FSGS) and extracapillary hypercellularity (45). A 

typical case of DN shows diffuse mesangial matrix increase, which becomes 

more discretely organised into “Kimmelstiel-Wilson” nodules, glomerular 

basement membrane (GBM) thickening, podocyte loss and arteriolar hyalinosis. 

Other findings can include fibrin caps, capsular drops, and capillary 

microaneurysms. Extra-glomerular features of tubular fibrosis and atrophy are 

also evident. All of the glomerular and tubulointerstitial features listed in Table 

1.3 have been correlated to adverse renal outcomes, justifying their inclusion in 

this classification scheme (46, 47).  Non-diabetic renal lesions are also 

commonly seen (up to 30%) in proteinuric type 2 diabetics undergoing biopsy, 

skewed in part by the bias towards biopsying only those patients where 

diagnostic uncertainty exists (based on unusual or confounding clinical 

features) (48), but also reflective of the aforementioned contributions of aging, 

atherosclerosis and hypertension.  
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A. 

  

B. 

 
Figure	 1.3A	 Histological	 findings	 in	 Diabetic	 Nephropathy	 by	 Light	microscopy. These 

include diffuse mesangial sclerosis (asterixed in left hand image) and diffuse thickening of 

capillary loops (arrowed, left hand image). A Kimmelstiel-Wilson nodule is shown in the right 

hand image (arrowed), as well as a peripheral microaneurysm (asterix). Light microscopy 

images, Periodic Acid Schiff staining, x400 magnification. Figure	1.3B. Histological	findings	in	

Diabetic	 Nephropathy	 by	 Electron	 microscopy.	 Diffuse thickening of the glomerular 

basement membrane, increased mesangial matrix and podocyte effacement. Scale bar 5m. 

Images reproduced from https://www.renalfellow.org/2019/05/24/kidney-biopsy-of-the-

month-diabetic-nephropathy/ 
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Table	1.3.	Renal	Pathology	Society	Classification	of	Diabetic	Nephropathy,	2010.		

LM= light microscopy, EM= electron microscopy. Adapted from (44). 

 

Class Description Inclusion Criteria 

I Mild/ non‐specific LM changes 
and EM proven GBM thickening 

Biopsy does not meet class II, III or IV criteria 
GBM >395 (female) and >430 nm (male)  

IIa Mild mesangial expansion Biopsy does not meet class III or IV criteria 
Mild mesangial expansion in > 25% of mesangium 

IIb Severe mesangial expansion Biopsy does not meet class III or IV criteria 
Severe mesangial expansion in > 25% mesangium 

III Nodular sclerosis  Biopsy does not meet class IV criteria 
At least one convincing Kimmelstiel‐Wilson lesion 

IV Advanced glomerulosclerosis Global glomerulosclerosis in >50% glomeruli 
Lesions from class I through III 

lesion Criteria Score 

In
te
rs
ti
ti
al

 

Interstitial 
Fibrosis 
Tubular 
Atrophy (IFTA) 

No IFTA 0 

<25% 1 

25‐50% 2 

>50% 3 

Interstitial 
inflammation 

Absent 0 

Only in relation to IFTA 1 

In areas without IFTA 2 

V
as
cu
la
r 

Arteriolar 
Hyalinosis 

Absent 0 

At least one area 1 

>1 area 2 

Large vessel 
arteriosclerosis 
(score worst 
artery) 

Presence of large vessels Y/N 

No intimal thickening 0 

Intimal thickening < thickness of media 1 

Intimal thickening > thickness of media 2 
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1.2.5 Current Management Strategies and Outcomes in DN 
 

The cornerstone of DN management is risk factor modification to prevent 

disease progression. Many are measures common to the management of 

diabetes in general, such as blood pressure control, smoking cessation, strict 

glycaemic control and avoidance of obesity. Others are more directly targeted at 

the kidney, such as the use of ACEi and ARBs to retard albuminuric progression, 

which, for the last two decades, has represented the gold standard treatment in 

minimising loss of renal function and progression to ESRD (49, 50). However, 

even when renin-angiotensin-aldosterone system (RAAS) blockade is achieved, 

the risk of ESRD can remain high and correlates with residual levels of 

albuminuria (51). Resultantly, great effort has been focused on devising new 

treatments for DN, but randomised controlled trials of, for example, antioxidant 

inflammatory mediators (52) and advanced glycation end- product (AGE) 

inhibitors (53) have failed to translate into mainstream care due to lack of 

efficacy and unacceptable side effect profiles. The advent of two new glucose-

lowering therapies with apparent renoprotective effects has generated 

considerable excitement after a long period of stagnation in DN management, 

however there remains no known intervention that is capable of fully reversing 

or “curing” DN. 

1.2.5.1 Sodium Glucose co‐transporter 2 inhibitors (SGLT2i) 
 
SGLT2 is expressed in the S1 and S2 portions of the apical side of the proximal 

tubule, where it is connected with glucose transporter-2 (GLUT2) on the 

basolateral side and functions to reabsorb 90% of filtered glucose under 

normoglycaemic conditions. Inhibition of SGLT2 promotes renal glucose 

excretion (glycosuria), leading to reduced plasma glucose, weight loss and 

reduced blood pressure (BP). Initial cardiovascular outcome trials of SGLT2i 

demonstrated apparent renoprotective effects, which prompted dedicated renal 

phase 3 outcome studies. In April 2019, CREDENCE trial was terminated early 

having reached the composite primary endpoint of 30% relative risk reduction 

in doubling of serum creatinine (sCr), ESRD, renal death or CV death in patients 

who received canagliflozin versus placebo (54). 
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The potential mechanisms of SGLT2i- induced renoprotection continue to 

unfold but are hypothesised to go beyond the effects of reduction in obesity and 

improvement in glycaemic control. They include amelioration of oxidative 

stress (55), favourable systemic and glomerular haemodynamics via RAAS 

inhibition, altered tubuloglomerular feedback mechanism and natriuretic 

peptide effects (56, 57) and anti-inflammatory/anti-fibrotic effects (58, 59). 

SGLT2i are increasingly being used in mainstream DN therapy in those with 

eGFR>30ml/min/1.73m2 (in whom proximal tubule induced glucose-lowering 

effect is maintained).  

 

1.2.5.2  Incretin‐based therapy 
 
Glucagon-like peptide 1 receptor agonists (GLP-1 RA) stimulate glucose-

dependent insulin release from -cells. Unlike endogenous GLP-1, they are 

variably resistant to Dipeptidyl peptidase-4 (DPP-4) breakdown, and so they 

exert their effects for longer. Animal studies have shown reduced albuminuria 

and improved tubulointerstitial architecture in GLP-1 RA treated rats, 

associated with reduction in inflammatory and fibrotic markers such as TNF- 

and fibronectin (60). GLP-1 RA have also been shown to normalise oxidative 

stress markers independently of glucose lowering action (61). Clinical trials 

have demonstrated variable but consistent reduction in albuminuria with the 

use of GLP-1 RA, although the mechanism for this effect is unclear. The observed 

beneficial cardiometabolic effects of these drugs are attributed to canonical 

GLP-1RA signalling, yet the expression of GLP-1R in the kidney is surprisingly 

scant and predominantly limited to vascular smooth muscle cells, as reviewed 

recently by Drucker (62). It is likely, therefore, that renoprotective effects are 

mediated via a combination of extra-renal haemodynamic and glucose lowering 

effects in combination with the GLP-1R independent effects on renal 

inflammation (63-66).  

 

DPP-4 inhibitors have also been shown to confer anti-fibrotic renoprotective 

effects in diabetic mice models (67), and reduced albuminuria in patients with 

T2DM and renal dysfunction (68). Results of a recent non-inferiority trial of 

linagliptin versus placebo on CV and renal outcomes (CARMELINA (69)) 
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appears to have mitigated concerns highlighted in earlier trials of saxagliptin 

(increased incidence of heart failure (70)), however was not designed to 

demonstrate renoprotective effects, and so further work is required before 

conclusions can be made on specific utility in DN treatment.  

 

1.2.5.3 Other novel DN treatments 
 
Activation of the Endothelin-A (ETA) receptor has been implicated in glomerular 

inflammation, oxidative stress, podocyte damage and vasoconstriction of the 

afferent vessels, resulting in increased permeability to albumin, as reviewed by 

Anguiano et	al (71).  An initial trial of Avosentan, a non-selective ETA antagonist, 

was terminated due to high incidence of fluid overload (72). In 2019, a trial of a 

low-dose, selective ETA antagonist showed a 35% reduction in composite 

primary outcome of doubling of sCr, onset of ESRD, RRT or death from kidney 

failure. Unfortunately, the statistical power of the trial has been called into 

question as the study was terminated early (73). The treatment group also 

required an “enrichment period” to ascertain drug tolerability and those who 

developed fluid overload were excluded, suggesting that this may only be a 

viable treatment option in a select group (providing further evidence for the 

heterogeneity of DKD pathophysiology).  

 
Mineralocorticoid receptor blockade results in additive anti-proteinuric effects 

in patients treated with ACEi/ARB (74), but has made limited progress as a 

therapeutic agent due to the consequential increase in hyperkalemia. A pilot 

study of novel, non-steroidal mineralocorticoid receptor antagonist, 

Fineronone, demonstrated a dose-dependent reduction in uACR without a 

significant increase in hyperkalemia, compared to placebo (75). A large, phase 3 

clinical trial, FIDELIO-DKD is due to report its findings in 2020, including how 

any reduction in uACR translates into protection against GFR decline (76).  

 

There is also a great deal of interest in harnessing inflammatory mediators in 

DN, including resident and infiltrating inflammatory cells, complement pathway 

activation, anti-oxidants and advanced glycation end- product (AGE) inhibitors, 

eloquently summarised in a recent review article by Pichler et al (77). Specific 

interventions, such as the targeting of overactive JAK-STAT signalling with 
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Barcitinib have resulted in encouraging reductions in ACR and urinary 

biomarkers of inflammation, but it is not known whether this will translate into 

reduction of DKD progression (78). Of note, inhibition of IL-1β with 

canakinumab has been shown to reduce major cardiovascular events in patients 

with CKD, thereby validating inflammation as a target to address the most 

significant cause of mortality in this patient population (79). Bardoxolone 

Methyl, a nuclear 1 factor (erythroid-derived 2)-related factor 2 (NRF2) 

activator and hence potent anti-oxidant is currently under re-review as a 

treatment in DN having previously been rejected owing to increased heart 

failure occurrence in the BEACON trial (80). However, re-analysis of the data 

has highlighted a discrepancy in pre-existing susceptibility to heart failure in 

the treatment group versus placebo group (81), and therefore the potential 

effects of preserved renal function may still hold promise as a novel treatment 

in DN.  

 

It remains unclear what impact the above agents will have on the mainstream 

management of DN. What remains certain, however, is that new treatments that 

are applicable to the common core of diabetic patients are still desperately 

needed.  

 

1.3 Insulin Resistance in DN 
 
In recent years there has been a paradigm shift in recognising the importance of 

insulin resistance in DN, in addition to the deleterious effects of hyperglycaemia. 

It is now widely accepted that the effects of insulin resistance are significant not 

simply at a tissue-specific level, but also at a cellular-specific level.  

1.3.1 Insulin Signalling in Health 
 
The insulin signal transduction pathway (Figure 1.4) is a highly conserved 

pathway responsible for the regulation of cell cycle, growth and proliferation in 

addition to its metabolic roles in controlling glucose uptake/utilisation and fatty 

acid synthesis (82). Insulin is able to signal to the cell via the insulin receptor 

(IR), insulin-like growth factor receptor (IGF-1R) and a hybrid of the two. These 

tyrosine kinase receptors exhibit the usual autophosphorylation, but are unique 

in that they subsequently recruit a number of scaffolding proteins (insulin 
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receptor substrates (IRS1-4)) which act as intermediaries in recruiting 

downstream effectors, thereby orchestrating the differential activation of the 

various phosphorylation cascades (83). IRS1 and IRS2 have the longest C-

terminal tail with the most phosphorylation sites, and consequently exhibit 

more diverse signal transduction compared to IRS3/4 (84). The 3 main 

pathways propagated by IRS phosphorylation are the phosphoinositide 3-

kinase (PI3K) pathway, the mitogen-activated protein kinase (MAPK) pathway 

and the cbl-associated (c-Cbl) pathway.  

 

The metabolic consequences of insulin resistance are most frequently 

associated with defects in PI3K signalling. PI3K is recruited to the cell 

membrane via regulatory subunit p85, producing phosphatidylinositol-3,4,5-

triphosphate (PIP3), which, in turn, activates phosphoinositide-dependent 

protein-kinase 1 (PDK1). PDK1 is responsible for the phosphorylation of Akt at 

Thr308 (although full activation of Akt requires phosphorylation at an 

additional site, Ser493, performed by the RICTOR subunit of mammalian target 

of rapamycin complex 2 (mTORC2)) (85). Downstream substrates of Akt direct 

a number of critical components of glucose metabolism, such as glucose uptake 

(via AS160), glycogen synthesis (via Glycogen synthase 3, GSK3) and 

gluconeogenesis (via FOX01) (86). The PI3K/Akt pathway is additionally 

involved in aspects of cell growth via activation of mTORC1, although it is the 

MAPK pathway that predominantly regulates cell cycle progression and the 

determination of proliferation, differentiation and apoptosis (87). The MAPK 

family consists of the various isoforms of p38, ERK (extracellular-signal-

regulated kinase) and JNK (c-Jun N-terminal kinase), and the pathway is 

initiated following binding of the small GTPases Ras, followed by Raf. This 

results in phosphorylation of MEK1 and MEK2 (MAPK and ERK kinases). 

Activated ERKs cause cell growth via promoting the expression of various 

transcription factors and ribosomal (translational) activators (82). Ras also 

binds to the p85/p110 PI3K complex, thus demonstrating the interplay between 

these two pathways (88).  
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Figure	1.4	Insulin	signalling	cascade. Insulin can signal via the insulin receptor (IR) and the 

insulin-like growth factor-1 receptor (IGF-1R). Signalling pathways that are activated by 

cytokines such as tumour necrosis factor-α (TNFα), interleukin-6 (IL-6), and leptin interfere 

with insulin signalling through crosstalk (orange and red arrows). Three important nodes in the 

insulin pathway are the IR, the IR substrates (IRS) 1–4 (blue box), the phosphatidylinositol 3-

kinase (PI3K) with its several regulatory and catalytic subunits (light green box), and the three 

AKT isoforms (pink box). These nodes propagate signal transduction via the PI3K, MAPK and C-

cbl pathways to regulate glucose metabolism, protein synthesis and cell growth. Downstream or 

intermediate effectors of these critical nodes include atypical protein kinase C (aPKC), Akt 

substrate of 160 kDa (AS160), Cas-Br-M (murine) ecotropic retroviral transforming sequence 

homologue (Cbl), Cbl-associated protein (CAP), cell-division cycle 42 (CDC42), extracellular 

signal-regulated kinase 1 and 2 (ERK1 and ERK2), forkhead box O1 (FOXO1), glycogen synthase 

kinase 3 (GSK3), Janus kinase (JAK), c-Jun-N-terminal kinase (JNK), mammalian target of 

rapamycin (mTOR), p90 ribosomal protein S6 kinase (p90RSK), phosphoinositide-dependent 

kinase 1 and 2 (PDK1 and 2), phosphatase and tensin homologue (PTEN), protein tyrosine 

phosphatase-1B (PTP1B), Ras, Rac, Src homology- 2-containing protein (Shc), suppressor of 

cytokine signalling (SOCS), signal transducer and activator of transcription (STAT), and Ras 

homologue gene family, member Q (ARHQ; also called TC10). Dashed arrows represent an 

activation process with less intensity. Adapted from (82) 

 

 

 

Glycogen  
Synthesis 
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The in	 vivo significance of the c-Cbl signalling pathway remains unclear; 

although insulin receptor mediated tyrosine phosphorylation of this proto-

oncogene has been described in the context of GLUT4 translocation and glucose 

uptake (89, 90). This pathway may therefore represent an important adjunct to 

PI3K signalling in regulating glucose metabolism.	

 

Importantly, whilst the above transduction cascade described is common to 

most cells, the precise downstream actions of insulin signalling are largely cell-

dependent. This is frequently determined by the relative expression of key 

signal transducers and their isoforms (such as IR-A/-B, IRS1-4, and Akt1-3), in 

addition to expression of interacting suppressors or enhancers. 

 

In the kidney, insulin is able to traverse the entire nephron, being small enough 

(6kD) to pass freely across the glomerular filtration barrier. The cell-specific 

effects of insulin in the nephron are summarised in Figure 1.5.  

 

 
Figure	1.5	Effects	of	 insulin	on	 the	nephron.	NO= nitric oxide, VEGF= vascular endothelial 

growth factor, Na= sodium, PO43-= phosphate, Mg= magnesium. Adapted from (91) 
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1.3.2 Clinical evidence supporting the importance of Insulin Signalling in DN 
 

The link between insulin signalling and the glomerulus was first established in 

1980 when Mogensen et	 al	 demonstrated that urinary albumin excretion 

doubled following intravenous infusion of insulin (with concomitant glucose to 

maintain euglycaemia) in newly diagnosed Type-1 diabetics (92).  Following the 

hypothesis that insulin itself may be inducing increased glomerular 

permeability to albumin, the urinary excretion of albumin after an oral glucose 

load was compared in Type 1 (insulin-deficient) diabetics and healthy controls. 

An increase in albumin excretion was observed only in the healthy patients 

capable of mounting a normal insulin response to glucose, corroborating the 

theory that insulin, and not glucose, is responsible for the albuminuric effect 

(93).   

 

Large population cohort studies have further characterised the relationship 

between insulin and albuminuria. Insulin resistance is associated with the 

development of albuminuria in non-diabetic patients (94), where it is an 

independent predictor of cardiovascular outcomes (95).  Even insulin-deficient 

Type 1 diabetics develop insulin resistance, often reflected in large doses of 

exogenous insulin requirements, and these patients are significantly more likely 

to develop DN than those who maintain sensitivity to administered insulin (96). 

Most recently, Ahlqvist et	al proposed an entirely novel classification of diabetes 

based on cluster analysis of comprehensive phenotyping which identified a 

subset of “severely insulin-resistant” diabetics who were significantly more 

likely to develop DN (97).  

 

Hereditary influences are frequently identified in the literature, with insulin-

resistant Type 1 diabetics significantly more likely to have family history of 

cellular insulin resistance (98). Genetic syndromes of insulin resistance present 

with variable renal phenotypes; congenital lipodystrophy is associated with 

albuminuria but only a minority have classical DN histology, Type B insulin 

resistance (autoimmune disease directed against the insulin receptor) leads to 

albuminuria in more than 50% of cases, but with a histological pattern more 

consistent with lupus nephritis, whilst patients with Type A insulin resistance 

(inherited mutation of the insulin receptor) commonly develop DN (99) . This 



 25

heterogeneity in renal phenotype may explain why findings from GWAS data 

have not been as helpful as anticipated in identifying a subset of susceptibility 

genes for DN specifically.  

 

Whilst there is clear evidence of a link between insulin resistance, albuminuria 

and an increased susceptibility to DN, the precise underlying mechanism, whilst 

suggestive of a defect at the level of the glomerular filtration barrier (GFB), 

remains a subject of research interest. The role of the GFB and its constituent 

parts is reviewed below, with specific focus on the role of the podocyte in DN. 

 

1.4 The Glomerular Filtration Barrier (GFB) 
 

The GFB is a highly specialised structure that uniquely utilises size, charge and 

shape-selection in the ultrafiltration of blood (100). The GFB is freely permeable 

to water and small-to-medium sized solutes, but larger molecules, such as 

albumin (~67 kDa), are not filtered and are hence retained in the circulation. 

The identification of such molecules in the urine is indicative of a mechanical 

breach or malfunction in selectivity of the GFB, and is the basis of the urinary 

dipstick test for albuminuria in diabetes (101).  

 

The GFB consists of three distinct layers: the endothelial cells of glomerular 

capillaries, the glomerular basement membrane (GBM) and specialised visceral 

epithelial cells called podocytes. In recent years, the physiological importance of 

two further “layers” has been described: the endothelial surface layer and the 

sub-podocyte space (102). However subdivided, it is clear that the function and 

maintenance of the GFB is determined by the harmonious workings of all its 

component parts, with evidence of cross-talk between cell types via numerous 

elucidated pathways (103-105).  
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1.4.1 Glomerular Endothelial cells (GEnC) 
 
The glomerular endothelial cells (GEnCs) constitute the first layer of the GFB 

and are in direct contact with glomerular blood. GEnCs are distinguishable from 

endothelial cells elsewhere by the high density of large fenestrae; covering 

approximately 20-50% of total cell surface area (106).  The fenestrae are 

approximately 60 nm diameter in humans (107) and as such, should not present 

a physical barrier to the passage of plasma proteins such as albumin (8 x 8 x 3 

nm) (108). However, the fenestrae are lined with a hydrated mesh of glycocalyx, 

composed of negatively charged glycoproteins, glycosaminoglycans (GAGs), 

glycolipids and proteoglycans, which has been historically difficult to 

demonstrate in	vitro (109, 110). In recent years, evidence for its contribution in 

preventing albumin passage, along with other important roles, has led to the 

proposal of its reclassification as an independently labelled layer of the GFB; the 

endothelial surface layer (ESL) (111). Disruption of the ESL in	vitro and in	vivo 

results in albuminuria (112-114), thus demonstrating the importance of ESL 

integrity.  

 

The GEnCs themselves are responsible for regulating the ESL, with small 

alterations in ESL constitution being communicated to podocytes via an 

increase in sheer-stress sustained (115), or increased delivery of filtered 

macromolecules to this downstream layer of the GFB (116).  

 

1.4.2 Glomerular Basement Membrane (GBM) 
 

The glomerular basement membrane (GBM) is derived from the fusion of two 

membranes: the podocyte membrane, which makes up the outer wall (lamina 

rara externa) and the endothelial membrane that becomes the inner wall 

(lamina rara interna). Akin to all basement membranes, its key molecular 

components are Type IV collagen, laminin, nidogen and heparan sulfate 

proteoglycans which confer an anionic charge to the GBM that is (contentiously) 

considered to contribute to the charge selectivity of the GFB (117, 118).  
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The functional significance of the GBM is exemplified by the clinical syndromes 

that result from genetic mutations in 4 of the 9 known genes encoding critical 

components of the GBM, reviewed by Miner et	 al (119). Heterozygous null 

mutations in COL4A3 or COL4A4, which encode the α3 and α4 chains of type IV 

collagen manifest as haematuria in the absence of progressive renal impairment 

(thin basement membrane disease), whilst homozygous mutations, or more 

commonly, X-linked inheritance of a mutated COL4A5	allele, leads to the typical 

triad of clinical manifestations exhibited by patients with Alports nephropathy: 

ocular abnormalities (lenticonus), renal insufficiency and sensorineural 

deafness. A recent GWAS study of diabetic kidney disease has reaffirmed the 

importance of COL4A3	 and identified a minor allele (Asp326Tyr) that is 

significantly associated with GBM width and confers protection against 

development of albuminuria and ESKD (120).  
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1.5 Podocytes 
 

The outermost layer of the GFB consists of podocytes; terminally differentiated, 

specialised epithelial cells literally translated as “cells with feet”. Although they 

exhibit typical epithelial cell features of apico-basal polarisation along a 

basement membrane, they have also been phenotypically likened to neurons 

with their extensile processes and secretory ability, and to contractile smooth 

muscle cells (121). The cytoskeletal configuration of the podocyte is uniquely 

complex and reflects the physiological need for dynamic remodeling to maintain 

the integrity of the filtration barrier under a variety of environmental stresses.  

 

1.5.1 The Slit Diaphragm 
 

 
 

Figure	 1.6	Molecular	 components	 of	 the	 podocyte	 slit	 diaphragm. During development, 

podocytes are initially connected via tight-junction and gap-junctions that become replaced by 

neuronal-junction components, nephrin, podocin and Neph1. These proteins form a zipper-like 

structure that is the hallmark of the mature slit diaphragm. CD2AP= CD2-associated protein; 

GBM= glomerular basement membrane; P= phosphorylated residues. Adapted from (122) 

 
 
Podocytes consist of large cell bodies which communicate with the urinary 

space, and protruding foot processes which adhere to the GBM via focal 

adhesions and interdigitate with neigbouring podocytes via unique adherens 
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junctions called slit diaphragms (123). The slit diaphragms house a set of 

transmembrane proteins and cytosolic adapter molecules that link to the 

underlying actin cytoskeleton and are critical mediators of signal transduction. 

Much of what we understand about the significance of slit diaphragm proteins 

has been learnt from hereditary nephrotic conditions characterised by the loss 

or mutation of genes encoding them, summarised in Table 1.4.  

 

 

 

 

Table	1.4	Inherited	podocytopathies. Many causes of hereditary nephrotic syndromes are the 

result of genetic defects in important slit diaphragm proteins. AR= autosomal recessive, AD= 

autosomal dominant, FSGS= focal segmental glomerulosclerosis, DMS= diffuse mesangial 

sclerosis, ESRD= end stage renal disease. Adapted from (99) and (124) 

 

 

 

One of the most central slit diaphragm proteins is nephrin, a member of the 

immunoglobulin superfamily. In the absence of nephrin, the mammalian slit 

diaphragm does not form (125), and congenital mutation of NPHS1 results in 

nephrotic syndrome of the Finnish type (126).  The localisation of nephrin is 

dependent on its cytosolic interaction with Podocin; a stomatin protein family 

Gene Protein Inheritance Phenotype 

NPHS1 Nephrin AR Congenital nephrotic syndrome of the Finnish type, 
ESRD 

ACTN4 Α‐Actinin‐4 AD FSGS (adult onset, mild) 

WT1 Wilms tumour protein AD Denys‐Drash syndrome (DMS) 
Frasier syndrome (FSGS) 

LMX1B LIM homeobox 
transcription factor 1β 

AD Nail‐patella syndrome (FSGS) 

CD2AP CD2‐associated 
protein 

AR Congenital nephrotic syndrome 

NPHS2 Podocin AR Steroid‐resistant nephrotic syndrome (childhood) 

TRPC6 Transient receptor 
potential cation 
channel, subfamily C, 
member 6 

AD FSGS (adolescent) 

INF2 Formin AD FSGS (adolescent/adult onset‐ mild) 

PLCE1 Phospholipase C, E1 AR FSGS (childhood) and ESRD 
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member that associates with specialised lipid raft microdomains of the plasma 

membrane, which recruit nephrin to the slit diaphragm. A third scaffolding 

protein of major importance, CD2-associated protein (CD2AP), connects 

nephrin and podocin. The extracellular components of Nephrin, and its 

structural homologue NEPH1, act as a physical barrier to the passage of 

macromolecules. The intracellular domain has diverse roles in signal 

transduction, facilitated by numerous cytosolic binding proteins that determine 

cell polarity, calcium sensing, membrane trafficking and actin organisation, as 

recently reviewed by Martin et	al	(127) .  

 

The calcium-permeable channel TRPC6 also sits within the slit diaphragm, 

where it plays an important role in podocyte mechano- and chemosensation 

(128), detecting alterations in pressure, fluid flow or filtration rate which might 

necessitate remodelling of the cytoskeleton and foot process contraction to 

maintain GFB equilibrium (129).  

 

1.5.2 Actin dynamics 
 

The podocyte cell body contains F-actin, intermediate filaments and 

microtubules. The foot process cytoskeleton is almost exclusively composed of 

very dense actin fibres, which extend longitudinally across its entire length 

(130). Actin is regulated by slit diaphragm proteins and by small GTPases, such 

as the Rac-1 and RhoA family. Synaptopodin is a dominant orchestrator of 

RhoA-mediated actin regulation (131) and can also modify the activity and 

localisation of TRPC6 in the slit diaphragm (132).  

 

 

1.5.3 Focal adhesions 
 

Adherence to the GBM is achieved via a number of transmembrane proteins 

including integrins (particularly alpha3beta1 (α3β1)), -dystroglycan and 

syndecans that bind to extracellular matrix (ECM) components and collectively 

enable podocytes to withstand the oscillating filtration pressures within the 



 31

glomerulus. Much like the adherens junctions of the slit diaphragm, these 

connections are also a hub for signal transduction (133). 

 

1.6 Podocytes in DN  
 
The morphological changes of the diabetic podocyte have been well described 

and include foot process effacement (Figure 1.3C), detachment and loss (134, 

135).  Mechanisms of podocyte effacement include loss of nephrin and 

imbalance of small GTPases, mediated by the hyperglycaemic environment 

(136). Detachment occurs when podocytes become less stably anchored to the 

GBM as a result of reduction in α3β1 integrin expression, secondary to stresses 

such as haemodynamic-induced stretch and transforming growth factor beta 

(TGF-β) signalling (137). Podocyte death may be mediated by numerous 

pathways including direct apoptotic effects of hyperglycaemia, increased ROS 

and defects in podocyte autophagy (136). In an unfortunately deleterious cycle, 

podocyte death begets further podocyte death, with animal models 

demonstrating a critical threshold of 20% podocyte loss equating to irreversible 

glomerular damage that will progress to renal failure even in the absence of 

ongoing insults (138). 

 

Histological abnormalities of podocytes are amongst the first detectable signs of 

DN in albuminuric human and animal models (139, 140) and podocyte loss is an 

established predictor of DN progression (134, 141). Podocytes express a 

number of paracrine factors such as VEGF-A, angiopoetins and CXCL12 that may 

communicate distress signals to other glomerular cells, as reviewed by Dimke et	

al (142). Podocytes that become detached from the GBM and enter the urinary 

space may additionally communicate with extra-glomerular parts of the 

nephron. This may represent a mechanism by which podocytes can initiate a 

deleterious cascade of pathophysiological events that results in DN, thereby 

explaining the prognostic significance of isolated podocyte loss. This has not yet 

been proven, however there is evidence that the degree of podocyturia 

correlates not only with active glomerular disease (143) but also with proximal 

tubular dysfunction (144). 
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1.6.1 Importance of Podocyte Insulin Responses  

 
The importance of insulin signalling in the podocyte has become clear over the 

last decade. In	 vitro studies of glomerular cells demonstrated increased 

expression of IR and IRS1 specifically in podocytes (145). In 2008, Tejada et	al 

reported that the development of albuminuria was associated with a loss of 

podocyte insulin responses in 12-week old db/db (T2DM) mice, with 

demonstrable loss of Akt phosphorylation leading to increased cell death, which 

led them to hypothesise that loss of podocyte insulin sensitivity may account for 

the podocyte depletion seen in early DN (146).  

 

Throughout the 2000’s, our Bristol group (Coward lab) published a series of 

papers that characterise podocyte responses to insulin in health and disease. 

Initial work undertaken using a conditionally immortalised human cell line 

showed that insulin signals to the podocyte via the insulin receptor, which 

predominantly activates PI3K and MAPK pathways resulting in phosphorylation 

of Akt and ERK1/2. This results in rapid actin cytoskeletal rearrangement to 

translocate glucose transporters (GLUT1 and GLUT4) from cytoplasmic GLUT-

storage vesicles (GSVs) to the plasma membrane (147). This cytoskeletal 

remodelling is dependent on the action of small GTPases RhoA and CDC42, 

which specifically cause contraction and corticalisation of F-actin fibres (148). 

Exocytosis of glucose transporters at the cell membrane, achieved via a critical 

interaction between nephrin and vehicle-associated membrane protein 2 

(VAMP2) (149), enables the podocyte to double its glucose concentration in 

response to insulin. This response is unique to (fully differentiated) podocytes 

and not observed in other glomerular cells (147). Following glucose uptake, the 

podocyte may utilise the energy source to undergo further conformational 

changes, which result in cellular contraction against the GBM (148). This 

mechanical rearrangement is facilitated by the insulin-induced translocation of 

BK and TRPC6 channels to the cell membrane, which generates ionic flux into 

the cell (150, 151). The purpose of this podocyte-specific cytoskeletal response 

to insulin is not fully understood, but it has been hypothesised to represent an 

adaptive process that “braces” the cell for the increased delivery of blood to the 

glomerular capillaries that occurs post-prandially as a result of generation of 

vasoactive metabolites such as nitric oxide, glucagon and kinins (152-154). 
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Insulin signalling may, therefore, be considered an important homeostatic 

mechanism that biologically prepares the podocyte for an increase in workload, 

thereby minimising repetitive biomechanical stress. As a terminally 

differentiated cell of extremely limited regenerative capacity, this would be of 

great evolutionary advantage to the cell.  

 

The consequences of disrupted insulin signalling in	 vivo have been 

demonstrated using a podocyte-specific insulin receptor knock out mouse 

(PODIRKO). These albuminuric animals develop many of the histological 

hallmarks of DN, including podocyte foot process effacement, increased 

glomerular matrix and thickened GBM, the pivotal finding being the 

recapitulation of the DN phenotype under euglycaemic conditions (148). The 

animals did not, however, develop mesangial hypercellularity, raising the 

possibility that some aspects of DN may be insulin-dependent whilst others are 

more directly related to glucotoxicity.  

 

Following the discovery of the podocyte as an-insulin sensitive cell, there have 

been a number of studies that recognise the downstream effects of podocyte-

specific insulin signalling. These include the aforementioned roles of 

cytoskeletal regulation and calcium/potassium mobilisation as well as VEGF-A 

production (155), mitochondrial function (156) and ER stress responses (157), 

summarised in Figure 1.7. There has also been considerable interest in 

determining the key isoforms dictating signal divergence in podocyte insulin 

signalling that commit the cell to these downstream actions. For example, it is 

known that IRS2 is the most important IRS isoform in activating PI3K signalling 

in the podocyte (158) and that Akt2 is upregulated in podocytes and is critical 

in protecting against renal injury in CKD models (159), which may be related to 

its role in mediating metabolic insulin responses (160). Delineating the normal 

podocyte response to insulin enables a better understanding of the potential 

mechanisms and consequences of insulin resistance in these important cells.  
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Figure	1.7	Pathways	and	consequences	of	podocyte	insulin	signalling. Insulin signals to the 

podocyte via the insulin receptor and effects key regulatory aspects of podocyte biology 

(highlighted in purple boxes) predominantly via the PI3K/Akt and MAPK pathways (148). 

Insulin-mediated mobilisation of glucose transporters and ionic channels to the plasma 

membrane enable glucose and ionic influx, which facilitates contraction of the podocyte on the 

GBM (150, 151). Insulin signalling via PI3K regulatory subunit p85 promotes the nuclear 

localisation of sXBP1 which regulates the ER stress response in podocytes (157). VEGF-A 

expression is modulated by insulin and functions to maintain the health of the GFB (155).  BK= 

big potassium, GSV= Glucose transporter (GLUT) storage vesicle, sXBP1= spliced X-box binding 

protein-1, TRPC6= Transient receptor potential cation subfamily C, member 6, VAMP= vehicle-

associated membrane protein, VEGF= vascular endothelial growth factor. Adapted from (161). 
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1.6.2 Mechanisms of Podocyte Insulin Resistance 
 

Key nodes in the podocyte insulin-signalling cascade have been identified as 

important targets in the development of podocyte insulin resistance under 

diabetic conditions. These are summarised in Figure 1.8. From proximal to 

distal, the insulin receptor (IR) is a target of lysosomal and proteosomal 

degradation following prolonged exposure to insulin in	 vitro	 (162) and 

hyperglycaemia-induced elevation of Src homology-2 domain-containing 

phosphatase-1 (SHP-1) results in IR subunit binding, disabling onward signal 

transduction (163). (This effect has been shown to persist even in the absence 

of ongoing hyperglycaemia, owing to epigenetic histone modifications of the 

SHP-1 promoter, the so called “metabolic memory” effect (164)). 

 

High levels of intracellular lipids, such as cholesterol and sphingolipids have 

also been shown to affect IR function, reviewed recently by Mitrofanova et	al	

(165).	 Overexpression of sphingomyelin phosphodiesterase acid-like 3b 

(SMPDL3b) results in disruption of the IR/caveolin-1 interaction, preventing IR 

expression at the plasma membrane and reducing Akt phosphorylation, leading 

to increased podocyte injury in	vitro.	Furthermore, in	vivo models of podocyte-

specific SMPDL3b deficiency were protected from the development of DKD, 

demonstrating reduced albuminuria and preservation of podocyte numbers 

(166).  

 

Elevated levels of obesity-associated SH2-domain containing inositol 

polyphosphate 5-phosphatase 2 (SHIP2) have been shown to reduce binding 

affinity of the IRS proteins, resulting in diminished Akt signalling in podocytes 

in	vitro	(167). Nucleotide-binding oligomerisation domain containing 2 (NOD2), 

an activator of the innate immune system, may also inhibit IRS1, resulting in 

downstream interference with p85 subunit of PI3K, and reduced GLUT4 

translocation. The significance of these in	vitro findings were substantiated by 

the findings that NOD2 deletion was protective against developing DKD in mice 

(168). 
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Podocyte insulin resistance may also manifest as a consequence of interruptions 

to distal insulin signalling. As previously mentioned, nephrin (in association 

with VAMP2) is critical in the docking of glucose transporters at the plasma 

membrane. Nephrin loss is a well established feature of diabetic kidney disease 

in both human and animal models (169-171) and mechanisms for nephrin loss 

include hyperglycaemia-induced activation of Notch-1, increased Protein kinase 

C alpha (PKC) (negative regulator of WT1/nephrin promoter) and increased 

histone deacetylase 4 (HDAC4) which causes deacetylation of nephrin, 

ultimately targeting it for degradation (172-174). Interestingly, nephrin has also 

been shown to interact with the IRB isoform and PI3K/Akt, the latter 

independently of insulin signalling, although the relevance of these interactions 

to the development of podocyte insulin resistance is not clear (175).   

 

Unravelling the interplay between podocyte insulin signalling and other 

experimentally validated contributors to DKD, such as oxidative stress, 

mitochondrial dysfunction and mTOR regulation, is proving insightful. For 

example, insulin enhances Nox4-dependent ROS production, and this has been 

linked to changes in the activity of protein kinase G type Iα (PKGIα) which 

regulates the permeability of the podocyte barrier, thereby linking insulin 

signalling, oxidative stress and albuminuria (176).  The role of mTOR signalling 

in podocyte insulin resistance continues to evolve, with evidence for deleterious 

effects of too little or too much activity of mTOR complexes (177, 178)(see 

effects of rapamycin, below). Further work is needed to fully delineate these 

mechanisms but the evidence suggests that podocyte insulin signalling is 

pertinent to many critical metabolic pathways.  
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Figure	 1.8	 Mechanisms	 of	 podocyte	 insulin	 resistance. Numerous components of the 

diabetic milieu are implicated in the development of podocyte insulin resistance. Molecules 

targeting key nodes in insulin signalling pathway are shown, colour coded by the predominant 

diabetic stimuli with which they are associated.  SHP-1 binds to the IR subunit and interrupts 

onward signalling (163). High levels of insulin result in lysosomal degradation of the insulin 

receptor (162). Overexpression of cholesterol and sphingomyelin phosphodiesterase acid-like 

3b (SMPDL3b) leads to loss of IR/caveolin-1 interactions, which results in decreased 

phosphorylation of Akt and increased podocyte injury (166). Insulin receptor substrate (IRS) 

signalling is inhibited by phosphoinositide phosphatase SHIP-2 (167) and Nucleotide-binding 

oligomerisation domain containing 2 (NOD2) (168). IRS1 phosphorylation is disrupted by 

palmitate (179). The docking and fusion of glucose transporters at the cell membrane is 

disrupted by loss of nephrin, vehicle-associated membrane protein-2 (VAMP-2), septin-7 and 

non-muscle myosin heavy chain IIA (NMHC-IIA) (180). Mitochondrial dysfunction via a 

Nox4/PKG1 mechanism may also contribute to podocyte insulin resistance (176). SHP-1= Src 

homology-2 domain-containing phosphatase-1, PKG1 = protein kinase G type Iα. 
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1.6.3 Potential therapeutic implications of podocyte insulin sensitisers  

The above evidence is strongly supportive of podocyte insulin resistance 

playing a significant role in the development of DN. Consequently; there has 

been consideration to pharmacological agents that may be capable of preserving 

or restoring podocyte insulin sensitivity. These are summarised in Table 1.5, 

and examples of those receiving greatest interest discussed below. 

 

The peroxisome proliferator-activated receptor (PPAR)-γ agonist class of 

systemic insulin-sensitising drugs have been shown to reduce 

microalbuminuria in human DKD (181, 182), and are additionally protective 

from glomerulosclerotic changes in animal models of DN (183) and non-DN CKD 

(184).  Lennon et	al	showed that Rosiglitazone directly effects podocytes by 

augmenting insulin-directed glucose uptake via a GLUT1 dependent mechanism 

(185). Unfortunately, the potential benefit of these drugs are outweighed by 

significant off-target effects including increase in cardiovascular deaths that led 

to the market withdrawal of rosiglitazone in 2010 (186).  

 

The mTOR inhibitor, Rapamycin (Sirolimus), is used in the prevention of 

rejection in renal transplant patients, owing to its inhibitory effects on T and B 

cells. Inhibition of mTORC1 results in activation of autophagy and inhibition of 

podocyte apoptosis, which has been shown to prevent progressive DN in animal 

models (187, 188).  Accordingly, over-activation of mTORC1 inhibits autophagy 

and accelerates DN in mice (189), leading researchers to speculate that mTOR 

inhibitors may be useful therapeutic agents in DN. However, in patients, 

Rapamycin often has a proteinuric effect, now thought to be a result of mTORC2 

inhibition (190), and subsequent loss of Akt2 activation in podocytes (159). As 

mentioned above, Akt2 is the dominant isoform in podocytes and is chiefly 

involved in insulin-mediated PI3K/Akt signalling with a specific role in 

regulating cytoskeletal organisation. Canauad et	al propose that this property is 

critical to the adaptation of surviving podocytes to nephron loss (159). This 

work has therefore seen a shift in focus from the utility of rapamycin in DN to 

the potential for mTOR1-specific inhibitors and/or AKT2 activators, which are 

intrinsically linked to podocyte insulin signalling. 
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GIT27 is a selective toll-like receptor (TLR) 2/4/6 inhibitor that has been shown 

to reduce albuminuria and urinary nephrin in the db/db mouse, suggesting that 

its renoprotective effects may be via a pro-podocyte survival mechanism (191). 

This hypothesis was supported by demonstration that GIT27 blocks Nox4 

expression in podocytes in	 vitro, the overexpression of which has been 

implicated as a mechanism of podocyte insulin resistance, as described above 

(176). 

 

As our understanding of the significance and mechanism of podocyte insulin 

resistance grows, so new potential therapeutic targets become apparent. 

Existing drugs, such as glitazones and metformin, may also be repurposed to 

specifically improve podocyte insulin sensitivity in DN. However the barriers to 

clinical translation are numerous and therefore the hunt for easily manipulated 

targets without significant off-target effects remains top priority. One relatively 

new class of agents, microRNAs, may hold significant promise in this regard, and 

will be reviewed below.  
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Table	 1.5	 Pharmaceutical	 agents	 proposed	 to	 improve	 podocyte	 insulin	 sensitivity.	

AMPK= adenosine monophosphate-activated protein kinase, FFA= free fatty acid, PPAR  γ= 

peroxisome proliferator activated receptor gamma, RAS= renin-angiotensin system,	 ROS= 

reactive oxygen species, SHIP2= SH2-domain containing inositol polyphosphate 5-phosphatase 

2, TGF- β= transforming growth factor beta.	

 

 

Drug/Class  Target  Outcome  Ref 

Rosiglitazone 

(Thiazolidinediones) 

PPAR‐γ agonist  Improves  podocyte  insulin  sensitivity 

(GLUT1) 

Reduces proteinuria 

Reduces  TGF‐β,  restores  nephrin, 

decreases  ROS,  decreases  RAS‐induced 

stretch  

Increased CV mortality, hepatotoxicity  

(185, 

192) 

GIT27  TLR2/4/6 inhibitor  

Nox4 inhibitor 

Reduce proteinuria/urinary nephrin 

Inhibits podocyte Nox4/ROS production 

Attenuates  podocyte  proinflammatory 

cytokine synthesis 

(191) 

Resveratrol 

(trans‐3,5,4‐

trihydroxystilbene) 

Natural polyphenol  

Antioxidant  

Anti‐inflammatory  

(miR‐383‐5p  and 

NFκB 

suppression) 

Improves  insulin  sensitivity  (systemic) 

Reduces  inflammatory  cytokines 

(systemic) 

Stimulates podocyte autophagy 

Increases  nephrin  and  podocin 

expression 

Reduces proteinuria 

(193, 

194) 

Berberine 

(Chinese Herb) 

Activates  PPAR‐γ 

coactivator‐1α 

(PGC‐1α) 

signalling 

pathway  

Protects podocytes against ROS damage 

and mitochondrial dysfunction 

Reduced FFA deposition in glomeruli 

Improves insulin sensitivity (systemic) 

Reduces proteinuria 

(195) 

Metformin 

(Biguanide) 

SHIP2 inhibition 

AMPK activation 

Improves insulin sensitivity (systemic) 

Increases podocyte glucose uptake 

Reduces podocyte apoptosis/loss 

Contraindicated 

eGFR<30ml/1.73m2/min 

(196, 

197) 
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1.7 MIcroRNAs: Overview of Function 

 
MicroRNAs (miRNAs) are endogenous, non-coding, single stranded RNA 

transcripts of 19-25 nucleotides in length. Ambros et	 al identified the first 

miRNA, lin-4, in the nematode Caenorhabditis elegans (C.elegans) in 1993 

(198). This was followed by an explosion of research, which identified miRNAs 

as critical gene regulators in virtually all biological processes through 

embryogenesis to apoptosis pathways. Indeed, miRNAs are estimated to 

regulate up to 60% of protein coding genes in the human genome (199). The 

latest version of miRbase lists 1917 identified miRNA transcripts in the human 

genome, but not all of these have been functionally validated (200).  MiRNAs 

have been detected in blood, urine and other body fluids either packaged into 

microvesicles and/or exosomes, or transported by RNA-binding proteins 

(Argonaute 2 complexes) and lipoproteins, which protect them from 

degradation by ribonucleases (201).  

 

Like other related members of the RNA interference (RNAi) pathway, such as 

short interfering (siRNAs) and Piwi-RNAs (piRNAs), miRNAs inhibit gene 

expression in a sequence specific manner. Most miRNAs will bind to a specific 

sequence at the 3′-untranslated region (3′-UTR) of their target mRNAs via 

classical Watson-Crick base pairing. Perfect sequence complementarity between 

miRNA and target mRNA 3′-UTR results in mRNA cleavage by argonaute 2 

protein (AGO2), and imperfect complementarity results in translational 

repression and/or target degradation achieved by mRNA deadenylation and 

decapping (202, 203). MiRNA binding sites are additionally, but less commonly 

present in mRNA 5′ UTR, as well as within coding sequence and promoter 

regions (204), the latter being associated with a converse induction of 

transcription, by direct and indirect mechanisms  (205, 206). 

 

In 2007, Landgraf et	al published their miRNA atlas, documenting the miRNA 

expression and abundance of 340 miRNAs in 26 different tissues (207). Since 

then, the advances in profiling techniques have permitted the investigation of 

differential miRNA expression even at a cellular level (208, 209). These studies 



 42

demonstrate the cell-specific nature of certain miRNAs, or miRNAs clusters, and 

their significance in relation to the specific biological function of that cell.   

Furthermore, it has been recently proposed that miRNAs can exhibit “flexible 

targeting” of mRNAs dependent on miRNA concentrations, enabling a miRNA to 

change its target repertoire under specific physiological conditions, thereby 

expanding the range of possible miRNA-regulated biological outcomes (210). 

This may explain the finding that miRNAs may act as rheostats in fine tuning of 

gene expression (previously thought to be dependent on degree of target site 

binding complementarity, and to miR/mRNA abundance (211)) but are equally 

capable of “master regulation” where a single miRNA can act as a critical on/off 

switch. The biological diversity in miRNA expression, mode of action and 

regulatory outcomes presents numerous challenges to researchers keen to 

harness their therapeutic potential, as discussed below. 
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1.7.1 MiRNA biosynthesis 

 

 
 
Figure	 1.9	 Canonical	 miRNA	 biogenesis.	 MiRNAs are transcribed as capped and 

polyadenylated primary transcripts (pri-miRNAs) containing a hairpin structure that is excised 

by the endonuclease Drosha, which associates with Di-George Critical Region-8 (DCGR8). The 

liberated stem-loop (pre-miRNA) is transported to the cytoplasm by exportin 5 and cleaved by 

Dicer, under the direction of TAR RNA-binding protein (TRBP), into the mature miRNA duplex. 

The guide strand is loaded onto the RNA-induced silencing complex (RISC), which leads to 

target mRNA silencing through cleavage or translational repression. The passenger strand is 

degraded. AGO= argonaute protein. Image extracted from our published review article (212).  
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Approximately half of all miRNAs are intragenic and processed mostly from 

introns and relatively few exons of protein coding genes, while the remaining 

are intergenic, transcribed independently of a host gene and regulated by their 

own promoters. MiRNA families may additionally be transcribed as one long 

transcript called a cluster, which may share seed (binding) regions (213). 

 

Canonical miRNA biogenesis (Figure 1.9) begins with nuclear transcription, 

most frequently by RNA polymerase II, into primary miRNA (pri-miRNA) 

transcripts that form a distinctive stem loop structure. Pri-miRNAs are cleaved 

into precursor miRNAs (pre-miRNAs) by a multiprotein complex of a 

ribonuclease III (RNase III) enzyme called Drosha and its cofactor, Di George 

syndrome critical region gene 8 (DGCR8). DGCR8 binds to pri-miRNAs at a 

precise distance from the single stranded (ssRNA) -double-stranded (dsRNA) 

junction and directs Drosha to cleave the pri-miRNA, resulting in a 70–100 base 

pair pre-miRNA (214). Pre-miRNAs have a characteristic hairpin structure that 

is recognised by exportin-5, a dsRNA binding protein that facilitates transport of 

pre-miRNAs into the cytoplasm. Here, pre-miRNAs are cleaved by RNase III 

enzyme Dicer, under the direction of TAR RNA-binding protein (TRBP), which 

guides Dicer to the correct cleavage site. Cleavage results in loss of the terminal 

loop and formation of the mature miRNA duplex. The mature miRNA duplex is 

made up of two ss miRNAs; a dominant guide strand (miRNA) and the 

passenger strand (miRNA*), where the directionality of the miRNA strand 

determines the name of the mature miRNA form, i.e. 5p strand arises from the 5′ 

end of the pre-miRNA hairpin and the 3p strand originates from the 3′ end. The 

mature miRNA guide strand is loaded onto the RNA-induced silencing complex 

(RISC), which includes the argonaute (AGO) proteins, after which the passenger 

miRNA is typically degraded. The selection of the 5p or 3p as the dominant 

guide strand is species/cell specific, and is determined partly by the 

thermodynamic stability at the 5′ ends of the miRNA duplex, where the strand 

with lower 5′ stability, or presence of 5′ uracil is deemed the guide strand (215). 

The active miRNA-containing RISC (miRISC) is then recruited to target mRNAs 

that express specific, partially complementary binding sites. 
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1.7.2 MiRNAs in Renal Health and Disease 

 
Conditional deletion of Dicer in various animal models has demonstrated that 

renal development is critically dependent on normal microRNA function. Loss of 

Dicer in the early metanephric mesenchyme results in severe renal dysgenesis 

due to loss of nephron progenitors, whilst Dicer knockout in ureteric buds 

disrupts ciliogenesis leading to the development of renal cysts (216, 217).  

 

MiRNAs are also vital regulators of normal renal physiology, with studies that 

demonstrate their involvement in juxtaglomerular renin production, electrolyte 

transport and maintenance of osmolarity (218-220). 

 
Unsurprisingly, miRNAs have been implicated in the pathogenesis of many renal 

diseases. Examples of miRNAs and their targets in disease are listed in Table 1.6. 

Some miRNAs are commonly dysregulated across renal injury models, including 

those associated with fibrosis, which represents a final common pathway in 

ESRD.  TGF--driven miR-21 has been extensively studied in this regard, where 

it is significantly elevated across patient and animal models of CKD of a variety 

of aetiologies (220-222). Targets of miR-21 include proliferator-activated 

receptor alpha (PPARα), a key regulator of lipid metabolism, Mpv171, an 

inhibitor of mitochondrial ROS production, and Smad7, an inhibitor of TGF- 

signalling (220, 223). Loss of let-7c, which targets several members of the TGF-

β1 signalling (e.g TGF-β receptor type 1), has also been well described in renal 

fibrosis, and dysregulation of this miRNA and its targets are recapitulated in 

human biopsies of renal fibrosis (224). Conversely, differential expression of 

some miRNAs show relative specificity for renal diseases, such as miR-30 family 

in FSGS, as discussed below.  
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Disease  miRNA  Target  Effect  Ref 

FSGS  miR‐193a  WT1  Induces FSGS  (225) 

  miR‐30s  NOTCH1, p53, 

TRPC6 

Podocyte  cytoskeletal 

damage 

(226) 

(227) 

PCKD  miR‐17  PKD1, PKD2  Cyst growth  (228) 

  miR‐92  HNF‐1  Cyst growth  (229) 

IgAN  miR‐148b  C1GALT1  IgA1 aberrant 

glycosylation 

(230) 

  miR‐223  Importin 4/5  GEnC proliferation  (231) 

AKI  miR‐494  ATF3  ER stress  (232) 

  miR‐24  HO‐1, H2AX  Oxidative stress  (233) 

LN  miR‐148a  PTEN  Mesangial  

proliferation 

(234) 

  miR‐371  HIF‐1  Mesangial cell 

proliferation 

(235) 

	

Table	1.6	MIcroRNAs	 implicated	 in	 the	pathogenesis	 of	 renal	 disease. ATF3= activating 

transcription factor 3, AKI= acute kidney injury, C1GALT1=Core 1 Synthase, Glycoprotein-N-

Acetylgalactosamine 3-Beta-Galactosyltransferase, ER= endoplasmic reticulum, FSGS= focal 

segmental glomerulosclerosis, GEnC= glomerular endothelial cell, H2AX= H2A histone family 

member X, HNF-1= hepatocyte nuclear factor, HO-1= haem-oxygenase 1, LN= lupus nephritis,  

PCKD= polycystic kidney disease, PKD= polycystin, TRPC6= Transient receptor potential 

cation channel, subfamily C, member 6, WT1= Wilms tumour-1. 

 

1.7.3 MiRNAs in DN 

 
A wealth of data exists regarding the differential miRNA expression of patients 

with DKD, with profiling of patient blood, urine and renal biopsy tissue 

reported, highlighting the possibility that miRNAs may be used as biomarkers to 

predict disease course, discussed in detail below. Published data by our Cardiff 

lab have contributed to this and our findings of an increased urinary miR-155, 

miR-29b and miR-126 in DKD patients are presented in chapter 4 of this thesis 

(236).  
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The mechanistic roles of miRNAs in the pathogenesis of DN continue to be 

elucidated.  Prominent miRNAs and their mRNA targets are summarised in 

Table 1.7.  One of the earliest established, and most well characterised miRNA in 

DN is miR-192. Renal biopsy tissue expression of miR-192 has been correlated 

with markers of DN progression, such as eGFR decline and histopathological 

evidence of tubulointerstitial fibrosis (237). As described above for miR-21, 

miR-192 expression is also influenced by TGF-β1, although the direction of 

expression change and resultant anti- or pro-fibrotic effects (mediated via 

ZEB1/ZEB2 targets) is apparently dependent on renal cell type (238). 

Importantly, inhibition of miR-192 using both miR-192 KO mouse models and 

exogenous miR-192 antagonists have been shown to protect from development 

of fibrosis and proteinuria in diabetic rodents (239, 240).	

 

TGF-β1 has also been shown to induce miR-377 under hyperglycaemic 

conditions in mesangial cells. This results in repression of targets Pak1 and 

superoxide dismutases (SOD1, SOD2) leading to increases in fibronectin 

production and oxidative stress, respectively (241).  

 

MiR-29 family members are heavily implicated in DN development, where they 

exert an anti-fibrotic, renoprotective effect via ECM-related target genes, such 

as collagens. Wang et	al	demonstrated that miR-29a, miR-29b, and miR-29c 

were reduced in kidney disease models of both early and late stage renal 

fibrosis in diabetic and non-diabetic animals (242). MiR-29b has been shown to 

exert its protective effect via inhibition of TGF-β/SMAD3 signalling pathway and 

NFB-driven renal inflammation in db/db mice (243) . Recently, podocyte-

specific effects of miR-29 family have been elucidated, as discussed below.  
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MiRNA  Target  Effect  Ref 

miR‐21  Smad7 

PPAR‐γ 

Mpv171 

PTEN 

Glomerular Fibrosis 

EMT induction 

(223) 

(220) 

(244) 

miR‐34a  SIRT1  Tubulointerstitial fibrosis 

Increased TGF‐β1 

(245) 

 miR‐377  PAK1 

SOD1/2 

Increased Fibronectin (ECM) 

Increased oxidative stress 

(241) 

/miR‐192  SIP1 

ZEB1/2 

Increased renal fibrosis  (237, 238) 

let‐7/7b  Collagens 

TGF‐R1 
Increased renal fibrosis  (246) 

miR‐29s  Collagens 

HDAC 

Renal fibrosis 

Podocyte dysfunction 

(174) 

miR‐25  Nox4 

CDC42 

Increased oxidative stress 

Accelerates  fibrosis  and 

proteinuria 

(247) 

(248) 

 

	

Table	1.7	MicroRNAs	implicated	in	the	pathogenesis	of	Diabetic	Nephropathy.	CDC42= Cell 

division control protein 42 homolog, ECM= extracellular matrix, EMT= epithelial -mesenchymal 

transition, Nox4= Nicotinamide adenine dinucleotide phosphate oxidase 4, PPAR= Peroxisome 

proliferator-activated receptor, PTEN= Phosphatase and tensin homolog, SIRT= silent mating 

type information regulation 2 homolog, SOD= superoxide dismutase, SIP1= Smad interacting 

protein 1, ZEB= Zinc Finger E-Box Binding Homeobox. 

 
 
 
 
 
 
 
 
 
 
 



 49

1.7.4 Podocyte miRNAs in DN 

 
Podocyte-specific miRNAs are critical for glomerular health and survival, as 

exemplified by a series of eloquent studies involving targeted deletion of Dicer 

and Drosha that resulted in deranged cytoskeletal dynamics, tubular 

dysfunction, proteinuria and glomerulosclerosis in mice (249-252). A subset of 

miRNAs has been shown to be enriched in the podocyte, and these are, 

unsurprisingly, associated with cytoskeletal regulation (253), however miRNAs 

have been additionally implicated in the control of podocyte cell cycle, 

differentiation and VEGF-A release (254, 255). An overview of miRNA 

regulation of normal podocyte function is depicted in Figure 1.10. Dysregulation 

of these miRNAs are chiefly implicated in the pathogenesis of primary podocyte-

disordered pathologies, such as FSGS, with miR-30s shown to be significantly 

downregulated in animal models, possibly via a TGF-/Smad-2 dependent 

mechanism. Indeed, the therapeutic effects of glucocorticoids in FSGS have been 

attributed to the resultant increase in podocyte miR-30 (226, 256).  

 
In DN, miR-29 family members are generally considered to be anti-fibrotic and 

therefore renoprotective, however overexpression of miR-29c in podocytes 

represses target Sprouty homolog-1 (Spry-1) leading to podocyte apoptosis in	

vitro, and diabetic mice treated with anti-miR-29c showed attenuated 

proteinuria and reduced (mesangial) extracellular matrix deposition (257). Low 

levels of miR-29a in hyperglycaemic conditions promotes histone deacetylation 

of nephrin leading to podocyte apoptosis, proteinuria and renal dysfunction 

(174). MiR-155 has also been shown to play a role in the maintenance of 

nephrin, where knockdown of this miRNA is protective against hyperglycaemia 

and TGF--induced nephrin loss and apoptosis (258, 259). 

 

MiRNAs are also important regulators of podocyte responses to oxidative and 

ER stress.  Xu et	al recently reported that miR-423-5p expression was reduced 

in biopsy tissue of patients with DN, and in podocytes treated with high glucose 

in	 vitro. Enforced overexpression of miR-423-5p was protective against 

hyperglycaemia-induced podocyte damage by inhibiting ROS generation via
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Figure	1.10.	MicroRNA	regulation	of	podocyte	biology.	MiR-93 regulates VEGF-A production 

in	vitro and in	vivo, (255), elevated miR-132 and decreased miR-134 result in reparative actin 

polymerisation, via target Limk1 (Lim domain kinase 1), which favours foot process elongation 

(260). MiR-193 stabilises nephrin and podocalyxin via regulating critical transcription factor 

Wilms tumour 1 (WT1) (225). MiR-155 and miR-29a both promote acetylation of nephrin (174, 

259). MiR-92a safeguards the cell cycle quiescence of the differentiated podocyte via its target 

p57 (254).  MiR-30 also plays a role in cell cycle regulation, being protective of apoptosis via 

actions on targets Notch-1 and p53 (226). MiR-30 also targets TRPC6 (Transient Receptor 

Potential Cation Channel Subfamily C Member 6), in addition to catalytic subunits of calcineurin 

(not shown here), thereby regulating calcium (Ca2+) and calcineurin signalling, which promotes 

the stability of F-actin filaments (227).  
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direct target Nox4 (261). MiR-27a upregulation has been shown to induce 

endoplasmic reticulum (ER) stress in podocytes via repression of FOXO1 (262). 

Interestingly, there is a significant overlap in miR-mediated mechanisms of 

diabetic podocytopathy described here, and those pathways regulated by 

podocyte insulin signalling. 

 

1.7.5 MicroRNAs in Insulin Resistance 

 
A growing body of evidence recognises the importance of miRNAs in the 

development of insulin resistance in classical peripheral target organs. In the 

livers of diabetic patients and mice, miR-103 and miR-107 are upregulated, 

corresponding to repression of target caveolin-1, thus preventing the 

stabilisation of the insulin receptor at the cell membrane, leading to insulin 

resistance (263).  

 

MiR-29a is overexpressed in muscle biopsy tissue from patients with T2DM, and 

is additionally induced by palmitate, resulting in repression of IRS1 (264). 

Further work ascertained that miR-29 is a master modulator of glucose 

utilisation in skeletal muscle, with additional targets such as hexokinase 2 

(HK2), GLUT1, PIK3R3 and Akt2 also implicated (265).  

 

In adipose tissue, miR-181b levels are reduced in models of obese mice, leading 

to increased expression of PHLPP2 (Pleckstrin Homology domain leucine-rich 

repeat protein phosphatase-2) and inactivation of Akt and impaired insulin 

signalling. Furthermore, miR-181b rescue resulted in improved glucose 

tolerance through enhanced insulin-mediated Akt phosphorylation at Ser473 

and induction of endothelial nitric oxide synthase, nitric oxide activity and 

FOXO1 phosphorylation. These effects were seen specifically in white adipose 

tissue, and not in liver or in skeletal muscle, highlighting the cell specificity of 

miR-action in the regulation of insulin responses (266).  

 

MicroRNAs have been postulated to be the link between insulin resistance, 

obesity and inflammation in diabetes. For example, miR-155, a well-established 



 52

proinflammatory miRNA, was upregulated in exosomes extracted from adipose 

tissue macrophages in obese mice. Transplantation of these exosomes to lean 

mice resulted in the development of insulin resistance, supporting a hypothesis 

of paracrine miRNA regulation in obesity-associated inflammation (267).  

 

The role of miRNAs in the regulation of podocyte-specific insulin signalling, and 

its significance in DN development, has been explored in only a couple of studies 

to date. In 2015, our Bristol group reported that IRS2 was a critical molecule for 

sensitising the podocyte to insulin through its ability to modulate PTEN 

expression (a negative regulator of Akt) (158). A few years later, Sun et	 al	

demonstrated that miR-217 (which is upregulated in serum from T2DM 

patients and positively correlated with albuminuria) directly targets PTEN in 

podocytes (268). Blocking miR-217 restored defective autophagy pathways, 

inhibited ROS and apoptosis, whilst also increasing nephrin expression and 

glucose uptake (269), therefore highlighting the potential for multiple 

downstream signalling effects when miRNAs regulate proximal nodes in insulin 

signalling.  

 

A small study performed by Ding et	al showed that the mechanism of fructose- 

induced podocyte insulin resistance was via loss of miR-206 targeting of protein 

tyrosine phosphatase 1B (PTP1B), a negative regulator of insulin receptor and 

IRS signalling. Both curcurmin (a natural diphenolic compound found in 

turmeric) and pioglitazone restored expression of miR-206 in	vitro and in	vivo 

under fructose stimulated conditions, thereby abolishing the upregulation of 

PTP1B and restoring expression of pINSR, pIRS1, pAkt and pERK1/2 (270).  

 

Whilst there may be few studies that specifically address miRNA regulation of 

podocyte insulin signalling, it is clear from the evidence above that there are 

multiple miR-mediated podocyte networks that may be intrinsically linked to 

insulin responses.  
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1.7.6 MiRNAs as biomarkers and therapeutic agents  

 
MicroRNA signatures of disease are increasingly well elucidated following 

advances in sequencing technology. Importantly, differential miRNA expression 

has been clearly correlated to clinically relevant disease outcomes. MiRNAs are 

attractive as biomarkers because they are stable in plasma and urine owing to 

their association with Argonaute protein complexes, lipoproteins, or packaged 

into microvesicles/exosomes, as recently reviewed by us (271). Urinary 

miRNAs are of particular interest in nephrology, as they predominantly 

originate from cells of the urinary tract (although there are reports of freely 

filtered miRNAs from the systemic circulation in extreme conditions (272)). 

Furthermore, we have shown that urinary miRNAs are resistant to extremes of 

pH, multiple freeze-thaw cycles and following prolonged storage at room 

temperature (273) and have recently reported our optimised method of urinary 

miRNA extraction and straightforward PCR-based detection (274). Urinary 

miRNAs have therefore been described as highly convenient “liquid biopsies” 

due to the clinical information that can be gleaned in a non-invasive manner 

that may be amenable to point-of-care testing in the near future (275). Given 

the fact that urinary podocyte loss is seen in DN (276) and that miRNAs may 

function as mediators of crosstalk from one cell type to another (277), it is 

conceivable that a podocyte-specific urinary miRNA signature may be detected 

in early DN that not only correlates with loss of podocyte insulin sensitivity, but 

also represents a means of communicating this early diabetic insult to other 

parts of the nephron. 

 

The use of miRNAs as therapeutic agents is based on two approaches: miRNA 

inhibition with “antagomiRs” (most commonly, antisense oligonucleotides 

designed against the mature sequence of miRNAs) or miRNA replacement with 

“agomiRs” (oligonucleotide mimics). Chemical modifications are required to 

maximise stability and prevent nuclease degradation, and to permit entry 

through a negatively charged cell membrane (278). However the major 

challenges of miRNA therapy are ensuring correct target delivery at appropriate 

dosage, without significant adverse effects, which have been the cause of high 
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profile trial terminations (279). Unlike miRNA biomarkers, a number of which 

are used as part of routine clinical practice (most notably as a diagnostic tool in 

thyroid cancer (280)), no miRNA-based therapeutics have yet been approved 

for clinical use, although there are numerous phase I and phase II clinical trials 

in progress, as reviewed recently (279).  

 
The most well documented miRNA-based therapeutic is Miravirsen, a miR-122 

antagonist that completely abolishes Hepatitis C viral replication (281). 

Unfortunately for Roche pharmaceuticals, market prospects have been 

considerably quashed by the breakthrough success of Gilead Sciences’ 

ledipasvir plus sofosbuvir, direct acting anti-viral agents that have effectively 

cured HCV genotype 1 infection. Nevertheless, the full results from phase II 

clinical trials of Miravirsen are eagerly awaited to provide important proof of 

concept for anti-miRNA based therapy.  

 

MiR-21 targeting therapies have been an obvious choice for development as 

therapeutics, as their anti-fibrotic effects may be applicable across a wide range 

of pathologies, including renal disease. RG-012, an antagomiR of miR-21, has 

been trialled as a treatment for Alports nephropathy, based upon the anti-

fibrotic effects of anti-miR-21 observed in 3-chain type IV collagen KO mice 

(282). Despite promising results from phase 1 trials of healthy volunteers, 

phase II trials were suspended mid-2018 due to the reorganisation of the 

funding pharmaceutical companies. More recently, a miR-29b mimic, 

Remlarsan, has been developed for the treatment of keloid scars 

(ClinicalTrials.gov identifier NCT03601052). Given the well-established 

association between miR-29 family and fibrosis in DN, the results from this 

phase II clinical trial may have a significant wider impact. Mesenchymal stem 

cells have also been manipulated to deliver exosome-packaged anti-fibrotic let-

7c to areas of renal cell damage, attenuating renal fibrosis in mouse models 

(283), thereby highlighting novel means of targeted miRNA therapeutic delivery 

which may be translated into clinical trials in the near future.  
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1.8 Hypothesis, Aims and Impact 

 

My research hypothesis is that microRNAs regulate podocyte insulin signalling 

and loss of this miR-regulation is a critical early step in the development of DN. 

 

My research aims are: 

 

1. Investigate the differential expression of miRNAs in insulin-resistant 

podocytes in	vitro 

2. Investigate the evolution of differential expression of miRNAs in a 

diabetic mouse model during the development of DN 

3. Determine the roles of candidate miRNAs in the regulation of podocyte 

insulin signalling pathways, in	vitro 

 

 

The translational impact of this work lies in the potential for development of 

candidate miRNAs as biomarkers to identify, and hence risk-stratify those 

diabetics who may be more likely to develop DN. In addition, novel microRNA 

targets in podocyte insulin signalling may be manipulated to restore the early 

loss of podocyte insulin responses, thus preventing a deleterious cascade of 

pathophysiological events that result in DN.  
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2  Materials and Methods 
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2.1 Cell culture 

2.1.1 Cell lines 
 
Podocyte cell lines were produced and obtained from Bristol Academic Renal 

Unit. Mouse podocytes (C2 cell line), conditionally immortalised via transfection 

of a temperature-sensitive viral oncogene, SV40 (284) were maintained in 

RPMI-1640 (Sigma, #R0883)) and supplemented with 2 mM L-Glutamine and 

10% (v/v) Fetal Calf Serum (SeraLab), at 5% C02. Cells were grown at the 

permissive temperature (33C) until 40% confluent before being 

thermoswitched (37C).  Growth media was replenished every 2-3 days. Cells 

were considered fully differentiated at 10 days.  

 

HEK293T used for lentiviral production were maintained in Dulbecco's 

modified Eagle's medium (DMEM) (Thermo Fisher Scientific #11966025), 

supplemented with 2mM L-Glutamine, 100 units/ml penicillin, 100 g/ml 

streptomycin and 10% (v/v) FCS. 

 

2.1.2 Cell Sub‐culture 
 
On attaining confluence, cells were sub-cultured 1:3 and either maintained for 

further experiments or cryopreserved, as described below. Typically, a 75cm2 

culture flask was treated with 5 ml 0.05% v/v Trypsin EDTA (Sigma, #T3925) 

and incubated at 33C for 3 minutes before flasks were agitated to encourage 

detachment of cells. Equal volume FCS was added to flasks to neutralise 

protease activity and cell suspension collected and centrifuged at 500 g for 5 

minutes, at room temperature. Cells were re-suspended in appropriate volume 

of media for reseeding requirements. Cell passages P5-P20 were used in this 

work.  
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2.1.3 Cryostorage 
 
For cryostorage of podocytes, cells were pelleted as above and re-suspended in 

500 l FCS, 400 l RPMI medium and 100 l DMSO (Sigma, #D2650) to total 1 

ml volume and stored in passage-labelled cryovials at -80C for 24 hours before 

transfer to liquid nitrogen (-150C ) for long term storage. Cryopreserved cells 

were revived by rapid thawing in a 37C water bath. 

2.2 Cell counting  
 

2.2.1 Beckman Coulter Counter 

 
Cells were counted using a Beckman Coulter Particle Count and Size Analyser. 

For each cell count, 20 μl of cell suspension was added to 20 ml of Coulter 

Isoton diluent. An average of three counts was used to calculate cell number in 

accordance with the following equation: 

Average	cell	count	x	1000	=	cell/ml	

 

2.2.2 Haemocytometer 

 
Haemocytometry was employed during the pelleting of cells in Cell-to-CtTM 

experiments (Chapter 5).	16 μl cell suspension was pipetted into the middle 

chamber of the haemocytometer. The number of cells counted in each of the 4 

quadrants was averaged (excluding cells traversing the bottom and right 

borders of the counting squares) and used to calculate total number of cells in 

accordance with: 

 

Mean	no.	of	cells	per	grid	x	104	=	No.	of	cells/ml	
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2.3 In vitro Cell Assays and Stimulations 

2.3.1 Normal insulin response in vitro 

 
For short-term insulin stimulation, culture medium was replaced with serum- 

and insulin-free RPMI-1640 for 4-6 hours, and podocytes were challenged with 

human insulin (Tocris) at 100 nmol/l for 15 mins.  

2.3.2 Induction of insulin resistance in vitro 

 
To induce insulin resistance, podocytes were cultured in RPMI-1640 containing 

25 mM Glucose (Sigma), 100 nM insulin (Tocris) and 1ng/ ml Recombinant 

human IL-6 and TNF- (Biotechne #210-TA-005 and 206-IL-010) throughout 

the differentiation period (10 days). Fresh media was applied to the cells every 

2/3 days.  

2.3.3 Radiolabelled Glucose Uptake Assay  

 
Podocytes grown in 12-well plates were serum-starved for 4-6 hours and then 

washed x 3 in filtered PBS before addition of 0.45 ml per well of modified Krebs 

Ringer Phosphate (KRP) buffer (Table 2.1) for 15 minutes at 37°C. The cells 

were then transferred to a 37°C water bath, and challenged with 100 nM insulin 

for 15 minutes. Radiolabelled glucose, purchased from Perkin Elmer (Deoxy-D-

Glucose, 2-(1,2-3H(N)) #NET328A250UC) was added drop-wise to a final 

concentration of 50 μM (0.5 μCi per well) and incubated for 5 minutes. Cells 

were washed with ice cold PBS x 3 to halt glucose uptake, and solubilised in 0.5 

ml 1% (v/v) Triton X-100 in PBS. The solubilised cell suspension was then 

added to 2ml scintillant fluid and vortexed. β-Emission was measured by Tri 

Carb liquid Scintillation Analyser (Perkin Elmer).  
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Component	 Concentration	 Volume	

Calcium-free 

KREBS salts: 

1.36 M NaCl 

47 mM KCl 

125 mM MgSO4 

5 ml 

2 x Sodium 

Phosphate Buffer: 

10 mM NaH2PO4 

10 mM Na2HPO4 

(pH 7.3) 

25 ml 

NaHCO3 2 mM 50 l 2M stock 

HEPES 25 mM 1250 l 1M stock 

CaCl2 12.5 mM 5 ml 

dH2O  Up to 50 ml 

 

Table	2.1.	Components	of	modified	KRP	buffer	used	in	glucose	uptake	experiments.	

 

2.3.4 Alamar Blue Assay  

 
To assess podocyte viability prior to/during experimental stimulation of cells, 

medium was removed from each well and replaced with 1 ml of RPMI- medium 

containing 10% (v/v) Alamar blue reagent (Thermo Fisher Scientific, 

#DAL1025). Control wells contained medium and 10% alamar blue only. 

Samples were incubated for 30 minutes at 37C. 100 μl of medium from each 

well was then transferred into a black 96-well plate in duplicate and analysed 

by fluorescent spectroscopy with wavelengths of 544nm excitation and 590nm 

emission using the Fluostar Optima Spectrometer. Fluorescence reads were 

calculated relative to non-treated control wells. The assay utilises an oxidation-

reduction (REDOX) indicator, resazurin, which undergoes colorimetric change 

in response to cellular metabolic reduction. The reduced form (resorufin) is 

pink and highly fluorescent, and the intensity of fluorescence produced is 

proportional to the number of living cells respiring, thus enabling quantitative 

measurement of cell viability and cytotoxicity. 
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2.4 Immunofluorescence Staining and Imaging 

 
Podocytes were transfected and stimulated as indicated in 8-well chamber 

slides before fixation in 4% (v/v) paraformaldehyde (PFA) in PBS, 100 l per 

well, for 15 minutes. Cells were permeabilised with 0.1% (v/v) Triton-

X100/PBS and washed x 3. Phalloidin-iFlour 488 (abcam, #ab176753) was 

prepared in PBS and 1% (w/v) BSA as per manufacturers instruction and 100 l 

added to each well and incubated for 60 minutes. Cells were washed with PBS x 

3 before application of DAPI stain (Thermo Fisher Scientific #62248), 1 g/ml 

prepared in PBS, applied at 1:5000 dilution, for 5 minutes, to achieve nuclear 

staining. After 3 further PBS washes, Gold Antifade Mountant (Thermo Fisher 

Scientific #P36930) was applied to the slide and coverslip sealed. Slides were 

read using the Zeiss LSM880 Airyscan confocal microscope. 

2.4.1 Semi‐automated immunofluorescence imaging  
 
Semi-automated immunofluorescence imaging and quantification was 

performed using the IN Cell Analyzer imaging platform and workstation 3.5 

analysis software (GE Healthcare, Amersham, UK). Cells were grown in Corning 

96-well Black microplates (Sigma, CLS3904) and stimulated as required before 

4% (v/v) PFA in PBS fixation (100 l per well) for 15 minutes. Alexa Flour-488 

Phalloidin stain (Thermo Fisher Scientific #A12379) was added at 1:200 

dilution in an antibody buffer of 1X PBS, 1% (w/v) BSA and 0.3% (v/v) Triton-

X100 and incubated overnight at 4C. Cells were DAPI stained as previously 

(1:5000 for 5 minutes) and washed in PBS x 3. 200 l fresh PBS was applied to 

wells immediately prior to machine reading. Mean fluorescence intensity of the 

phalloidin staining in the central (nuclear) region (expressed as arbitrary 

fluorescence units, AFU) was used for quantification. Cells considered to have 

undergone insulin-stimulated actin remodelling were defined as those with a 

loss of defined central F-actin structures, i.e. a movement of F actin from central 

to cortical cell regions, above a threshold level of 5% (degree of variation that 

may be expected to occur by chance). 3 technical replicates were performed 

within each experiment, with 4 fields of view per well; yielding data for 

approximately 3000 cells per condition, per experiment. 
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2.5 RNA work 

2.5.1 RNA extraction by TRI reagent 

 
Total RNA was extracted from cultured/cell-sorted podocytes using Tri 

ReagentTM (Thermo Fisher Scientific #AM9738) according to manufacturers 

protocol. Briefly, cells were lysed using 1ml of Tri Reagent per well of a 6-well 

tissue culture plate (scaled accordingly for smaller well plates). Samples were 

subsequently transferred to a 1.5 ml micro-centrifugation tube and incubated at 

room temperature for 5 minutes to enable nucleoprotein complex dissociation. 

200 μl of chloroform was added per 1ml of Tri Reagent used and agitated by 

inversion for 15 seconds. After incubation at room temperature for 5 minutes, 

samples were centrifuged at 12,000 g for 15 minutes at 4°C. This results in 

sample separation into 3 distinct phases: a lower red phenol phase, a white 

interphase and a top aqueous phase. The latter was carefully pipetted into a 

new 1.5 ml eppendorf and 500 μl of isopropyl alcohol added to each sample and 

vortexed. Following an incubation period of 15 minutes at room temperature, 

samples were centrifuged at 12,000 g for 10 minutes at 4°C. The RNA pellet was 

then washed with 75% ethanol (equivalent volume as Tri-Reagent used) before 

being vortexed and re- centrifuged at 7500 g at 4°C for 5 minutes. This process 

was repeated to a total of 3 washes. Following the final wash, ethanol was 

carefully pipetted off and the pellet air-dried for 30 minutes. 10-16 μl of RNase-

free water was added to solubilise the pellet. Purified RNA samples were 

quantified (ng/l), using a Nanodrop 3300 Fluorospectrometer (Thermo Fisher 

Scientific), (see 2.5.4). The volume required for 1 g of sample was quantified 

using the following equation:  

1000/	(Total	RNA	ng/l)	

2.5.2 RNA extraction from cells using miRnEasy micro column extraction kit 

 
For low yield samples, such as flow sorted podocyte and glomerular RNA 

extractions, RNA was extracted in accordance with Qiagen miRnEasy micro kit 

protocol (Qiagen, #217084). No greater than 1 x 106 cells were pelleted by 

centrifugation, 300 g at 20°C for 5 minutes. Glomerular preparations transferred 
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in RNA later (Thermo Fisher Scientific) were placed in a magnetic holder to pull 

dynabead-containing glomeruli to the eppendorf side whilst RNA later was 

removed by pipetting. 700 ul Qiazol was added directly to cell pellets/glomeruli 

and cells were disrupted and homogenised by vortexing for 1 minute. 

Homogenate was incubated at room temperature for 5 minutes to promote 

nucleoprotein complex dissociation, before addition of 140 l of chloroform and 

inversion of the sample for 15 seconds. After a further incubation at room 

temperature for 3 minutes, samples were centrifuged at 12,000 g at 4°C for 15 

minutes. Aqueous phase was transferred into a fresh eppendorf as above, and 

1.5 x the volume removed in this stage of 100% ethanol was added to each 

sample and pipette mixed. 700 l of sample was then added to the miRnEasy 

MinElute spin column and centrifuged at 10,000 g at 20C for 15 seconds. Flow-

through was discarded and the above repeated with any remaining sample. 700 

l of Buffer RWT (provided in miRneasy kit) was then added to the spin column 

and centrifuged at 10,000 g at 20C for 15 seconds and flow-through discarded. 

This was repeated using 500 l of Buffer RPE. 500 l of 80% ethanol was then 

added to the spin column and centrifuged at 8000 g at 20C for 2 minutes, and 

the spin column transferred to a new 2 ml collection tube to enable drying by 

centrifugation at 10,000 g at 20C for 5 minutes, with the column lid in the open 

position. The columns were further air dried for 5 minutes before adding 10 l 

of RNase-free water (minimum elution volume used) to solubilise RNA.  

 

2.5.3 RNA extraction from urine using miRnEasy micro column extraction kit 

For the extraction of miRNAs from patient urine, 20 ml of (second pass) 

morning urine was obtained and processed immediately. Samples were 

centrifuged at 2000 g for 10 min at 4 °C, and supernatants transferred to 

universal containers. RNA was isolated using the miRNeasy kit as detailed 

above, with the following protocol amendments: 1 μg Carrier RNA (MS2 RNA; 

Roche Diagnostics Limited, Burgess Hill, West Sussex, UK) was added to 350 l 

of urine sample. 0.5 pM Caenorhabditis elegans miR-39 (Life Technologies, 

Thermo Fisher Scientific, #MC10956,) spike-in control was subsequently added 

to permit confirmation of extraction efficiencies across samples. 750 l Qiazol 

was added per sample, inverted to mix and incubated at room temperature for 5 
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minutes before addition of 200 l chloroform. Samples were incubated at room 

temperature for 3 minutes, then centrifuged at 12,000 g at 4°C for 15 minutes. 

Aqueous phase from each sample was loaded onto a single affinity column and 

processed further in accordance to manufacturers guidelines, as above.  

2.5.4 RNA quantification and quality control  

 
Following extraction, RNA was quantified and assessed for contaminants using 

the Nanodrop 3300 Fluorospectrometer (Thermo Fisher Scientific). 	A ratio of 

the absorbance at 260 nm and 280 nm (A260nm/A280nm) was used to detect 

presence of (predominantly) protein contaminants; ratios of ~2.0 were deemed 

to represent “pure” RNA, lesser ratios being indicative of sample contamination. 

A260nm/A230nm ratio was used as a second indicator of nucleic acid sample purity, 

with ratios of ~2.0 – 2.2 accepted as “pure” RNA, and lesser values indicative of 

contaminants strongly absorptive at the lower wavelength of 230 nm, such as 

phenol, TRI-reagent itself, and EDTA. All RNA samples utilised had ratios of at 

least 1.5, thus minimising risk of RNA concentration overestimation and/or 

interference in downstream analysis.	 Due in part to the inaccuracies of the 

Nanodrop at the lower end of the RNA detection range (for flow sorted 

podocyte fractions particularly- usable range of the Nanodrop is between 0.4 - 

15,000 ng/µl), but also because of the need to ascertain excellent RNA quality 

prior to miRNA/RNA sequencing experiments, the Agilent 2100 Bioanalyser 

was also employed to analyse RNA samples. This was performed by the Central 

Biotechnology Service (CBS) of Cardiff University, using either a nano-chip or 

pico-chip, depending on the predicted RNA concentration (RNA 6000 Pico assay 

detection range being 50 – 5000 pg/μl). The Agilent 2100 Bioanalyser uses a 

microfluidics-based platform for sizing, quantification and quality control of 

RNA, which includes a read out of RNA Integrity number (RIN), ranging from 1 

(wholly degraded RNA) to 10 (wholly intact RNA). The RIN is calculated using 

an algorithm that factors in the ratio of fluorescence detection of the 18S:28S 

ribosomal subunits (which falls with RNA degradation), in addition to other 

electropherogramatic features as shown in Figure 2.1 below. RNA samples with 

RIN value >7 were considered of adequate quality for downstream sequencing 

experiments. 	
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Figure	 2.1 Electropherogram	 detailing	 indicators	 of	 RNA	 purity. RNA degradation is 

indicated by loss of signal intensity for ribosomal band 28s, followed by loss of 18s, and increase 

in baseline signal in the inter region. Signal in the Fast region indicates how fast degradation has 

occurred. (Adapted from Agilent Technologies, USA (285)) 
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2.6 RNA Detection  
 
MiRNA size (~ 22 nt) and absence of polyA tail preclude the use of RT-qPCR kits 

designed for the detection and amplification of mRNAs. MiRNA detection 

necessitates use of a miRNA-specific RT primer that contains nucleotides 

complementary to the mature miRNA 3’ end, and an additional long unrelated 

sequence. This unrelated component forms a stem-loop structure that cannot 

interact with non-specific molecules in the RT reaction including pre- and pri-

miRNA, hence determining assay specificity. Methods of miRNA and mRNA 

detection employed in this work are detailed below. 

2.6.1 MicroRNA Reverse Transcription  

MiRNA reverse transcription (RT) was performed using the High-Capacity cDNA 

Reverse Transcription Kit (Thermo Fisher Scientific, #4368813). RT master mix 

contained: 4.16 µl RNAse-free water, 1.5 µl 10x Reverse Transcription Buffer, 

0.15 µl 100 mM deoxynucleotide triphosphates (dNTP), 0.19 µl 40 U/µl RNase 

Inhibitor (New England BioLabs® Inc, #M0307S), 1 µl 50 U/µl MultiScribe 

Reverse Transcriptase and 3 µl of 5x miRNA RT-primer specific (listed in Table 

2.2). 10 µl of RT master mix was added to 5 µl of RNA (10 ng). RT non-template 

control (RT-NTC) contained 5ul water as RNA substitute. Thermal cycling 

conditions used were as below (Table 2.3). Generated cDNA was diluted with 30 

l RNAse-free water (1:2 dilution) prior to RT-qPCR. 
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Gene	 Taqman	Assay	ID		

(Life	 Technologies,	 Thermo	
Fisher	Scientific)	

mmu-miR-222-3p 
 

002276 

mmu-miR-146a-5p 
 

000468 

mmu-miR-155-5p 
 

002571 

mmu-miR-204-5p 
 

000508 

mmu-miR-497-5p 
 

001346 

mmu-miR-338-3p 
 

002252 

U6 snRNA 
 

001973 

Nephrin (NPHS1) mmu 
 

Mm00497822_g1 

Podocin (NPHS2) mmu 
 

Mm01292252_m1 

PECAM 1 mmu 
 

Mm01246166_m1 

PDGFR mmu 
 

Mm00435546_m1 

Eukaryotic 18s rRNA 
 

4310893E 

Table	2.2. Taqman assays used  

 

 
	
	
	
	
	
	
	

	
Table	2.3	Thermal Cycling conditions for miR RT 

Stage	 Temp	 Time	

Annealing stage 16C 30 min 

Extension stage 42.5C 30 min 

Dissociation stage 85C 5 min 

Cooling stage 4C Indefinitely 
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2.6.2 Random Primer Reverse Transcription  

For mRNA detection, RT was carried out using the random primer method with 

the High-Capacity cDNA Reverse Transcription Kit used in 2.6.1 above. 125 ng-1 

μg of RNA (made up to a final volume of 10 μl with RNase-free water) was 

combined with an RT master mix consisting of:  2.0 l 10X random primers, 0.8 

l 25x 100mM dNTPs, 1 l RNase inhibitor, 2 l 10X RT buffer, 1 l Multiscribe 

and 3.2 l RNase-free water; total RT reaction volume of 20 l.  RT-no template 

control (NTC) contained 10 l of water as a substitute for RNA. Thermal Cycling 

conditions used were as below (Table 2.4).  Generated cDNA was diluted with 

60 l RNAse-free water (1:3 dilution) prior to RT-qPCR. 

Stage	 Temp	 Time	

Annealing stage 25C 10 min 

Extension stage 37C 120 min 

Dissociation stage 85C 5 min 

Table	2.4 Thermal cycling conditions for random primer RT 

 

2.6.3 Real time Quantitative Polymerase Chain Reaction (RT‐qPCR) 

Both Taqman and Syber Green technologies were employed for the 

amplification and detection of miRNAs and mRNAs. The Taqman probe contains 

a fluorescent reporter dye and quencher dye at the 5′�and 3′�ends, 

respectively. When the probe is intact, the proximity of the reporter dye to the 

quencher results in repression of reporter fluorescence. During the PCR 

reaction, the probe is cleaved, thus spatially separating the dyes and relieving 

the quencher repression to allow reporter dye detection. Advantages of the 

Taqman method include a greater specificity in primer-probe binding and 

amplification, and the ability to multiplex (i.e., detect more than one gene in the 

same sample by using different reporters, such as VIC, JOE, FAM etc.).  Syber 

Green is an intercalating dye that binds directly to dsDNA. As the number of 

double stranded amplicons in the PCR reaction increases, so the binding of the 
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dye will increase and hence fluorescence detected is proportional to the gene 

product. Because Syber Green will bind to any dsDNA, the reaction is far less 

specific than above, and melt curves must be carefully examined for the 

presence of non-specific PCR product/ primer-dimer interference.  

2.6.3.1 Taqman	RT‐qPCR	
 
MiRNA/mRNA gene analysis was performed using RT-qPCR, combining 1 µl of 

miRNA/mRNA specific PCR primers and TaqMan probe, 5 µl of water and 10 µl 

of Universal PCR Master Mix consisting of an optimised and thermostable 

solution of DNA polymerase, deoxynucleotides, and passive reference dye ROX 

(Thermo Fisher Scientific, #444040). 16 µl of miRNA specific master mix and 4 

µl of (1:2) diluted cDNA, diluted RT-NTC or water (qPCR-NTC) were added to 

wells of an Optical 96-Well Fast Plate (Thermo Fisher Scientific, #4346906) and 

sealed using MicroAmp Optical Adhesive Film (Thermo Fisher Scientific, 

#4311971). U6 was used as reference gene in all miRNA PCR experiments. For 

mRNA, 18s rRNA was employed as a reference gene. ViiA7 Real-Time PCR 

System (Thermo Fisher Scientific #4453534) was configured as per 

manufacturer’s recommendations: 10 min at 95°C, 40 cycles of 15 secs at 95°C 

and 1 min at 60°C. 

2.6.3.2 Power	SYBR	Green	RT‐qPCR		
 
Primers were custom designed using Primer-BLAST (286) using search 

specifications of product length 70-150 base pairs, spanning exon-exon 

junction, self complementarity score less than 3 (where possible). Power SYBR 

Green PCR Master Mix (Thermo Fisher Scientific #4367659) was used as 

follows: 10 μl of Power SYBR Green PCR Master Mix, 0.6 μl of 10 μM custom-

designed forward primer and 0.6 μl of 10 μM custom-designed reverse primer, 

4.8 μl RNAse-free water plus 4 μl of 1:3 diluted cDNA (total PCR reaction volume 

20 μl). qPCR-NTC wells contained water as a substitute for cDNA. Both U6 

and/or β-Actin were used as endogenous reference genes. Expression analysis 

was carried out using the ViiA-7 Real Time PCR System as above. Melt curves for 

custom-designed primers were examined to rule out the existence of non-

specific amplicons in the reaction. A representative melt curve is shown in 

Figure 2.2 
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A. 

 
 
B. 

 
 
 
Figure	2.2.	Melt	curves	derived	from	custom‐designed	primers	A)	CSF1R	B)	PIK3R1.  Melt 

curves identify the temperature at which dsDNA strands separate. Tm (melting temperature) 

represents the temperature at which 50% of strands are hybridised. Tm is sequence specific, 

and therefore multiple peaks on the melt curve are indicative of unwanted PCR products, such 

as primer dimers.  
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Gene	
	

Direction	 Primer	sequence	

CD2AP Forward AGGATCATGGGAAAGAACTGGA  

Reverse GGTCCACACCACCTCAAGAC  

Synaptopodin Forward CTGGGATGTAGTGAAGGCCG 

Reverse GCCCAACGCTGGTTTCTG 

Beta Actin  Forward GACAGGATGCAGAAGGAGATTACT  

Reverse TGATCCACATCTGCTGGAAGGT 

RhoA  Forward CCGTCGGTTCTCTCCATAGC 

Reverse TCTCAGATGCAAGGCTCAAGG 

SHIP-1/ 
INPP5D  

Forward AAGAATGGTCCTGGCACTGT 

Reverse TGGTCTTCAGTGTGGCGTAG 

PIK3R1  Forward ATAGAAATGGATCCACCAGCAC 

Reverse TTCACTTCTTCCCTTGAGATGT 

SOCS1 Forward GTCCTGCCGCCAGATGAG  

Reverse GAGACAGAGGCAGTGAGCC  

MAP3K10 Forward GAACAAGCTGACGCTACCCA 

Reverse CCAGCATTCCTCCAGTAGGC 

CSFR1 Forward GAAGCACCCTGACCACAAGA 

Reverse GTGGGCCGGATCTTTGACAT 

PODN Forward GCCCAGTCTTCGGTGTGTAA 

Reverse CCACAAGCTTATCTGTTAAGAGCAG 

PDK4 Forward AGCCCTGTCAGAGTTTGTAGAC 

Reverse TGCCTTGAGCCATTGTAGGG 

NGEF Forward CAGGACCGTGGATGGGAAAG 

Reverse CTTCATCAGTTTTCAGTGCTGCC 

INSR Forward GACGGCTGTGCCATTGCTGGT 

Reverse CCATACCAGGGCACACCTCTCCA 

 

Table	2.5. Custom designed Syber Green RT-qPCR primers used 
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2.6.3.3 Relative	Quantification		

Relative quantification was calculated using the comparative CT method. The 

cycle threshold (CT) value of the reference gene was subtracted from the CT 

value of the target gene in order to obtain a delta CT (dCT) value. The mean dCT 

was then calculated for control experiments. The relative quantification (RQ) for 

the experimental target genes was then calculated as below (287) : 

2^‐	(dCT(Experimental	Target)	‐	dCT(Mean	Control	Group)	)	

	

2.7 MicroRNA Hybridisation array 
 
Conditionally immortalised podocytes were rendered insulin resistant as 

described in 2.3 above, and RNA extracted and quantified as described in 2.5.  

MiRNA profiles of the insulin resistant samples (n=5) were compared to insulin-

responsive Wild type (WT) podocytes grown under standard culture conditions 

(n=5), using Exiqon miRCURY LNATM Array (7th Gen). 1 μg of RNA was used per 

sample. The assay was performed by Exiqon services in Denmark, according to 

manufacturers instruction. Briefly, samples were labelled using the miRCURY 

LNA™ microRNA Hi-Power Labelling Kit, Hy3™/Hy5™ and hybridised on the 

miRCURY LNA™ microRNA Array (7th Gen). A normalisation step was 

performed to account for background signal (non-specific binding, dye and 

spatial bias), with background threshold calculated for each individual 

microarray slide as 1.2 times the 25th percentile of the overall signal intensity 

of the slide. Lowess regression algorithm was utilised to perform supervised 

and unsupervised data analysis to cluster samples into groups, based on miRNA 

expression profiles, as detailed further in Chapter 3. 

 

2.8 Urinary microRNA profiling by TaqManArray Human MicroRNA cards 
 

Urine samples from diabetic and control patients were obtained, by myself, 

from consenting patients in renal and diabetic outpatient clinics.  Urinary 

microRNA profiles were analysed by Dr Kate Simpson of the Wales Kidney 

Research unit, by use of low-density Taqman Array (TLDA) cards, as previously 
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described (236). Briefly, samples were reverse transcribed using the Megaplex 

Primer Pools (Human Pools A version 2.1 and B version 3.0; Thermo Fisher 

Scientific) and products amplified using Megaplex PreAmp Primers (Primers A 

version 2.1 and B version 3.0; Thermo Fisher Scientific). Samples were diluted 

to a final volume of 100 L, and pooled to control for sex, age and eGFR, 

accordingly. TaqManArray Human MicroRNA Cards A version 2.1 and B version 

3.0 (Thermo Fisher Scientific) were used to quantify 754 human miRNAs. RT-

qPCR was performed on an Applied Biosystems 7900HT thermocycler (Thermo 

Fisher Scientific) as per manufacturer’s recommendations. 

2.9 Next Generation Sequencing (NGS) 

 
NGS was employed to interrogate the miRNA and mRNA transcriptomes of 

whole glomeruli from the db/db mouse model. Rationale and optimisation steps 

for the chosen sequencing platform are provided in Chapter 5.  

2.9.1 Small	RNA	Sequencing	(smRNAseq/miRseq)	
 
Two small RNA library preparation kits were employed in this work; the first 

method using Illumina TruSeq®, performed and optimised in house, the second 

kit (NEB) was used by the Wales Gene park in the outsourced sequencing 

experiments, detailed further in Chapter 5.  

 

Illumina TruSeq® small RNA library preparation kit (#RS-200-0012) was used 

in accordance with manufacturers guidelines. A modified workflow is depicted 

in Figure 2.3. Firstly, adapters were ligated to the 3’ and 5’ ends of each sample. 

1 μl of 3’ adapter was pipette mixed with 200 ng- 1 μg of RNA in 5 μl nuclease-

free water and incubated on the thermal cycler for 2 minutes at 70°C.  A mix of 2 

μl of HML ligation buffer, 1 μl RNAse inhibitor and 1 μl T4 RNA Ligase 2, 

Deletion mutant (at 200U/ μl) was mixed and centrifuged before addition of 4 μl 

of the adapted 3’ RNA mixture (RA3); total volume 10 μl per sample. This was 

incubated on the thermal cycler for 60 minutes at 28°C. 1 μl stop solution was 

added and pipette mixed before continuation of incubation at 28°C for a further 

15 minutes.  To ligate the 5’ adapter, 1 μl of RA5 was preheated to 70°C  in a 

new 200 μl PCR tube on the thermal cycler to for 2 minutes, before addition of 1 

μl ATP and 1 μl T4 RNA ligase.  3 μl of this mix was added to the previous RA3 
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mixture (total volume per sample 14 μl) and pipette mixed before incubating at 

28°C for 60 minutes. All samples were placed on ice immediately after retrieval 

from the thermal cycler.  

 
 
 

 
	
Figure	2.3 Work Flow through Illumina TruSeq® small RNA library preparation kit, adapted 

from Illumina Small RNA Library Prep Reference guide, 2016 (288). 

 

Reverse Transcription was performed as follows: 6 μl of adapter-ligated RNA 

was transferred to a new PCR tube strip. 1 μl of RNA RT primer was added, 

mixed and centrifuged and incubated in the thermal cycler for 2 minutes at 

70°C. A mastermix of 2 μl First Strand buffer, 0.5 μl 12.5 mM dNTP mix, 1 μl 100 

mM Dithiothreitol (DTT), 1 μl RNAse inhibitor, and 1 μl Superscript II Reverse 

Transcriptase was pipette mixed and 5.5 μl of this was added to the adapter-

ligated RNA/primer mix (total volume 12.5 μl). This was incubated on the 

thermal cycler for 60 minutes at 50°C, then placed immediately on ice.  

 

PCR mastermix for library amplification was made up as follows: 8.5 μl 

ultrapure water, 25 μl PML PCR mix, 2 μl RP1 RNA PCR primer and 2 μl of 

selected labelling index for that sample (total volume per library 37.5 μl). After 
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pipette mixing and brief centrifuge, 37.5 μl of this mastermix was added to the 

adapter-ligated RNA and PCR performed in accordance with the below settings 

(Table 2.6): 

 

Cycle	

No.	

Temp	 Time	

1 98°C 30 secs 

11 

98°C 10 secs 

60°C 30 secs 

72°C 15 secs 

1 72°C 10 minutes 

HOLD 4°C  

 

Table	2.6 PCR cycling settings for Illumina TruSeq® Small RNA library preparation 

 

Size selection of cDNA was performed using BluePippin machine (Sage Science), 

as per manufacturers protocol. Collection mode target was set at 150 base pairs 

(bp). 30 μl sample was mixed with 10 μl of marker and loaded into the cassette 

sample wells, and elution buffer removed and replenished as advised in the 

protocol. 40 μl of eluate was placed into a 96 well plate and mixed with 

magnetic purification beads (AMPureXP, Beckman Coulter, Fisher Scientific 

#10136224) in a 1.8:1 (v/v) ratio and incubated at room temperature for 5 

minutes before placing in a magnetic holder. Once the DNA-bound beads were 

clearly visible against the well wall and solution clear, the supernatant was 

carefully pipetted off, and the beads were washed in 80% ethanol x 2. Beads 

were air dried for approximately 5 minutes, and DNA was eluted in 10 μl re-

suspension buffer. Purified samples were analysed on a high sensitivity DNA 

chip using the Agilent 2100 Bioanalyser. DNA with final molarity >1500 pmol/L 

was used for final sequencing. 

Sequencing runs were performed by external providers within Cardiff 

University, using the HiSeq 4000 sequencing system (Illumina). This system 

permits parallel base-by-base sequencing of millions of DNA fragments (“high 

through-put”) using a reversible terminator-based method that detects 

individual bases as they are incorporated into growing DNA strands. A 
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fluorescently labelled terminator is imaged as each dNTP is added and then 

cleaved to allow incorporation of the next base.  

2.9.2 Total	RNA	Sequencing	(RNAseq)	
 
All mRNA sequencing, and glomerular miRNA sequencing was outsourced to the 

Wales Gene Park, Cardiff University. NEB Next® Small RNA Library Preparation 

kit (New England Biolabs #E7330) (100 ng RNA input/sample) and NEBNext® 

Single cell/low input RNA Library Preparation kit (#E6420) (5 ng RNA 

input/sample) were used for microRNA and whole RNA sequencing, 

respectively, in accordance with manufacturers’ protocols. The technical 

variations and merits of these library preparation kits are discussed further in 

Chapter 5. 

 

2.10 Protein Work 

2.10.1 Protein	extraction		

Experiments were carried out in 6-well cell culture plates. 75 l of ice-cold 

Radio Immunoprecipitation Assay (RIPA) buffer (Santa Cruz, Biotechnology, 

USA), containing 10 μl of 100 mM sodium orthovandate, 10 l of 200 mM 

phenylmethylsofonyl fluoride (PMSF) and 10 μl of 200 mM protease cocktail 

inhibitor per 1 ml of RIPA buffer used, was added directly to PBS-washed cells. 2 

wells were combined per sample and 150 μl total of protein lysate was collected 

and stored at -80C until further analysis.  

2.10.2 Protein	Quantification		

2.10.2.1 Bradford	Assay	

In early experiments, protein was quantified using the Bradford Assay method 

(Bio-Rad Laboratories Inc.). Samples were diluted 5μl:125μl with Bradford 

Assay. Quantification was performed in triplicate using absorbance 

spectroscopy (Fluostar Optima Spectrometer), with wavelengths of 620nm 

excitation and 590nm emission. Serial dilutions of bovine serum albumin (BSA) 

were used as  standard reference samples. 2nd Polynomial fit was employed in 

analysis of data. This method proved unreliable in early experiments, leading to 
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inconsistent protein loading, possibly due to cross reactivity of the assay and 

the RIPA buffer. 

2.10.2.2 BCA	Assay	
 
Pierce TM BCA Protein assay  (Thermo Fisher Scientific #23225) was adopted for 

protein quantification post 2017. The working range of this assay is 125-2000 

μg/ml. Working reagent (WR) volume was calculated as below: 

 

(#standards	+	#samples)	x	(#replicates)	x	200	μl	=	total	volume	WR	

	

BCA reagent A (containing sodium carbonate, sodium bicarbonate, 

bicinchoninic acid and sodium tartrate in 0.1M sodium hydroxide) was mixed 

with BCA reagent B (4% cupric sulphate) in a ratio of 50:1. Samples were 

diluted to a concentration within the working range of the assay (usually in a 

1:3 dilution) and 10 μl of each standard/sample was pipetted into a 96-well 

microplate and pippete-mixed with 200 μl of WR. The plate was covered and 

incubated at 37°C for 30 minutes, before measurement of absorbance at 562nm 

on the Fluostar Optima Spectrometer as described above.  

2.10.3 SDS‐PAGE/Western	Blot	Analysis		

Protein separation and identification was performed by SDS-PAGE/Western 

blot, using a BioRad Mini Protein II apparatus (Bio-Rad Laboratories). 20-30 μg 

of sample was heated at 95C for 5 min with 1/3 reducing buffer (pre-prepared 

and containing 2.4 ml glycerol, 4.8 ml 10% SDS (w/v), 1 ml 0.5 M Tris (pH 6.8), 

1.2 ml β- Mercaptoethanol and 2 drops of 0.05% (w/v) Bromophenol Blue). A 

total volume of 40 μl sample/reducing buffer was loaded into the wells of a 

7.5% polyacrylamide gel, made up as shown (Table 2.7). A Chemiluminescent 

protein ladder was loaded on each gel (LI-COR Biosciences, USA). To separate 

the proteins, electrophoresis was carried out at 100 V for 20 min followed by 

150 V for 40 min under reducing conditions. Following electrophoresis, samples 

were transferred at 100 V for 70 minutes onto a nitrocellulose membrane (GE 

Healthcare, UK). Running and transfer buffers were made up as shown in Table 

2.8. To prevent non-specific binding, the nitrocellulose membrane was blocked 

with 5% (w/v) powdered milk in 0.1% (v/v) Tween/PBS for 1 hour. The 
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membrane was then washed in 0.1% (v/v) Tween/PBS three times for 5 

minutes. The primary antibody of interest was diluted in 0.1% (v/v) 

Tween/PBS, containing 1% (w/v) BSA and applied to the membrane overnight 

at 4C (antibodies and concentrations used shown in Table 2.9). The membrane 

was then washed before the addition of the secondary antibody, conjugated to 

horseradish peroxidase (HRP), diluted in 0.1% (v/v) Tween/PBS containing 1% 

(w/v) BSA. Following a further wash step, Enhanced Chemoluminescence (ECL) 

detection reagent (GE Healthcare #RPN2232) was applied to the membrane for 

1 minute before reading on C-Digit Western blot scanner (LI-COR Biosciences).  

Normalisation of protein loading was performed using the densitometry 

analysis function, relative to  Actin/ GAPDH, and/or to total protein levels in 

the case of phosphorylated proteins. Membranes were stripped by incubation 

for 10 minutes using a solution containing Glycine 15 g, 10 ml 10% (w/v) SDS, 

0.1% (v/v) Tween in 1 L water, at pH 2.2, and re-blocked and re-probed as 

above. 
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Component	 Volume	

dH20 9.9 ml 

Resolving buffer 1.5 M  
(Tris 18.5g/100ml dH20, pH 8.8) 

4.5 ml 

10% SDS 180 μl 

40% Acrylamide 3.37 ml 

10% Ammonium Persulphate 90 μl 

Tetramethylethylenediamine (TEMED) 
 

12 μl 

Table	2.7. Constituents of 7.5% polyacrylamide gel used for Western Blot. 

 

Component	 Running	Buffer	 Transfer	Buffer		

Tris-HCL 30g/L 30g/L 

Glycine 144g/L 144g/L 

10% SDS 10g/L n/a 

pH 8.3 n/a 

Table	2.8 Constituents of Running and Transfer buffers (10X) for Western blotting. 
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Antibody	Target	

Type	 &	
Host	

Supplier	 &	
Catalogue	No.	

Dilution	

Synaptopodin  
(H-140) 
 

Polyclonal-
Rabbit  
 

Santa Cruz 
sc-50459 
 

1:1000 

CD2AP  
(H-290) 
 

Polyclonal-
Rabbit  
 

Santa Cruz 
sc-9137 
 

1:1000 

Nephrin  
 

Polyclonal-
Sheep 

R&D 
AF4269-SP 
 

1:1000 

SV40 Monoclonal- 
mouse 

Gene Tex 
GTX 16879 
 

1:1000 

Phospho-AKT 
(Ser473)  
 

Monoclonal- 
Rabbit 

Cell Signalling 
4060s 
 

1:2000 

Total AKT Monoclonal- 
Rabbit 

Cell Signalling 
9272s 
 

1:1000 

Phospho-p44/42 
MAPK (ERK 1/2) 
(Thr202. Tyr 204)  
 

Monoclonal- 
Rabbit 

Cell Signalling 
4377s 
 

1:1000 

Total p44/42 
MAPK (ERK1/2)  
 

Monoclonal- 
Rabbit 

Cell Signalling 
4695s 
 
 

1:1000 

Beta Actin Monoclonal- 
Mouse 

Cell Signalling 
3700s 
 

1:10,000 

GAPDH 
 

Monoclonal- 
Mouse 

Abcam 
Ab8245 

1: 1000 

Insulin Receptor  Monoclonal- 
Rabbit 

New England 
Biolabs 
3025s 

1: 1000 

Anti-Mouse-IgG 
HRP 

Polyclonal- 
Goat 

Abcam 
ab205719 

1: 5000 

Anti-Rabbit-IgG 
HRP 

Polyclonal- 
Goat 

Abcam 
Ab205718 
 

1: 5000 

Table	2.9 Antibodies and dilutions used in Western Blot experiments 
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2.11 Glomerular Isolation  
 

2.11.1 Glomerular	Perfusions	
 
Glomerular isolations were performed by the Coward lab, Bristol Renal 

Academic unit, as described previously (289). Briefly, terminally anaesthetised 

mice were injected with 10 ml of 8 x 107 dynabeads in Hanks’ balanced salt 

solution (HBSS) directly into the left ventricle via butterfly needle. Kidneys were 

subsequently removed, minced and digested in 1.5 ml 1mg/ml collagenase A 

and incubated for 30 minutes at 37°C, before passing through 100 μm cell 

strainer. Filtrate was further washed with HBSS and re-passed through the cell 

strainer before pelleting at 200 g for 5 minutes. The pellet was re-suspended in 

500 μl HBSS (repeated twice over) and transferred to a 1.5 ml eppendorf which 

can be racked on a magnetic strip to draw dynabed-embolised glomeruli to the 

side of the tube. Glomeruli were then washed 3 times with 500 μl HBSS. 

Glomeruli not destined for podocyte isolation were stored in RNA later (Thermo 

Fisher Scientific) until the point of RNA extraction. When proceeding to 

immediate podocyte isolation by FACS, samples were placed on ice.  

 

2.11.2 Glomerular	digestion	to	a	single	cell	suspension		
 
Glomerular preparations were expedited from Bristol to Cardiff on ice. Samples 

were then centrifuged at 500 g, 4°C for 5 minutes and pellet re-suspended in 2 

ml of freshly prepared digestion solution (HBSS containing calcium and 

magnesium + 0.2 mg/ml Liberase	 (Sigma #05401020001)  + 1 mg/ml 

collagenase IV  (Thermo Fisher Scientific #17104019) + 100 μl /ml DNase I). 

This was transferred to a 15 ml falcon and incubated for 1 hour in a shaking 

incubator, 80 rpm at 37°C.  Following incubation, cell suspension was passed 

through a 40 μm mesh cell strainer into a 50 ml falcon containing 1 ml FCS to 

halt the digestion reaction. Cell sieving was gently facilitated with the head of a 

5 ml syringe plunger, and washed with HBSS buffer. Filtrate was centrifuged at 

500 g, 4 ⁰C for 5 minutes and re-suspended with 1 ml HBSS. 1 μl Live/Dead 

Fixable Near‐IR	Dead Cell Stain (Thermo Fisher Scientific #L10119,) was added 

to cells and incubated in darkness at room temperature for 15 minutes, before 
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being re-spun at 500 g, for 5 minutes at 4°C. Supernatant was discarded, pellet 

washed with 1 ml MACS buffer (DPBS 1X + 5 mM EDTA + 0.5% (w/v) BSA) and 

finally re-suspended in 1 ml MACS buffer in preparation for FACS sort. 

 

2.12 Podocyte Isolation 
 

2.12.1 Fluorescence	Activated	Cell	Sorting	(FACS)	

 
All manual steps of flow cytometry were performed by Central Biotechnology 

Service (CBS) of Cardiff University using an Aria III Cell sorter (BD Biosciences-

US). Gating settings were performed by myself during sorts.  

2.12.2 Cell‐to‐CtTM	Taqman	Kit	
 
Purity of podocyte sort from initial attempts at isolating podocytes from whole 

glomeruli was assessed using the Taqman Cell-to-CtTM one step kit (Thermo 

Fisher Scientific #A25605). The rationale for choosing this is discussed further 

in Chapter 5.2.2.	 

 
Cells were taken directly from the FACS sort in FACS buffer, transferred to a 15 

ml falcon and centrifuged at 350 g for 5 minutes at room temperature. Pelleted 

cells were re-suspended in 50 μl chilled PBS per 105 cells (calculated using flow-

counts), re-spun as above and suspended in a final volumes of PBS at 5 μl per 

103 cells. Samples were transferred to a 96 well plate (in triplicate if volumes 

allowed) and added to 50 μl of lysis solution, pipette mixed. After incubation at 

room temperature for 5 minutes, 5 μl STOP solution was added to inactivate the 

lysis reagents as to not inhibit RT and PCR reactions. Cell lysates were frozen at 

-20°C overnight. 

 

 RT and PCR reactions were performed as a single step, prepared using 5 μl of 

PCR Mastermix, 1 μl Taqman gene assay, 12 μl RNAse-free water and 2 μl of 

sample cell lysate (total reaction volume = 20 μl). ViiA7 Real-Time PCR System 

was configured as shown (Table 2.10): 
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Stage	 Cycle	No.	 Temp	 Time	

RT 1 50 C 5 mins 

RT inactivation/ 

denaturation 

1 95C 20 secs 

 

Amplification 40 95C 15 secs 

60C 1 min 

 

Table	2.10	PCR cycling settings for Cell-to-Ct Taqman 1 step kit 

 

2.13 MicroRNA Manipulation in vitro 
 

2.13.1 Lentiviral	Transfection	
 
MiR-155 and miR-control lentiviral plasmid constructs were designed by Dr 

Robert Jenkins, Cardiff University, as shown in Figure 2.4. The control virus 

contained a 22nt, artificial microRNA sequence that, although processed by the 

cell as a microRNA, exerts no mRNA-targeting effect. Green-fluorescent protein 

(GFP) was incorporated into both control and miR-viral constructs to enable 

identification of infected cells. HEK293T cells were trypsinised and counted 

using a haemocytometer.  6 x 106 cells were seeded into a T75 flask and rocked 

on a horizontal plane to achieve maximal seeding efficiency. Cells were 

incubated at 37°C for 24 hours before transfection using the Effectene 

transfection kit (Qiagen #301425). The miR-155/miR-control (1 μg), 

pCMVΔ8.91 (750 ng) and pMD2G (500 ng) plasmids (encoding structural virion 

proteins and viral envelope proteins respectively) were mixed in an eppendorf, 

made up to 300 μl with condensation buffer EC. Enhancer (18 μl) was then 

added, briefly vortexed and left at room temperature for 5 minutes to enable 

DNA condensation. Effectene (60 μl) (non-liposomal lipid transfection reagent) 

was added and gently vortexed for 10 seconds. The solution was incubated at 

room temperature for 10 minutes to enable micelle complex formation around 

condensed DNA, and then transferred to a 15 ml falcon containing 2.622 ml of 

complete media and mixed gently with a pipette. 
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A.  

 
 
B. 

 
	

Figure	2.4(A) miR-155 lentiviral plasmid construct (B) miR-control lentiviral plasmid construct 

(named NS1.2).   
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The viral solution was added in a drop-wise fashion evenly across the cell 

monolayer (total flask volume 15 ml). Flasks were rocked gently to ensure even 

coverage before incubation at 37°C for 48 hours.  MicroRNA control lentivirus 

was taken from existing frozen aliquots as a kind gift from Dr Magdalena 

Czubala, Cardiff University. 

 

2.13.1.1 Viral	particle	concentration	
 
At 48 hours, cell supernatant was pipette transferred into a 50 ml falcon, and 

then passed through a 0.45 m sterile millex®GP filter (Millipore Ireland Ltd.) 3 

ml 20% sucrose gradient was made up in a Beckman ultracentrifuge conical 

tube, and the supernatant carefully overlaid as to not disrupt the sucrose layer. 

Ultracentrifuge tubes were topped up to 30 ml using complete media. Samples 

were ultracentrifuged at 26,000 rpm for 90 min at 4°C, and supernatant 

discarded. Virus pellets were re-suspended in media, gently pipette mixed and 

incubated at room temperature for 20 minutes. Virus was aliquoted into 

cryotubes and stored at -80°C. 

2.13.1.2 	MicroRNA	overexpression	by	lentiviral	transduction	in	podocytes	
 
Mouse podocytes were seeded into 24 well plates and thermoswitched at 40% 

confluency and grown for 7 days (two thirds of the way through full 

differentiation) before viral application. This time point was considered a 

sensible compromise between maintaining cell viability by transducing (slowly) 

dividing cells, and inducing the miRNA overexpression at an established enough 

point in differentiation that it would be unlikely to interrupt a crucial phase of 

podocyte maturation. Cells were washed with PBS and 250 μl fresh media 

applied to each well. MiR-155 lentivirus was added to the wells drop-wise. 

MicroRNA control lentivirus of equivalent volumes was added to miR-control 

wells. At 1 hour, wells were topped up with a further 250 μl media, and 

incubated at 37°C for 72 hours (fresh application at 48 hrs).  At 72 hours, cells 

were examined under fluorescent microscopy to ascertain viral uptake (GFP 

positivity). Virally infected cells were trypsinised, equal volume of FCS added 

and samples centrifuged at 350 g for 5 minutes. Cells were re-suspended in 200 

μl PBS and gently pipette mixed. 30 μl of each sample was transferred to a flow 
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tube and fixed with equal volume of 2% paraformaldehyde to enable analysis of 

percentage infectivity using the Attune NxT flow cytometer (Thermo Fisher 

Scientific). Remaining sample was re-pelleted (350 g for 5 minutes) and Qiazol 

Tri Reagent (700 μl) added to each. Non-infected controls were lysed with 

Qiazol directly from the wells (350 μl per well, 2 wells combined per sample). 

RNA was extracted as described in 2.5.2 for downstream RT-qPCR. 

 

2.13.2 MicroRNA	Manipulation	using	MirVanaTM	mimics	and	antagomiRs	
 
Commercially available miRNA mimics composed of	 double stranded 

oligonucleotides may be transfected into mammalian cells where they mimic 

the actions of the mature miRNA transcript. Accompanying “control miRNAs” 

are random sequence miRNA mimic molecules that have been validated to not 

produce identifiable target effects. To inhibit naturally occurring miRNA, 

complementary single stranded oligonucleotides may be used to irreversibly 

bind and inactivate miRNAs. 

 

MirVanaTM miR-155 mimic, miR-155 inhibitor and respective controls were 

purchased from Thermo Fisher Scientific (Table 2.11) and used in accordance 

with manufacturers protocol. Briefly, podocytes were seeded to achieve 60-80% 

confluency at full differentiation. Lipofectamine RNAimax transfection reagent 

(Invitrogen #13778-075) was diluted with Opti-MEM® media, 50:1 (Thermo 

Fisher Scientific #31985070). MiR mimic/antagomiR and corresponding 

negative miR control was prepared in Opti-MEM® media to final concentration 

30nM (determined from optimisation experiment detailed further in Chapter 

4.2.3). Diluted miR mimic/antagomiR and lipofectamine were mixed together in 

1:1 ratio and incubated for 30 mins at room temperature. The miR-lipid 

complex was added drop-wise to cells and left for 12 hours before replacing 

with usual podocyte media. Cells were further incubated for 24 hours before 

RNA or protein extraction using aforementioned Tri Reagent and RIPA buffer 

methods.
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mirVanaTM	Product	 Catalogue	Number	

(Thermo	Fisher	

Scientific)	

miRNA mimic mmu-miR-155-5p 4464066 

miRNA mimic negative control 4464058 

miRNA Inhibitor mmu-miR-155-5p 4464084 

miRNA inhibitor negative control 446076 

 

Table	2.11 miRvanaTM miR-155 mimics and antagomiRs used 

 
 

2.14 Bioinformatic and Statistical Analysis 
 
All statistics were performed in Prism, v7. All data was assessed for normality 

using the D’Agostino-Pearson test and, where 2 conditions (unmatched) 

compared, analysed using students unpaired t-test or Mann Whitney test as 

appropriate, =0.05. For multiple experimental conditions, one way ANOVA and 

Tukeys post hoc testing was performed for unpaired parametric data; Kruskal-

Wallis and Dunns multiple comparisons were performed for equivalent non-

parametric data.  Statistical significance is displayed as indicated in the figures:  

*, p<0.05; **, p<0.01; ***, p<0.001. Statistical methods pertaining to microarray 

analysis are discussed in 2.7, above. 

 

2.14.1 DESeq2	Analysis	of	Sequencing	Data	
 

RNAseq and miRseq analysis was performed by bioinformatician Dr Robert 

Andrews, Cardiff University. Briefly, NGS reads from the Illumina HiSeq 4000 

underwent adapter trimming and low quality bases/absence of sequence 

between adapter primers deleted as an initial quality control measure. 

Remaining reads were then mapped to the selected reference genome (miRbase 

22.1 (200) and Ensembl release 94 (290)) using the splice away aligner STAR 

algorithm (291).  Read counts per gene were calculated using the 

featureCounts software (292). Raw read counts were analysed in DESeq2 in 

Bioconductor (293). Read counts were normalised to the total number of reads 
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per sequencing lane to control for inconsistencies in loading. RNAseq data was 

further normalised to account for potential over-sequencing of longer gene 

transcripts (Fragments per kilobase of transcript per million, FPKM), a step not 

required for ubiquitously small microRNAs. Differential expression analysis was 

performed within the DESeq2 bioconductor package, which performs an 

internal normalisation by calculating the geometric mean for each gene across 

all samples. Individual sample counts for that gene are then divided by this 

mean value, thereby minimising the library size and RNA composition bias that 

can arise when only a small number of genes are very highly expressed in one 

experimental condition. Negative binomial generalised linear models were used 

to calculate p-value significance using the Wald test. Benjamini-Hochberg test 

was used to calculate p-value adjusted for multiple testing.  Log2FC was 

calculated using the DEseq2 fitting model that “shrinks” fold change towards 

zero, which has the effect of “flattening” the high levels of variability exhibited 

in very lowly expressed genes. Filtering was applied to exclude genes with 

fewer than 10 read counts across all samples, prior to gene enrichment analysis. 

 

2.14.2 MicroRNA	Target	Prediction	Databases	
 
To investigate predicted miRNA targets, the following databases were 

interrogated with the stated search threshold settings: DIANA Tools miRPath 

v.3 (stringency threshold 0.7)(294), TargetScan Mouse release 7.1 (cumulative 

weighted context score >-0.24)(295) and miRDB (target score >80)(296) . A 

summary of parameters used by each of the named databases is provided in 

Table 2.12. A fourth database, miRTarBase (release 7), of experimentally 

validated miR-mRNA interactions obtained from literature data mining 

algorithms was also used, with search threshold setting of “strong validated 

evidence” only (297). 
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Criteria	
	

Diana	 miRDB	 TargetScan	

Seed	match	
	 + + + 

Conservation	
	 + + + 

Free	Energy	
	 + +  

Site	accessibility	 + +  

Machine	Learning	 + +  

Target	site	
abundance	

+   

Reference	
	

(294) (296) (295) 

 
Table	2.12.	Prediction	 criteria	 specifications	 for	miRNA	 target	prediction	algorithms.	3 

prediction databases, available online, were utilised in this work. Seed match= miRNA and 

mRNA target prediction based on Watson-Crick match between an mRNA sequence and the 

seed sequence of the miRNA. Conservation = maintenance of the miRNA binding site sequence 

across species, where a higher level of evolutionary conservation reflects a more reliable 

prediction. Free energy = measure of stability of the predicted miRNA-mRNA interaction 

inferred by predicting the energy that would be generated when miRNA and mRNA hybridise. 

The greater the stability of the interaction, the more likely it is representative of a true target 

interaction. Site accessibility = a measure of the ease with which a miRNA can locate and bind to 

an mRNA target. The greater the energy required to ‘unfold” an mRNA to reveal the miRNA 

binding site, the less likely it is to represent a true target site. Target site abundance = used only 

by DIANA, this refers to the specific prediction of target sites in the mRNA 3’UTR, considered to 

be the most functionally relevant. Table adapted from (298). 



 90

 

2.14.3 Ingenuity	Pathway	Analysis	(IPA)	
 
NGS and microarray data were analysed for gene enrichment pathways and 

miR-mRNA target interaction using IPA (QIAGEN Inc., 

https://www.qiagenbioinformatics.com/products/ingenuity- pathway-

analysis). This web-based tool compares uploaded datasets with a literature-

derived “knowledge base” and assigns significance of associations based on the 

ratio of the number of molecules from the data set that map to a pathway, 

divided by the total number of molecules that map to the Ingenuity Knowledge 

Base for that pathway. Fisher’s exact test is used to determine the probability 

that the association between the genes in the data set and the pathway of 

interest is “true” i.e. p<0.05. Specific details of individual analyses performed 

are provided in figure legends (Chapter 6).  
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3 MicroRNAs are differentially expressed in podocyte 
insulin resistance in vitro 
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3.1 Introduction 
 
The podocyte is an integral component of the glomerular filtration barrier, and 

podocyte dysfunction is well recognised as a salient feature of early DN (299).  

Welsh et	 al	 demonstrated that the podocyte is an insulin-sensitive cell that 

responds to insulin via the Akt and MAPK pathways, resulting in rearrangement 

of the actin cytoskeleton to present GLUT4 to the cell membrane, facilitating 

glucose uptake (147) . Furthermore, they showed that podocyte-specific insulin 

receptor deletion elicits glomerular changes mimicking a number of features of 

early DN, including glomerulosclerosis, podocyte loss and thickened basement 

membranes (148). These findings imply that insulin signalling is a critical 

determinant of podocyte phenotype, and that development of podocyte insulin 

resistance may be a key causal element in DN.  

 

MicroRNAs regulate insulin responses in "classically” insulin-sensitive tissues 

such as fat, liver and muscle, with elegant data to support differentially 

expressed miRNA profiles in insulin-resistant states in both mouse and humans. 

Importantly, the aberrantly expressed miRNAs may also be manipulated to 

restore an insulin-sensitive phenotype in adipocytes, hepatocytes and myocytes, 

thus demonstrating the importance of these miRNAs and their potential as new 

therapeutic targets (263, 300).  

 

The role of miRNAs in regulating important aspects of podocyte biology has 

been clearly demonstrated.  Podocyte-specific deletion of miRNA-maturation 

machinery, such as the RNAse III enzyme Dicer, leads to podocyte 

dedifferentiation, proteinuria, glomerulosclerosis and death in mice, 

highlighting the importance of podocyte miRNAs not simply in maintaining the 

glomerular filtration barrier, but for the overall survival of the mouse (249-

251). 

 

It is noteworthy, however, that the miRNAs responsible for regulating insulin 

responses in adipocytes, myocytes and hepatocytes, and the precise molecular 

mechanisms by which they induce insulin resistance, are highly cell specific. 

Therefore, attempts to extrapolate findings from these cell types to the 
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podocyte was deemed an inefficient approach to investigating those miRNAs 

that may be critical for insulin signalling regulation in this unique cell type.  

 

This chapter details the selection of a robust in	vitro model of podocyte insulin 

resistance and use of an unbiased microarray profiling approach to investigate 

differentially expressed microRNAs in this important cell.  

 

3.1.1 Chapter Aims 
 

1. Establish baseline characteristics of the podocyte cell line  

2. Develop an in	vitro model of podocyte insulin resistance 

3. Investigate differential expression of microRNAs in insulin-resistant 

podocytes in	vitro 
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3.2 Results 

3.2.1 Baseline Characteristics of C2 podocyte cell line 
 
Prior to attempts to develop an in	vitro model of insulin resistance, baseline 

characteristics of the selected immortalised cell line were established, as below.  

3.2.1.1 Podocyte differentiation by inactivation of SV40 
 
Mouse podocytes were grown at the permissive temperature (33°C) to 40% 

confluence, at which point they were transferred to 37°C and incubated for 10 

days. Figure 3.1 depicts the typical morphology of the cells in the 

undifferentiated and differentiated states, with a progression to a flatter, 

arborised cell with elongated, connected cytoplasmic processes.   

 

 

 
 

Figure	 3.1.	 Light	Microscopy	 images	 of	mouse	 podocytes	 in	 the	 undifferentiated	 and	

differentiated	 state, achieved by thermoswitching of cells to inactivate the temperature- 

sensitive SV40 antigen.  (5x lens= 50x magnification, 10x= 100x magnification). 
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The hallmarks of the mature, differentiated podocyte include expression of the 

slit diaphragm proteins nephrin, synpatopodin, CD2AP and podocin, and the 

acquisition of insulin sensitivity, associated with increased expression of the 

insulin receptor (IR) (162). Markers of podocyte differentiation were 

investigated at the mRNA level (Figure 3.2 A) and protein level (Fig 3.2 B). 

MRNA expression of synaptopodin, nephrin and IR were increased three-, eight- 

and five-fold in differentiated podocytes, respectively. CD2AP expression was 

unchanged at the mRNA level, however protein expression was clearly 

increased in the differentiated state in all of the podocyte-specific markers. 

SV40 was effectively silenced at the non-permissive temperature (Fig 3.2 C).  
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B 

 

C

 

 

 

Figure	3.2	 Inactivation	of	SV40	results	 in	podocyte	differentiation	 in	vitro.	 (A) RT-qPCR 

mRNA expression in differentiated podocytes.  Mean +/- SD of n=3 independent experiments, 

U6 used as reference gene. Significance calculated by students two-tailed t test *, p<0.05; **, 

p<0.01; ***, p<0.005; **** p<0.001.  INSR= insulin receptor. (B) Protein expression of podocyte 

markers by western blot analysis. (C)	Differentiation of podocytes is achieved by silencing of the 

temperature-sensitive SV40 at the non-permissive temperature (western blot shown).
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3.2.1.2 Confirmation of podocyte response to insulin 
 
Podocytes demonstrate an incremental response to insulin via dose-responsive 

increase in phosphorylation of Akt and MAPK (148).  Figure 3.3 demonstrates 

confirmation of insulin sensitivity in the selected mouse podocyte cell line, with 

a relative increase in expression of pAkt and pMAPK of eighteen- and twelve-

fold respectively in response to standard experimental insulin dose of 100 nM.   
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B 

 
 

Figure	 3.3	Wild	Type	mouse	 podocytes	 are	 insulin	 sensitive. (A)	Western Blot showing 

protein phosphorylation of pAkt (Serine 473) and pMAPK (p42/44) in response to 50 nM and 

100 nM insulin stimulation. (B) Densitometry shown, fold change calculated relative to basal 

phosphorylation reading. N=1 performed without repeat, owing to confirmatory nature of 

investigation of a known podocyte response.  

 

3.2.2 Podocytes become insulin resistant in diabetogenic medium 

Podocytes may be rendered insulin resistant using a variety of monostimuli 

including high dose insulin, high dose glucose, IL-6 and TNF- (162). In the in	

vivo setting, animals and patients with T2DM are simultaneously exposed to all 

of the above stimuli, with diabetes increasingly recognised as a chronic 

inflammatory condition in which IL-6 and TNF- are potent mediators (301).  

To accurately reflect the in	vivo	diabetic milieu for in	vitro experiments, a multi-

stimuli model of podocyte insulin resistance was devised for the purpose of 

investigating differential microRNA expression. Podocytes were cultured in 25 

mM glucose, 100 nM insulin, 1 ng/ml IL-6 and TNF- throughout the 

differentiation period. Differentiated podocytes were serum/insulin starved for 

6 hours before stimulating with 100 nM insulin. Figure 3.4 demonstrates the 

reduction of insulin signalling in these cells at a proximal/mid point in the 

insulin signalling pathway; the phosphorylation of Akt and MAPK (A), and 

additionally, a 50% reduction in glucose uptake into the cell (B), thus providing 

an objective downstream marker of insulin resistance in these cells.  
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B. 

 

	

Figure	3.4	Podocytes	are	 rendered	 insulin	 resistant	 in	diabetogenic	medium. Podocytes 

were cultured in 25 mM glucose, 100 nM insulin, 1 ng/ml IL-6 and TNF-. Controls were grown 

under standard conditions. An additional osmotic control contained cytokines and insulin at the 

aforementioned doses and 25 mM mannitol as a glucose substitute.  Following a period of serum 

starvation, cells were stimulated with 100 nM insulin for 15 minutes. (A)	Western blot analysis 

of phosphorylated Akt and MAPK and corresponding densitometry (representative image from 

n=3 experiments shown) (B)	DEOXY-D-GLUCOSE, 2-(1,2-3H (N)) (2-DOG) uptake assay showing 

glucose uptake in the multi-stimuli treated podocytes as compared to podocytes grown under 

standard conditions. Mean +/-SD of n=3 independent experiments shown. Significance 

calculated using One way ANOVA and Tukeys test for multiple comparison *, p<0.05; **, p<0.01; 

***, p<0.005. CPM= counts per minute.	
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3.2.3 MicroRNA hybridisation array profiling 

Having ascertained that the multi-stimuli diabetogenic environment resulted in 

podocyte insulin resistance (IR) in	 vitro, RNA was extracted from mouse 

podocytes grown throughout differentiation in the presence of 100 nM insulin, 

25 nM glucose and 1 ng/ml TNF- and 1 ng/ml IL-6 (n=5) and compared to wild 

type (WT) podocytes cultured under standard conditions (n=5) using a 

hybridisation microarray approach.  

 

442 miRNAs (of 1203 screened) were present in the podocyte, of which, 103 

were significantly up- or downregulated in insulin-resistant podocytes. Figure 

3.5 A and B demonstrate a clear distinction in miRNA signature between the WT 

and IR samples, using Principal component analysis (PCA) and two-way 

hierarchical clustering, respectively. The most significantly up- and 

downregulated miRNAs are presented as a volcano plot in Figure 3.5 C. 

 

A.  

 



 102 

 
B.	

	
	



 103 

	

C.	

	

	

	

	

Figure	 3.5. Hybridisation	 array	 analysis	 of	 differential	 miRNA	 expression	 in	 insulin‐

resistant	podocytes. Conditionally immortalised podocytes were incubated with high glucose 

(25mM), high insulin (100nM) TNF alpha and IL-6 (1ng/ml) to achieve insulin resistance (IR) 

and their miRNA profile compared to insulin-responsive Wild type (WT) podocytes. 442 

miRNAs (out of 1206 analysed) were expressed in the podocyte, of which 103 were significantly 

differentially expressed between the 2 groups.  (A)	 Principal Component Analysis Plot 

demonstrating clear differences in biological groups between IR and WT podocytes. Sample 

clustering is based on miRNA variance in each sample. (B)	Heat Map and unsupervised two-way 

hierarchical clustering showing clear distinction in miRNA expression between IR and WT 

podocytes. Red= expression level below the reference. Green = expression higher than the 

reference, where each row represents a miRNA and each column represents a sample. The 

clustering was performed on all samples, and on the top 50 miRNAs, and analysed using 

normalised log ratio values.	(C)	Volcano plot showing the relationship between the logarithm of 

the p-values and the log fold change (FC) between IR and WT podocytes (p values corrected for 

multiple testing using the Benjamini Hochberg statistic).  MiRNAs at the upper and outer aspects 

of the “V”-plot are the most significantly up- and downregulated miRNAs in the IR cf. WT 

podocytes. Arrowed= miRNAs selected for study.  

 

Upregulated in IR podocytes Downregulated in IR podocytes 
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The differentially expressed miRNAs were then ranked based on p-value, 

magnitude of fold change and baseline expression. A literature review was 

subsequently performed to identify existing evidence of mRNA targets within, 

or associated with, insulin signalling pathways. 6 miRNAs, 3 up- and 

downregulated respectively, were selected for further investigation. A summary 

of the microarray parameters used to select candidate miRNAs, and their known 

biological functions, are shown in Table 3.1. 
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UPREGULATED 
miRNAs 

Principal miRNA functions Potential targets of interest in Insulin Signalling 
 

	
miR‐222	
 
Hy3 signal: 9.6 
Intensity 
 
p-value rank: 1 
 
Fold Change: 1.4 
 

	
Vascular	remodeling	roles	
 Inhibits eNOS leading to endothelial dysfunction (302) 
 High miR-221/222 associated with pre-clinical 

artherosclerosis (303) 
 

Oncogenetic	roles		
 Glioblastoma, Thyroid, HCC, breast, prostate cancer 
 Numerous targets: PTEN, p57, p27, Kip1 (304) 

 
Tumour	suppressor	roles	
 In OSCC and erythroleukaemic cells (304) 
 Inhibits macrophage chemotaxis/ suppresses tumour 

growth in breast cancer (via target CXCL12) (305) 

	
ERα/GLUT4- silencing of miR-222 in adipocytes results in increase in: 
ERα, GLUT4 expression, insulin-stimulated translocation of GLUT4 (306) 
 
PTEN- silencing of miR-222 in oral squamous cell carcinoma (OSCC) 
results in upregulation of PTEN and inhibition of 
proliferation/invasiveness of OSCC (307) 
 
PPP2R2A- miR-222 is upregulated in HCC resulting in repression of 
PPP2R2A (negative regulator of Akt phosphorylation) resulting in 
increased Akt activity and greater metastatic potential (308) 	
	
IRS1-Overexpression of miR- 222 in mouse hepatocytes attenuates 
insulin-stimulated Akt phosphorylation via repression of IRS1 (309) 
 

	
miR‐155	
 
Hy3 signal: 9.7 
Intensity 
 
p-value rank: 6 
 
Fold Change: 1.5 
 

	
Immune	cell	regulation		
 Master regulator of immune responses including 

lymphocyte development (310), antibody-mediated 
signalling (311), T cell signalling (312) and macrophage 
cytokine production (310) 

 Dysregulated in autoimmunity e.g. RA, SLE (313, 314) 
 

Oncogenic	roles	
 Upregulated in breast, nasopharyngeal, colon, 

pancreas, HCC (315) and B-cell malignancies (316) 
 

Metabolic	regulation	
 Regulates cholesterol and FA metabolism in 

hepatocytes via target LXRa (317) 
 Regulates glucose metabolism in breast Ca cells (318) 

 

	
p85/PIK3R1‐ Roles in oncogenic translocations and tumour 
suppression via ↓p85 =unregulated PI3K/AKT pathway activation 
	
SHIP‐1/INPP5D‐	 negative modulator of PI3K/AKT pathway. High miR-
155 in B-cell neoplasia de-represses AKT to increase B cell signalling 
(319) 
 
RhoA‐Leads to disruption of tight junctions, promoting cell migration and 
invasion in murine mammary epithelial cells (320). RhoA also critical to 
facilitate podocyte response to insulin (147) 
 

SOCS1‐promotes macrophage M1 phenotype via SOCS1 targeting; 
subsequent dysregulation of JAK/STAT signalling resulting in adipocyte 
insulin resistance in mice (321). Also regulates T-helper cell production of 
IL-17, implicated in deacetylation of nephrin (259)	
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Table	3.1(A).		Selected	Candidate	upregulated	MicroRNAs.  Principal miRNA functions and specific targets of interest derived from literature search 

highlighted in bold.  Hy3 signal intensity refers to the fluorescence intensity from the miRNA hybridisation probe, which provides a surrogate marker of 

relative miRNA abundance in the sample. HCC= hepatocellular cancer, PTEN= Phosphatase and tensin homolog, OSCC= oral squamous cell carcinoma, 

CXCL12=, C-X-X motif chemokine 12, RA= Rheumatoid arthritis, SLE= Systemic Lupus Erythrematosus, LXRa= Liver-X receptor alpha, FA= fatty acid, ER= 

Estrogen receptor alpha, GLUT4= Glucose transporter type 4, PP2R2A= regulatory subunit of protein phosphatase 2A , IRS1= insulin receptor substrate-1, 

PIK3R1= Phosphoinositide-3-Kinase Regulatory Subunit 1, INPP5D= Inositol Polyphosphate-5-Phosphatase D, PPARγ=Peroxisome proliferator-activated 

receptor gamma, RhoA=Ras homolog family member A, TRAF6= TNF-receptor associated factor 6, IRAK1= interleukin-1 receptor associated kinase, 

ErB4= Erb-B2 Receptor Tyrosine Kinase 4, INSR= insulin receptor. 

 

 

 

 

 

	
miR‐146a	
 
Hy3 signal: 7.0 
Intensity 
 
p-value rank: 9 
 
Fold Change: 1.5 
 

	
Immune	cell	regulation	
 “Anti-inflammatory” miR via role in NF-κB pathway 

activation, antagonises proinflammatory effects of miR-
155 (322) 
 

Oncogenic	roles	
 Upregulated in numerous cancers including breast, 

colorectal and oral cancer (323-325)	

	
TRAF6/IRAK‐ intravitreal delivery of miR-146 inhibits diabetes-induced 
NF-κB activation and retinal microvascular defects in a diabetic rat model 
(326) 
 
Notch‐1/ErB4‐	 TGF- driven podocyte-specific miR-146a knockout 
relieves repression of Notch-1 and ErB4; results in accelerated 
glomerulopathy and albuminuria (327) 
 
INSR‐	 inhibits TNF-α-induced adipogenesis in porcine adipocytes via 
targeting INSR (328)	
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DOWN 
REGULATED 
miRNAs 
 

Principal miR functions Potential targets of interest in Insulin Signalling  

	
miR‐204	
 
Hy3 signal: 8.3 
Intensity 
 
p-value rank: 2 
 
Fold Change: 0.8 
 

	
Embryological	roles	
 Master regulator in eye development (329)	

	
Pulmonary	Hypertension	
 Enhanced proliferation of smooth muscle cells leading 

to pulmonary artery hypertension (330) 
 

Regulate	adipogenesis	
 Promotes differentiation of mature adipocytes (331) 

 
Tumour	suppressor	roles 
 Commonly via induction of apoptosis via target BCL-2 

in numerous solid tumours e.g. prostate & gastric 
cancer (332, 333) 
 

	
BDNF‐	 Low miR-204 results in BDNF overexpression and subsequent 
activation of Rac1 and actin reorganisation through the Akt/mTOR 
signalling pathway leading to cancer cell migration and invasion (334) 
	
ACAB‐	acetyl-CoA carboxylase β enzyme, which catalyses the carboxylation 
of acetyl-CoA to malonyl-CoA and plays a role in mitochondrial fatty acid 
oxidation in adipose tissue.  Lower levels of ACAB in liver and adipose are 
associated with improved insulin sensitivity (335) 
	
BDKRB2- miR-204 prevents high glucose-induced apoptosis through 
downregulation of Bradykinin receptor B2, the suppression of which is 
known to induce pro-apoptotic p38 MAPK pathway (336) 
	

	
miR‐497	
 
Hy3 signal: 7.0 
Intensity 
 
p-value rank: 4 
 
Fold Change: 0.7 
 
 
 
 
 
 

	
Tumour	suppressor	roles		
 Suppress proliferation and promote apoptosis in 

pancreatic cancer (337) 
 Inhibit tumour angiogenesis in HCC (338) and ovarian 

cancer cells (339) 
 Suppresses migration & invasion in prostate cancer 

cells(340) 
 Increase chemosensitivity in colorectal cells (CRCs) 

(341) 
 
 

	
IGF‐R	and	IRS1- Over expression of miR-497 in CRC leads to reduction in 
insulin- stimulated Akt and ERK phosphorylation, acting via IGF1-R and 
IRS1 (342, 343)  
 
INSR- negatively regulates IRS1/PI3K/Akt/GSK-3β/GS pathway and 
induces hepatic insulin resistance in rats (344) 
	
VEGF‐A‐	 inhibits angiogenesis via the VEGFR2-mediated PI3K/AKT and 
MAPK/ERK pathways in ovarian cancer cells (339) 
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miR‐338	
 
Hy3 signal: 7.4 
Intensity 
 
p-value rank: 14 
 
Fold Change: 0.8 
 

	
Tumour	suppressor	roles	
 Inhibits EMT in hepatocellular (345) and gastric cancer 

cells (346) 
 Inhibits proliferation & migration of gastric cancer 

(347) and renal cell carcinoma (348) 

Anti‐Fibrotic	roles	
 Protects against TGF- induced lung fibrosis via target 

LPA1 (349) 

 

	
IRS2‐	 inhibits NSCLC cell proliferation, migration, invasion and induced 
apoptosis (350) 
 
PREX2	 –a negative regulator of PTEN/Akt pathway, found to suppress 
metastatic proliferation and invasion of neuroblastoma cells (351) 
 
PP4r1	- regulates PP4 expression, a mediator of hepatic insulin signalling. 
High TNF- induced insulin resistance results in downregulation of miR-
338 and impaired AKT/GSK3 signalling (352) 

 

 

Table	3.1(B).		Selected	Candidate	downregulated	MicroRNAs.  Principal miRNA functions and specific targets of interest derived from literature 

search highlighted. EMT= epithelial-mesenchymal transition, LPA1= Lysophosphatidic acid receptor, BDNF= Brain derived neurotropic factor, VEGF-A= 

Vascular endothelial growth factor A, IRS= insulin receptor substrate, NSCLC= non-small cell lung carcinoma, PREX2= Phosphatidylinositol-3,4,5-

Trisphosphate Dependent Rac Exchange Factor 2, PP4r1= Serine/threonine-protein phosphatase 4 regulatory subunit 1. 
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3.2.4 RT‐qPCR validation of miRNA candidates  

RT-qPCR validation of the miRNA expression changes detected by microarray 

was performed for the 6 selected miRNA candidates (Figure 3.6). Podocytes 

were rendered insulin resistant by culture in diabetogenic media as previously. 

Significant upregulation of miRs -155, -146a and -222, and downregulation of 

miR-204 in insulin-resistant podocytes was confirmed, however the expected 

downregulation of miRs -338 and -497 was not seen.  Additionally, the relative 

abundance of miR-338 was confirmed to be low in WT podocytes (Mean Ct 34), 

suggesting any change in detection level may not be as biologically relevant in 

insulin resistance.  
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Figure	3.6.	RT‐qPCR	validation	of	differentially	expressed	candidate	miRNAs	detected	by	

microarray.	 Podocytes were rendered insulin resistant by culture in diabetogenic media 

containing 25 mM glucose, 100 nM insulin, 1 ng/ml IL-6 and TNF-, and relative quantification 

(RQ) of the selected miRNA candidates calculated as compared to expression in Wild Type (WT) 

podocytes grown under standard conditions. U6 used as reference gene. Mean +/- SD of n=3 

independent experiments shown, Significance calculated by students two-tailed t test *, p<0.05; 

**, p<0.01; ***, p<0.005;****p<0.001.	
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3.3 Discussion 
 
The microarray analysis described in this chapter has demonstrated clear 

differences in miRNA expression in podocytes rendered insulin resistant using a 

multi-diabetogenic stimuli approach. Of the most significantly differentially 

expressed miRNAs, 5 out of the 6 candidates selected have direct or indirect 

targets in Akt signalling, which has been established as the predominant 

pathway via which insulin signals to the podocyte to enact the conformational 

cytoskeletal changes which both enable the cells to take up glucose, via 

membrane insertion of GLUT4, but are also hypothesised to “brace” the cell for 

an increased filtration load in the post-prandial state.  Welsh et	al	postulate that 

the insulin-induced corticalisation of F-actin in the podocyte ensures that the 

cells are able to contract along the basement membrane, which affords greater 

protection from the sheer stress associated with higher glomerular filtration 

rates (GFR) (148).  Supraphysiologic elevation of GFR is a well-established 

primary insult in the natural history of diabetic nephropathy, which is, itself, 

associated with greater risk of development/progression of albuminuria (353). 

The loss of Akt signalling may, therefore, have dire mechanistic consequences 

for the podocyte, and is the rationale for the focus on miRNA candidate targets 

within or associated with this pathway. However, the role of Akt in insulin 

signalling and glucose metabolism is merely one example of a multi-purpose 

signal transduction pathway that is additionally involved in regulating cell cycle 

progression and encompasses, for example, regulation of apoptosis, cellular 

migration and angiogenesis. Resultantly, the vast majority of research into 

miRNA involvement in this pathway is biased towards cancer research, as is 

evident in the “Principal miR Functions” column of Table 3.1 More detailed 

evidence for the potential relevance of the 6 selected miRNAs in podocyte 

insulin responses is presented below.  
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3.3.1 Upregulated MicroRNAs  

3.3.1.1 MicroRNA‐155 (miR‐155‐5p) 
 
MiR-155 is a highly plausible candidate for involvement in regulating podocyte 

insulin sensitivity given its established reputation as an “inflammamiR”. Most 

miR-155 research is focused around its role as a master regulator of immune 

cell functions, such as macrophage, B cell and T cell responses (310-312, 319). 

Upregulation of inflammatory pathways is a recognised feature of conditions 

associated with insulin resistance, such as diabetes, obesity and the overarching 

‘Metabolic Syndrome” (MetSyn) (301). However, existing evidence for miR-155 

is contradictory, with some reporting deleterious effects of miR-155 on insulin 

sensitivity whilst others suggest it may protect against the development of 

insulin resistance.  

One recent study reports that miR-155 promotes the M1 macrophage 

phenotype via direct targeting of Suppressor of cytokine signalling-1 (SOCS1) 

and subsequent dysregulation of JAK/STAT signalling, resulting in local insulin 

resistance in adipocytes in mice, as shown by reduced Akt phosphorylation and 

glucose uptake (321). The role of miR-155 in promoting inflammation and 

influencing adipocyte differentiation led Gaudet et	al to hypothesise that whole 

miR-155 knockout would confer protection against development of obesity. 

Indeed, female miR-155 knockout mice fed a high fat diet were resistant to the 

development of obesity and this was associated with improved glucose 

tolerance. Parallel in	vitro work showed upregulation of direct miR-155 targets 

involved in brown adiopogenesis and energy release (e.g. mitochondrial 

uncoupling protein, Ucp1) as well as upregulation of GLUT4 and IRS1, which the 

authors suggest may provide a synergistic mechanism for this effect (354).   

 

Conversely, Xiaolin Lin et	 al reported that global miR-155 overexpression in 

mice resulted in hypoglycaemia, improved glucose tolerance and enhanced 

insulin sensitivity of peripheral tissues, explained in part by enhanced glucose 

uptake through elevated phosphorylation of Akt which the authors conclude 

was a result of miR-155 target repression of important negative regulators of 

insulin sensitivity: C/EBPβ and HDAC4 (355). The variable direction of miR-155 
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effect in these studies may partly be explained by the cell-specificity exhibited 

by many miRNAs. It may also reflect the notion that miRNAs, as post-

transcriptional gene regulators, provide “fine tuning” of dynamic and adaptive 

processes; their expression, therefore, might well be expected to fluctuate in an 

attempt to modulate cell homeostasis.  

 

Evidence for a podocyte-specific role of miR-155 appears more consistent, 

albeit in a very limited number of studies. The Yang group showed that miR-155 

knockout in hyperglycaemia-induced nephropathy is protective against nephrin 

and WT1 loss, which correlated with a decrease in urinary protein in these mice. 

They hypothesise that this is a result of increased expression of miR-155 target 

SOCS1 which suppresses T-cell release of IL-17 (259). Further work by this 

group also implicated miR-155 as a mediator of TGF-β1-induced podocyte 

injury, where in	vitro	knockdown of miR-155 attenuated expression of injury 

markers desmin and caspase-9, alleviated nephrin loss, and reduced podocyte 

apoptosis rates (258, 259). This may be highly significant in my model, given 

that both insulin-stimulated insertion of GLUT4 and the subsequent F-actin 

cortical rearrangement are both nephrin-dependent mechanisms, and nephrin 

loss is seen early in many diabetic nephropathy models (149, 169).  

 

3.3.1.2 MicroRNA‐146a (miR‐146a‐5p) 
 
Given its reported anti-inflammatory properties, miR-146a has received 

attention in elucidating therapeutic targets in insulin resistance, obesity and 

diabetic nephropathy specifically.  

 

Wu et	al	showed that TNF-α treatment of porcine adipocytes led to elevated 

levels of miR-146a, which directly targeted and repressed expression of INSR 

and phosphorylated IRS1, with the outcome of inhibiting adiopogenesis (328).  

 

In a diabetic nephropathy context, miR-146a knockout in streptozotocin (STZ)-

induced diabetic mice resulted in accelerated DN, exemplified by exacerbated 

proteinuria, renal macrophage infiltration, glomerular hypertrophy, and 

fibrosis. Diabetes-induced upregulation of proinflammatory and profibrotic 
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genes was significantly increased, suggesting a protective role for miR-146a in 

DN via the downregulation of target inflammation-related genes such as TRAF6 

and IRAK2 (356).  

 

A single study reports a role for miR-146a in podocytes, where miR-146a is 

decreased in a diabetic milieu characterised by high TGF-β1, resulting in de-

repression of Notch-1 and ErbB4, which induces podocyte injury. MiR-146a 

knockout mice treated with STZ demonstrated accelerated glomerulopathy and 

albuminuria. Use of ErbB4/EGFR inhibitors to block the deleterious signalling 

pathway resulted in suppression of podocyte injury in	 vitro and 

glomerulopathy in	 vivo. MiR-146a levels were also found to be lower in 

microdissected glomeruli from patients with T2DM; a finding which was 

inversely correlated with albuminuria and positively correlated with decreased 

synaptopodin staining, suggestive of podocyte loss (327).   

 

From this evidence, it is possible that miR-146a upregulation seen in my 

insulin-resistant podocyte model may be an adaptive, anti-inflammatory 

response to the diabetogenic stimuli (and possibly, in response to co-elevation 

of proinflammatory miRNAs, as below).  
 
 

3.3.1.3 MicroRNA‐155 and ‐146a; A signature of inflammation? 
 
MiR-146a is frequently reported to be elevated in concert with miR-155, where 

it has been shown to antagonise the inflammatory effects of miR-155, thus 

creating a regulatory feedback loop, as reported by Mann et	al	in the context of 

NF-κB pathway regulation in macrophage responses (357). Indeed, the co-

upregulation of miR-155 and miR-146a in plasma has been reported as a 

potential biomarker of mortality outcomes in patients with severe sepsis, a 

condition characterised by rampant systemic inflammatory activation (358). 

 

MiR-155 and miR-146a were simultaneously elevated five-fold in renal biopsy 

tissue from patients with DN, which additionally correlated to serum 

creatinine levels (359). The same group investigated the effects of miR-155 

and -146a overexpression in human GEnCs in	 vitro	 and found that high 

glucose treatment induced upregulation of both TNF-α and TGF-β1, and 
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activation of NF-κB. The proinflammatory and profibrotic phenotype induced by 

this miRNA “double-act” has not been reported in podocytes to date, so the 

congruous elevation of these miRNAs, in a pure podocyte model of insulin 

resistance, is an interesting finding.   

 

3.3.1.4 MicroRNA‐222 (miR‐222‐3p) 
 
MiR-222 was the most significantly upregulated miRNA in the insulin-resistant 

podocyte model. Predominantly implicated in oncogenesis (304), renal-specific 

roles of miR-222 are rarely reported. However, a number of interesting miR-

222 targets relating to diabetes and insulin resistance have been experimentally 

validated, such as IRS1, which is repressed by high circulating levels of miR-222 

in mouse models of fatty liver disease. Moreover, overexpression of miR-222 in 

hepatocytes in	vitro attenuates phosphorylation of Akt in response to insulin. 

(309). MiR-222 is also implicated in the mechanism of development of 

gestational diabetes (GDM). Zhonghua Shi et	al	reported upregulation of miR-

222 in omental adipocytes of women with GDM and repression of confirmed 

targets GLUT4 and Estradiol receptor alpha (ERα). In	vitro silencing of miR-222 

resulted in 40% increase in glucose uptake and restored target expression 

levels of ERα and GLUT4 (306). If these miR-mRNA target effects are replicated 

in insulin-resistant podocytes, then miR-222 directed repression of IRS1 and 

GLUT4 could account for the observed attenuation in Akt signalling and glucose 

uptake in my experimental model. 

  

3.3.2 Downregulated MicroRNAs 

3.3.2.1 MicroRNA ‐204 (miR‐204‐5p) 

MiR-204 has been reported as a potential modulator of the Metabolic syndrome 

given its correlation with body mass index, waist-to-hip ratio and HDL 

cholesterol levels in a large population study of patients with MetSyn (335). 

Civelek et	al showed inverse expression of predicted target acetyl coenzyme A 

carboxylase b (ACACB) in this cohort, and parallel in	 vitro work confirmed 

repression of this gene, thought to control mitochondrial fatty acid oxidation in 

miR-204 overexpressing HeLa cells.  
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The downregulation of miR-204 seen in the insulin-resistant podocyte model 

has also been reported in adipose tissue of mice that were fed a high-fat diet, 

further implicating this miRNA in the obese phenotype (360) 

At the podocyte level, a single report suggests that miR-204 may prevent high 

glucose-induced apoptosis through downregulation of Bradykinin B2 receptor 

Bdkrb2 (336) , the suppression of which is known to induce pro-apoptotic p38 

MAPK pathway (361). Therefore, the observed downregulation of miR-204 in 

my model may represent loss of an important protective mechanism in DN. 

 

3.3.2.2 MicroRNA ‐497 (miR‐497‐5p) 
 
MiR-497 targets some very prominent genes in insulin signalling, such as the 

insulin receptor (IR), insulin-like growth factor 1 receptor (IGF-1R) and insulin 

receptor substrate-1 (IRS1). Most research to date has focused on tumour-

suppressing effects of this targeting in promoting mitogenesis and oncogenesis, 

often meditated via the Akt and ERK pathways (342, 343). 

 

However, a few studies investigated the role of miR-497 in insulin resistance 

specifically. Wang et	 al confirmed direct targeting of IR in rat hepatocytes 

leading to negative regulation of IRS1/PI3K/Akt/GSK-3β/GS pathway (344).  

MiR-497 has also been shown to stimulate β-cell insulin release via repression 

of confirmed target UCP2, mitochondrial uncoupling protein (362). In the 

former study, elevated miR-497 was considered to reduce insulin sensitivity, 

whilst the latter attributes this to the loss	of miR-497 (as replicated in my data). 

This highlights the importance of considering the mechanism of insulin 

resistance investigated (here comparing a response to insulin with the 

production, and thus availability of insulin) and also the cell-specific nature of 

miRNA action. 

	

3.3.2.3 MIcroRNA ‐338 (miR‐338‐3p) 
 

Decreased expression of miR-338 seen in the insulin-resistant podocyte model 

has also been reported in the livers of db/db and high fat diet (HFD) fed mice 

(352) . MiR-338 has been shown to mediate TNF-α induced insulin resistance in 
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hepatocytes via targeting of protein phosphatase 4 regulatory subunit 1 

(PP4R1), and its overexpression can rescue hepatic insulin resistance both in	

vitro and in	vivo	(352).  

 

Insulin receptor substrate 2 (IRS2) has been reported as a target of miR-338 in 

non-small cell lung carcinoma. Zhang et	al found low expression of miR-338 was 

associated with advanced tumour staging and presence of metastases, whilst its 

overexpression in	vitro suppressed cell proliferation and migration which was 

rescued on overexpressing the repressed target, IRS2 (350). This is particularly 

interesting given that IRS2 is the dominant form of IRS in podocytes, known to 

be critical for activation of Akt, GLUT4-mediated glucose uptake and 

cytoskeletal remodelling (158).  

 

3.3.3 Caveats with the in vitro model of podocyte insulin resistance 

The multi-stimuli approach to rendering podocytes insulin resistant in	vitro was 

considered to be the most accurate representation of the diabetic milieu in 

T2DM patients. However, it may be argued that the use of supraphysiological 

doses of insulin and high physiological doses of cytokines and glucose may be 

more likened to “extreme” diabetic conditions. Precisely how realistic this 

model is, is difficult to define. However, ongoing work by the Bristol renal unit 

has confirmed that each of the stimuli in isolation may induce podocyte insulin 

resistance, and that this is likely to be via different mechanisms, some of which 

have been well characterised (e.g. lysosomal degradation of the insulin receptor 

in response to prolonged hyperinsulinemia (162)). By including multiple 

diabetogenic stimuli, there is greater chance of replicating the interplay of 

aberrant mechanisms that effect the development of podocyte insulin 

resistance. The downside to this is that as pathways become more complex, so 

the potential network of miRNA regulation increases, making it difficult to tease 

out miRNAs of critical importance in insulin signalling. 

The microarray analysis performed here provides an unbiased readout of 

differentially expressed miRNAs in this model. All of the top 3 selected 

upregulated miRNAs were validated by RT-qPCR, but for only 1 of the selected 

downregulated miRNAs, (miR-204), was this achieved. This finding raises the 
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possibility that either a false positive (Type 1 error) has occurred in the 

microarray analysis, or conversely, a Type 2 error has resulted in rejection of 

miR-338 and -497 during RTqPCR validation. The latter may occur due to the 

relatively lower baseline abundance of miR-338 and -497 in podocytes, and 

therefore greater sensitivity may be required to demonstrate an expression 

change by RT-qPCR.  The decision to select 3 up- and 3 downregulated miRNAs 

from the array results was based on avoidance of a bias in selecting only 

upregulated miRNAs of interest. However, the lower baseline expression of 

these miRNAs, coupled with being downregulated in insulin resistance, may 

ironically have lead to a bias in being unable to detect a change during qPCR 

validation. This finding effectively ruled out miR-497 and -338 for further 

investigation.  

3.3.4 Conclusion  
 

In conclusion, I have demonstrated a robust in	vitro model of podocyte insulin 

resistance that displays a unique microRNA signature, thereby implicating 

miRNAs as important regulators of the podocyte insulin response.  5 out of 6 of 

the most significantly up-and downregulated miRNAs have known or predicted 

targets within insulin signalling pathways; miR-155 in particular is known to 

regulate insulin sensitivity in other insulin responsive cells. Furthermore, the 

expression levels of miR-155 have been correlated to important serum and 

histological parameters in diabetic kidney disease, making this miRNA the most 

promising of the selected candidates to pursue in further experimental work.  
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4 The role of microRNA‐155 in Podocyte Insulin Resistance  
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4.1 Introduction 
 
Of the 6 candidate miRNAs identified from the array profiling of the insulin- 

resistant podocyte model described in the previous chapter, upregulation of 

miR-155 was of immediate interest given its established roles in inflammatory 

pathways that are significant in the development of insulin resistance, obesity 

and the metabolic syndrome. At the level of the kidney, whole tissue expression 

of miR-155 is elevated in human DN biopsies and correlates with serum 

creatinine levels (359), and miR-155 knockout in mice promotes nephrin 

expression and reduces podocyte apoptosis (258, 259). For these reasons, and 

those described in 4.2 below, miR-155 was selected for focused investigation of 

mechanistic involvement in podocyte insulin resistance.  

 

In this chapter, I describe the effect of miR-155 manipulation on critical 

components of podocyte insulin responses. Welsh et	al have shown that insulin 

signals to the podocyte predominantly via the PI3K/Akt and MAPK pathways 

(148), and work presented in the previous chapter confirms loss of this 

signalling in the devised in	 vitro model of insulin resistance. MiR-155 

manipulation effects were, therefore, focused on these pathways, in addition to 

measurement of downstream glucose uptake. The phenotypic consequences of 

miR-155 manipulation are focused on conformational changes of the 

cytoskeleton, where podocytes demonstrate F-actin remodelling in response to 

insulin (148), hypothesised to be an adaptive mechanism to withstand the 

transient increase in glomerular filtration rate (GFR) seen in the post-prandial 

state as a consequence of factors including insulin-mediated nitric oxide release 

and protein-stimulated hyperfiltration (148, 152, 153). Loss of this cytoskeletal 

response may be an inciting trigger in the development of diabetic 

podocytopathy and is, therefore, an important experimental endpoint. 

 

Finally, bioinformatically-predicted targets of miR-155 are explored to establish 

potential mechanistic action of miR-155 in the development of podocyte insulin 

resistance, and analysed against RNAseq data from the multi-stimuli in	vitro 

model of podocyte insulin resistance described in Chapter 3.  
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4.1.1 Chapter Aims 
 

1. Test the effect of miR-155 overexpression in podocytes on: 

a. Insulin signalling pathways 

b. Cytoskeletal responses to insulin  

2. Perform in	 silico prediction of miR-155 targets, and evaluate target 

repression using RT-qPCR 
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4.2 Results 

4.2.1 Urinary MicroRNA‐155 is elevated in DN 
 
Concurrent work in the Fraser Lab (Cardiff) is focused on the use of urinary 

miRNAs as biomarkers in diabetic kidney disease (DKD). For this work, 20 

patients with DKD and 20 healthy controls were approached and consented by 

myself and urine samples obtained were registered to the Wales Kidney 

Research Unit Biobank (clinical characteristics of patient cohort is provided in 

Table 1 of appendix 1). Taqman Microarray analysis was used to measure the 

differential expression of urinary miRNAs in this cohort (236). Figure 4.1A 

shows the volcano plot created from this analysis. MiR-155 was significantly 

upregulated  6 fold in this cohort, and this was validated using miR-155 

specific RT-qPCR assay (22.9-fold increase, p=0.0024) (Figure 4.1B). A larger 

validation cohort, composed of patients with clinically or biopsy confirmed DN 

(n= 89) versus those patients with diabetes with no renal involvement (n= 62) 

and healthy controls (n= 41), demonstrated the ability of urinary miR-155 to 

differentiate DN patients from both healthy controls (1.8-fold increase, 

p<0.001) and diabetics without evidence of DKD (1.6-fold increase, p=0.024) as 

depicted in Figure 4.2. This data therefore strengthened the existing rationale 

for focus on miR-155, as podocyte injury/cell sloughing represents a plausible 

source of the detected increase in urinary miR-155 in DKD. 
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A      B    

  
Figure	4.1A	Urinary	miR‐155	upregulation	in	DKD.	 	Volcano plot depicting differential miR 

expression in the urine of patients with DKD (n=20) compared to healthy controls (n=20) in an 

initial discovery cohort, using Taqman Array. MiR-155 highlighted as a significantly upregulated 

miRNA in DKD.	Figure	4.1B	RT‐qPCR	validation	of	miR‐155	upregulation	 in	DKD	patient	

urine	(discovery	cohort).	Mean	+/‐	SEM of n=20 patient and 20 control urines, unpaired one-

tailed t-test with Welch’s corrections used, data normalised to endogenous control miR-191. *** 

p<0.001. 

 

 

 

 

Figure	 4.2	 Urinary	 miR‐155	 can	 discriminate	 between	 DKD	 patients	 and	 those	 with	

diabetes	without	renal	disease.	 	Quantitative	RT-qPCR measurement of urinary miR-155 in 

healthy controls (n=41), DKD patients (n= 89) and those with diabetes without evidence of DKD 

(n=62).  Mean +/-SEM shown, unpaired one-tailed t-test with Welch’s corrections used, data 

normalised to endogenous control miR-191. * p<0.05,  **p<0.01,  *** p<0.001. Figures taken 

from Beltrami et	al, Am	J	Pathol, 2018. (AW Contribution: Research design and planning, patient 

consenting and urine collection, data analysis of clinical correlative data.) 
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4.2.2 Lentiviral over‐expression of miR‐155 
 
Initial attempts to manipulate miR-155 were performed using lentiviral 

transduction, with the aim of developing a stable podocyte cell line that 

exhibited enforced expression of miR-155. Incremental doses of GFP-labelled 

miR-155 and control lentiviruses were added to fully differentiated podocytes 

(day 13) to establish the dose that would achieve optimum infectivity without 

compromising cell viability. Figure 4.3B shows the percentage of GFP-positive 

cells at each viral dose, with highest titrated dose (100 μl) achieving GFP-

positivity of 93.2% in the miR-155 transduced cells. The transduction efficiency 

of the control virus was inferior, with equivalent dose achieving 73.2% GFP-

positivity. This was also subjectively evident from the microscopy images, with 

control wells appearing less fluorescent green than the equivalently dosed miR-

155 infected wells (Figure 4.3A).  
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Figure	 4.3A	 Microscopy	 of	 GFP‐labelled	 miR‐155	 overexpressing	 podocytes.  Light 

microscopy (LM) and Fluorescence microscopy (GFP) of miR-155 overexpressing and control 

podocytes treated at the lowest (10 l) and highest (100 l) viral doses shown. Cells treated 

with 10 l control virus appeared morphologically abnormal, indicative of podocyte stress. No 

fluorescence was detected by microscopy in these wells. Scale bar = 400M.  
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Control virus 
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miR‐155 virus 
10 μl 

 

Control virus 
100 μl 

 

miR‐155 virus 
100 μl 
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Figure	 4.3B.	 Flow	 cytometry	 assessment	 of	 GFP‐positive	 podocytes. Podocytes were 

transduced with GFP-labelled miR-155 and control viruses (NS-1) at incremental doses as 

shown. Cells were analysed for GFP-positivity using the Attune NxT flow cytometer.  FSC= 

forward scatter, BL-1= Blue laser detector, GFP= green fluorescent protein, NS-1= control virus 

batch name, MFI=Mean fluorescence intensity. 

 

Non-infected control 10ul miR-155 virus 20ul miR-155 virus 50ul miR-155 virus 100ul miR-155 virus 

20ul NS-1 virus 10ul NS-1 virus 50ul NS-1 virus 100ul NS-1 virus 

Dose NS‐1 miR‐155 Non‐
infected 

% GFP +ve 10 μl 6.25 65.9 0.45 

20 μl 34.8 77.1 

50 μl 56.2 86.2 

100 μl 73.2 93.2 

MFI 10 μl 3651 27552 1836 

20 μl 7046 21244 

50 μl 10782 41107 

100 μl 18141 94763 
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RT-qPCR of the transduced cells showed an increase in miR-155 expression at 

all trialled doses (Figure 4.4), and this did not appear to be dose dependent (5.6-

fold increase at 20 μl, 4.1-fold increase at 100 μl).  Cells incubated with control 

virus exhibited altered morphology and reduced cell confluence in some wells, 

which I inferred to represent decreased survival. Consistent with this, 

insufficient RNA was extracted for RT-qPCR in two of the samples.  

 

 
Figure	 4.4	 MiR‐155	 overexpression	 (OE)	 in	 lentivirally	 transduced	 podocytes.	 Fully 

differentiated podocytes (day 13) were transduced with miR-155 and control viruses at the 

doses shown. RT-qPCR was performed to assess degree of miR-155 overexpression achieved. 

Results shown relative to non-infected control, owing to insufficient RNA in cells treated with 

control virus at the 10 and 50 μl doses. U6 used as reference gene, n=1.  
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The above was repeated using the maximum viral dose (100 μl), applied at an 

earlier stage of differentiation  (day 7), approximately 2/3 of the way through 

the transition to terminally differentiated cells.  This time point was considered 

a sensible compromise between improving cell viability by transducing (slowly) 

dividing cells, and inducing the miRNA overexpression at an established enough 

point in differentiation that it would be unlikely to interrupt a crucial phase of 

podocyte maturation. Control cell morphology was improved by this method, 

although wells continued to demonstrate mild reduction in fluorescence on 

microscopy, compared to equivalently dosed miR-155 infected cells (Figure 

4.5A). At the RNA level, miR-155 expression was increased 1.8-fold compared to 

non-infected controls, yet the same response was observed with the control 

virus. (Figure 4.5B).  

 

 
 
	

Figure	 4.5A	 Microscopy	 of	 GFP‐labelled	 miR‐155	 overexpressing	 podocytes:	 late	

differentiation	model.  Podocytes were transduced 2/3 of the way through differentiation (day 

7) with 100 μl miR-155 and control virus respectively. Light microscopy (LM) and Fluorescence 

microscopy (GFP) shown. 	Scale bar = 400 μm 

 
 
 
 

GFP LM 

Control virus 
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Figure	4.5B	miR‐155	expression	in	lentivirally	transduced	podocytes:	late	differentiation	

model.		Podocytes were transduced 2/3 of the way through differentiation (day 7) with 100 μl 

miR-155 and control virus respectively. RT-qPCR was performed to assess degree of miR-155 

overexpression achieved. U6 used as reference gene. Mean +/-SD of 3 technical replicates 

shown. 

 

Whilst the decision to transduce the cells at an earlier stage of differentiation 

appeared to improve cell viability, the upregulation of miR-155 in control cells 

was unacceptable, and I therefore opted to evaluate an alternative approach to 

manipulating miR-155 expression in	 vitro. Commercially available miR-155 

mimic and inhibitors were employed for all further work, as below. 
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4.2.3 MiR‐155 manipulation using mirVanaTM mimics/antagonists 
 
MirVana miR-155 mimic, inhibitor and respective miR-controls were 

transfected into differentiated podocytes as described in Methods 2.13.2.  Initial 

experiments were conducted to determine the optimum dose of mirVana mimic 

to achieve overexpression in podocytes, as per manufacturers 

recommendations.  Alamar blue assay was performed to ascertain cell viability 

after transfection at the stated doses (Figure 4.6). Highest dose (30 nM) of both 

mimic and control miRNAs had no significant effect on cell viability.  

 
	

Figure	4.6	Cell	viability	 is	unaffected	by	mirVana	mimic	 transfection.	Fully differentiated	

podocytes (day 11) were transfected with incremental doses of mirVana miR-155 mimic as per 

manufacturers protocol and incubated for 48 hours. Alamar blue assay was performed 

immediately prior to RNA extraction and fluorescence intensity recorded by Fluostar Optima 

Spectrometer. Mean of duplicate reads shown. TF= transfection reagents only control.
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The relative quantification of detected miR-155 in the mimic-transfected cells is 

shown in Figure 4.7. This optimisation experiment was sufficient to establish a 

working dose of 30 nM, which resulted in greatest miR-155 expression with no 

evidence of decreased metabolic activity by Alamar blue assay.  

 

 

 

 

Figure	4.7	miR‐155	expression	following	mirVana	mimic	transfection.	Fully differentiated	

podocytes (day 11) were transfected as per manufacturers protocol, with incremental doses of 

mirVana miR-155 mimic and incubated for 48 hours before RNA extraction. RT-qPCR performed 

using U6 as reference gene, relative quantification (RQ) calculated relative to non-transfected 

control. Mean +/-SD of n=3 experiments shown.  One-way ANOVA and Tukeys multiple 

comparison testing performed p<0.05; **, p<0.01; ***, p<0.005; **** p<0.001. 
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In order to determine the functional significance of miR-155 mimic transfection, 

the expression of 4 experimentally validated mRNA targets, selected from 

previous literature review (see Table 3.1A of previous chapter) were measured 

by RT-qPCR (Figure 4.8). PIK3R1 was significantly repressed (55% reduction 

compared to miR-control, p= 0.01), RhoA was repressed compared to 

expression levels in WT podocytes (69% reduction, p=0.03), but not 

significantly repressed compared to miR control (p=0.13). MRNA expression of 

INPP5D (aka SHIP-1) and SOCS1 was not affected by miR-155 overexpression in 

these experiments.  

 

 
Figure	 4.8	 Expression	 of	 validated	 miR‐155	 mRNA	 targets	 following	 miR‐155	 mimic	

transfection.	 	Fully differentiated podocytes (day 11) were transfected with 30 nM mirVana 

miR-155 mimic and respective miR-control, for 48 hours. RT-qPCR was used to determine 

expression levels of 4 mRNA targets associated with insulin signalling, calculated relative to 

expression in wild type (WT), non-transfected podocytes.  Actin used as reference gene. Mean 

+/- SEM of n=3 independent experiments shown. One-way ANOVA and Tukeys multiple 

comparison testing performed *p<0.05; **p<0.01; *** p<0.005; **** p<0.001 
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The above was repeated using mirVana miR-155 inhibitor to assess for evidence 

of target de-repression. None of the mRNA targets investigated were elevated 

relative to basal expression in unstimulated WT podocytes (Figure 4.9). 

 
 

 
	

Figure	4.9	Expression	of	 validated	miR‐155	mRNA	 targets	 following	miR‐155	 inhibitor	

transfection. Fully differentiated podocytes (day 11) were transfected with 30 nM mirVana 

miR-155 inhibitor and respective miR-control, for 48 hours. RT-qPCR was used to determine 

expression levels of 4 mRNA targets associated with insulin signalling, calculated relative to 

expression in wild type (WT), non-transfected podocytes.  Actin used as reference gene. Mean 

+/- SEM of n=3 independent experiments shown. 
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4.2.4 Effects of miR‐155 manipulation on proximal insulin signalling 
 
Having demonstrated miR-155-induced repression of PIK3R1, an important 

mediator of PI3K signalling, I proceeded to investigate the effects of miR-155 

manipulation on proximal insulin signalling pathways. Podocytes rendered 

insulin-resistant using diabetogenic media in	 vitro exhibit reduced 

phosphorylation of Akt and MAPK (Chapter 3). To investigate whether this 

could be a miR-155 dependent phenomenon, phosphorylation status of Akt 

(Serine 473) and MAPK (p42/44) was examined in overexpressing miR-155 

podocytes in the basal and insulin-stimulated state (Figure 4.10A). 

Densitometry of n=3 experiments confirmed significant attenuation of insulin-

stimulated pAkt (Figure 4.10B), however no change in pMAPK was observed in 

miR-155 overexpressing cells. 
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B.  

 
 

 

 
	

Figure	4.10	Effect	of	miR‐155	overexpression	on	proximal	insulin	signalling	in	podocytes.	

Podocytes were transfected with 30 nM mirVanaTM miR-155 mimic and protein-lysed at 48 

hours. Insulin-stimulated cells were treated with 100 nM insulin for 15 mins, immediately prior 

to lysis. A. Representative western blot of n=3 independent experiments shown B. 

Corresponding densitometry n=3, calculated relative to basal expression in miR-control samples 

and normalised to total Akt/MAPK, respectively. Mean +/-SEM of n=3 experiments shown, one-

way ANOVA and Tukeys multiple comparison testing performed, *p<0.05. 
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Subsequently, effects of miR-155 antagonism were evaluated in podocytes 

transfected and stimulated as above with mirVana miR-155 inhibitor. Insulin-

stimulated phosphorylation of Akt (Figure 4.11A) and MAPK (Figure 4.11B) 

appeared enhanced in miR-155 inhibited podocytes, although this was likely a 

result of unequal protein loading, as shown by densitometry. As in mimic 

transfections, control cells responded less avidly to insulin via the MAPK 

signalling pathway. 
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B. 

 

 

 
 
Figure	4.11	Effect	of	miR‐155	inhibition	on	proximal	insulin	signalling	in	podocytes.	 

Podocytes were transfected with 30 nM mirVanaTM miR-155 inhibitor and protein-lysed at 48 

hours. Insulin-stimulated cells were treated with 100 nM insulin for 15 mins, immediately prior 

to lysis. A	Western blot showing n=2 independent experiments of insulin-stimulated pAkt in 

miR-155 silenced cells, plus corresponding densitometry (mean +/-SEM of n=2 only therefore 

no statistical test applicable). B Western blot showing n=2 independent experiments of insulin-

stimulated pMAPK in miR-155 silenced cells, and corresponding densitometry. 
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4.2.5 Effect of miR‐155 manipulation on distal insulin signalling 
 
Whilst Akt and MAPK are known to play key roles in podocyte insulin signalling, 

it is possible that miR-155 may (directly or indirectly) repress additional targets 

up-and/or- downstream of phosphorylation of these kinases. Subsequently, 

radiolabelled glucose uptake in miR-155 manipulated cells was investigated as 

an objective, common distal marker of podocyte insulin resistance. WT non-

transfected controls and miR-control cells showed a significant increase in 

glucose uptake in response to insulin (1.6-fold, p=0.02 and 1.3-fold, p=0.02, 

respectively). No response to insulin was observed in miR-155 overexpressing 

podocytes (Figure 4.12).  

 

 

 

Figure	 4.12	 MiR‐155	 overexpression	 abrogates	 insulin‐stimulated	 glucose	 uptake	 in	

podocytes.	Podocytes were transfected with 30 nM mirVanaTM miR-155 mimic and control. 

Cells were challenged with 100 nM insulin for 15 minutes and 50 M (3H)2-deoxy-D-glucose (2-

DOG) for 5 minutes. Cellular uptake of radiolabelled glucose shown as DPM counts relative to 

miR control. Mean +/- SEM shown for n= 4 independent experiments. One-way ANOVA 

performed, p= 0.01 (indicated by black square symbol). Unpaired one-tailed t-test performed 

(indicated by black asterix), *p<0.05. DPM= disintegrations per minute. 
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4.2.6 Effect of miR‐155 overexpression on cytoskeletal conformation 
 
Having established that miR-155 overexpression abrogates insulin-induced 

uptake of glucose, which is hypothesised to provide the carbohydrate energy 

source to permit post-prandial cytoskeletal remodelling, I sought to determine 

the effect of miR-155 overexpression on peripheralisation of F-actin.  Podocytes 

were stimulated with 100 nM insulin for 15 mins, and F-actin distribution 

compared using immunofluorescence microscopy. Representative images are 

shown in Figure 4.13.  The expected insulin-induced cortical rearrangement of 

F-actin was not clearly seen in any of the cells (including controls) by this 

experimental method.  
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Figure	4.13.		Effect	of	miR‐155	on	insulin‐directed	podocyte	cytoskeletal	rearrangement	

Immunofluorescence labelling and confocal imaging of miR-155 over-expressing (OE) 

podocytes (mirVana) compared to wild type insulin-sensitive controls and miR-control 

transfected cells, before and following 100 nM insulin stimulation.  DAPI staining shown in blue, 

FITC-labelled Phalloidin staining shown in green. F-actin filaments can be seen traversing cells 

with no discernable peripheralisation in response to insulin in any of the experimental groups 

shown.  Representative images from n=3 independent experiments shown. Magnification = x 

630. 
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A second approach to investigating the above was taken, using an automated 

imaging and analysis platform: the IN CELL analyser. Figure 4.14 shows 

representative images of F-actin staining following 10 nM and 100 nM insulin 

stimulation. As previously, the cells did not appear to respond uniformly to the 

stimulus, and a varying degree of peripheral staining was seen infrequently 

across all groups.  IN CELL analysis software was used to objectively quantify 

the degree of insulin-stimulated F-actin movement away from a defined 3 m 

nuclear collar. Percentage of cells positive for rearrangement by this measure is 

shown in Figure 4.15. No significant difference in cytoskeletal reorganisation 

was detected between conditions.  

 

 

 
 
 
Figure	4.14.	 	Semi‐automated	immunofluorescence	imaging	of	insulin‐directed	podocyte	

cytoskeletal	 rearrangement.	 Podocytes were transfected with mirVana miR-155 mimic, 

inhibitor and controls and stimulated with incremental doses of insulin as shown. Cells were 

fixed, permeabilised and stained with phalloidin and DAPI to visualise F-actin and nuclear 

regions, respectively. IN CELL analyser high content imaging platform was used to capture 

images, with a 10x objective.  4 fields captured per well, 3 technical replicates per condition, per 

96 well plate. Representative images of n=3 independent experiments shown. 	
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Figure	4.15	 IN	CELL	analysis	of	 insulin‐stimulated	F‐actin	peripheralisation	 in	miR‐155	

manipulated	podocytes.	Podocytes were transfected with mirVana miR-155 mimic, inhibitor 

and controls and stimulated with incremental doses of insulin (100 nM dose shown only). Cells 

were fixed, permeabilised and stained with phalloidin and DAPI to visualise F-actin and nuclear 

regions respectively. Mean fluorescence intensity (in arbitrary fluorescent units, AFU) of a 3 m 

diameter nuclear collar was calculated for each cell. A reduction in AFU above a calculated 5% 

threshold (calculated from WT controls) was considered positive for F-actin reorganisation. 

Mean +/- SEM of n=3 independent experiments shown.   
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4.2.7 Mechanistic relevance of miR‐155 targets in podocyte insulin signalling 
 
The above results demonstrate that the miR-155 upregulation seen in the in	

vitro insulin-resistant podocyte model may induce insulin resistance via 

attenuation of insulin-stimulated pAkt and glucose uptake.  The potential 

mechanisms for the observed podocyte phenotype were explored further using 

a combination of bioinformatics approaches, as outlined below.  

 

4.2.7.1 Target Prediction algorithms 
 
Four established web-based miR-target prediction algorithms, that collectively 

utilise a variety of targeting prediction techniques (further detailed in Methods 

2.14.2), were used to formulate lists of predicted mRNA targets of miR-155. 

These lists were compared using a Venn diagram as shown in Figure 4.16A.  15 

mRNA targets were predicted by all 4 algorithms, a further 35 targets were 

predicted by 3 algorithms and 127 targets were concordant across at least 2 

algorithms. Of the original mRNA targets selected to demonstrate mirVana miR-

155 mimic transfection, INPP5D (SHIP-1) was predicted by all algorithms; 

PIK3R1, RhoA and SOCS1 were predicted by 2 algorithms (highlighted in bold in 

Figures 4.16B and D, respectively).  
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D. 

 

 
 
Figure	4.16 In	silico	mmu‐miR‐155	target	prediction. Four Web-based miR-target prediction 

algorithms were used to formulate target lists for mmu-miR-155-5p: Diana miRpath v3.0 (294), 

miRDB (296), TargetScan v7 (295) and miRTarBase (297).  A. Venn diagram showing 

concordance of miR-target prediction algorithms, created using Venny 2.0, accessible via 

(www.bioinfogp.cnb.csic.es/tools/venny/index.html). Tables represent mRNA targets predicted 

by all 4 algorithms (B),	3 algorithms (C)	and 2 algorithms (D).	Previously investigated miR-155 

target candidates shown in bold.  
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4.2.7.2 Ingenuity Pathway Analysis: miR‐mRNA interaction analysis 
 
MiRNA-mRNA target effects can be dependent on the specific consequences of 

that interaction in a particular system, or network. Contemporaneous with my 

attempts to derive targets of interest using the aforementioned prediction tools, 

a fellow PhD student in Bristol Renal Academic unit, Dr Mark Graham, 

performed RNA sequencing analysis of the insulin-resistant podocyte in	vitro 

model described in Chapter 3. Using the same experimental conditions, Dr 

Graham rendered podocytes insulin resistant in diabetogenic media and 

compared their transcriptome with that of wild type, insulin-sensitive controls 

using RNAseq. This therefore provided an opportunity to perform a focused 

analysis of predicted miR-targets that are dysregulated specifically in insulin-

resistant podocytes.  

 

Ingenuity Pathway was employed to perform miR-mRNA target analysis of the 

miRNA array and RNAseq data sets.  A flowchart of this analysis is presented in 

Figure 4.17. 103 differentially expressed miRNAs from the miRNA array 

analysis (p<0.05) were analysed against 8633 differentially expressed genes in 

the RNAseq data (p<0.05). Data for miR-155 was extracted, and 261 mRNA 

targets divided into up- and downregulated genes. Further stringency criteria 

were applied (Log2FC>1 or <-1) which resulted in identification of 18 

significantly downregulated miR-155 targets, and 26 upregulated targets.  

 

Of note, miR-155 host gene was one of 5 miR host genes mapped to ENSEMBL in 

the RNAseq data. MiR-155 host gene was significantly upregulated 

approximately 4-fold in insulin-resistant podocytes (adjusted p value = 9.08E-

18, Log2FC 1.93). Although the transcriptional regulation of pri-miRNA 

transcripts is not fully understood (363), co-expression of pri-miR-155 with its 

host gene is likely, resulting in an increase in mature miR-155-5p gene product, 

consistent with findings of my miRNA array data. Consequently, I focused on the 

downregulated targets in the RNAseq data, assuming a greater potential in the 

likelihood of demonstrating “direct” target repression in future work. From 18 

downregulated miR-155 targets, 4 new targets were selected for further 

investigation, as listed in Figure 4.17. 
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Figure	4.17	MiR‐mRNA	target	prediction	analysis	 flowchart. MicroRNA array and RNAseq 

datasets comparing wild type (WT) podocytes and those rendered insulin-resistant in 

diabetogenic media in	vitro were uploaded into Ingenuity Pathway Analysis software (QIAGEN 

Inc., https://www.qiagenbioinformatics.com/products/ingenuity- pathway-analysis).  MiR-

mRNA target prediction analysis with reciprocal expression pairing was performed on 

significantly differentially expressed miRNAs/mRNAs (adjusted p<0.05). A further stringency 

setting was applied (Log2FC>1 or <-1) and 4 downregulated targets were selected for further 

investigation. NGEF= Neuronal guanine nucleotide exchange factor, CSF1R= colony stimulating 

factor 1 receptor, PDK4= pyruvate dehydrogenase kinase 4, PODN= podocan. 

Target  Log2FC  p‐value  Potential Role in Podocyte IR 

NGEF  ‐2.31  3.18E‐50  Activates RhoA (364) 

CSF1R  ‐1.13  1.97E‐39  Activates PIK3R1 (365) 

PDK4  ‐1.03  4.58E‐26  Suppress glucose oxidation (366) 

PODN  ‐1.12  4.76E‐25  Regulates ‐catenin (367) 
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4.2.7.3 RT‐qPCR validation of miR‐155‐induced target repression 
 
The analysis outlined in Figure 4.17 identified 4 new downregulated miR-155 

targets in the experimental podocyte model of interest. In order to validate that 

the downregulation seen could be the specific result of miR-155 target 

repression, custom PCR primers were designed for the 4 new targets.  Figure 

4.18 shows 50% reduction in CSF1R expression in miR-155 mimic transfected 

cells compared to miR controls (p=0.03). PDK4 and PODN expression levels 

showed trend to reduction by 40% and 30% respectively in miR-155 

overexpressing cells, relative to miR-control. NGEF was not repressed by miR-

155 overexpression, suggesting the downregulation seen in RNAseq data is not 

a result of miR-155 targeting. 
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Figure	 4.18	 Expression	 of	 miR‐155	 mRNA	 targets	 identified	 as	 downregulated	 in	

podocyte	 insulin	 resistance,	 following	miR‐155	mimic	 transfection.	 	 Fully differentiated 

podocytes (day 11) were transfected with 30 nM mirVana miR-155 mimic and respective miR-

control, for 48 hours. RT-qPCR was used to determine expression levels of 4 mRNA targets of 

miR-155, shown to be downregulated by RNAseq analysis in an in	vitro model of podocyte 

insulin resistance. Relative quantification of expression calculated relative to wild type (WT), 

non-transfected podocytes.  Actin used as reference gene. Mean +/- SEM of n=3 independent 

experiments shown. One-way ANOVA and Tukeys multiple comparison testing performed 

p<0.05; **, p<0.01; ***, p<0.005; **** p<0.001 
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4.3 Discussion 
 
In this chapter, I have shown that urinary miR-155 can differentiate DKD 

patients from diabetic and healthy controls, and that in	vitro overexpression of 

miR-155 results in attenuation of Akt signaling and loss of glucose uptake in 

podocytes. The selection of miR-155 from the overexpressed miRNA candidates 

detected in the insulin-resistant podocyte model was based on evidence of its 

roles in the development of insulin resistance in other cell types (267, 354, 

355), as well as being a master regulator of immunity and inflammation (312, 

357). Eight miR-155 targets of potential mechanistic relevance in the 

attainment of the described insulin-resistant phenotype were identified, 

summarised in Figure 4.19.  
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Figure	 4.19	 miR‐155	 targets	 of	 potential	 significance	 in	 podocyte	 insulin	 signalling.	

Investigated targets of miR-155 are highlighted with a red box.  From proximal to distal 

involvement: SOCS1 inhibits IRS2 (368), p85 is the chief regulatory subunit of PI3K, CSF1R 

activates PI3K signalling via direct binding to p85 (365), INPP5D (aka SHIP-1) negatively 

regulates the signalling product of PI3K, PIP (3,4,5)P3 (369) , PDK4 is upregulated by FOX01 and 

influences the balance of glucose metabolism via Pyruvate dehydrogenase complex (366), NGEF 

activates RhoA (364), which is critical for the cytoskeletal rearrangement necessary for 

podocyte insulin response. PODN (not shown) maintains the GFB and is negatively correlated to 

development of ACR/DN (370) and regulates Wnt--Catenin pathway (367). 

 
aPKC= atypical protein kinase C,  AS160= Akt substrate of 160 kDa, , CAP=  Cbl-associated 
protein,  CDC42= cell-division cycle 42, CSF1R= colony stimulating factor-1 receptor, ERK= 
extracellular signal-regulated kinase, FOXO1= forkhead box O1,  GSK3= glycogen synthase 
kinase 3, IRS= insulin receptor substrate, INPP5D= Inositol Polyphosphate-5-Phosphatase D, 
JAK= Janus kinase, JNK= c-Jun-N-terminal kinase, mTOR= mammalian target of rapamycin, 
NGEF= Neuronal Guanine Nucleotide Exchange Factor, p90RSK=  p90 ribosomal protein S6 
kinase, PDK= Pyruvate Dehydrogenase Kinase , PI3K= phosphoinositide 3-kinase, PIP2 

=Phosphatidylinositol-4,5-triphosphate, PIP3 =  Phosphatidylinositol-3,4,5-triphosphate,, PTEN= 
phosphatase and tensin homologue, PTP1B= protein tyrosine phosphatase-1B, Shc= Src- 
homology-2-containing protein, RhoA= Ras Homolog family member A SOCS= suppressor of 
cytokine signalling,  STAT=  signal transducer and activator of transcription, TBC1D1= TBC1 
domain family member 1, TC10= .Ras homologue gene family, member Q.  Figure adapted from 
Taniguchi et	al,	Nature	Comms, 2006 (82). 
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4.3.1 Achieving miR‐155 overexpression/inhibition 
 

Initial attempts at miR-155 overexpression were performed using GFP-labelled 

lentiviral transduction. This technique was chosen over transient methods of 

transfection with the intention of establishing a stable, miR-155 overexpressing 

SV40 podocyte cell line, thereby streamlining the workflow for future 

experiments. However, transfection of the control virus in these experiments 

also increased miR-155 expression, for reasons that were unclear. This 

therefore prompted the switch to the use of commercially available miR-mimics. 

These synthetic oligomiRs, whilst well validated for use (including experience in 

the host lab), have some disadvantages over the lentiviral technique: for 

example, RT-qPCR does not accurately reflect the level of functional miRNA, as 

much of the transfected miRNA remains vesicular bound and hence inaccessible 

to Argonaute protein binding/loading onto RISC machinery (371). In this work, 

miR-155 mimic transfection led to a 10,000-fold increase in expression levels by 

RT-qPCR, compared to the 2-fold increase using the lentiviral technique, the 

latter being concordant with the fold change increase seen by microarray 

analysis of the insulin-resistant in	vitro podocyte model.  In appreciation of this 

discrepancy, miR-155 target repression was instead used as a marker of 

functional miRNA expression, but with the caveat that the findings depend 

wholly on correct selection of well-matched miR-155 mRNA targets (none of 

which have been experimentally validated in podocytes, to date). Given the cell-

specific nature of some miR-mRNA interactions, this may result in an inability to 

demonstrate chosen target repression, despite successful transfection of the 

miRNA mimic. The pitfalls of reliance on in	 silico	miR-target prediction are 

further discussed, below.  

 

However, one advantage of using the mirVana technology is that miRNA 

inhibition may also be achieved using the same experimental workflow. In this 

instance, it is widely appreciated that abundant vesicular-bound antisense 

strands, released after cell lysis, can directly inhibit the PCR reaction (371) , and 

the manufacturers advise against using this as a tool to demonstrate miRNA 

inhibition.  In this work, miR-155 inhibition did not result in the expected 
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upregulation of resultantly “de-repressed” mRNA targets. This has been well 

described in the literature with several high throughput analyses reporting 

increases in mRNA levels of only 33 to 35% (372, 373), and less than 2-fold 

increases seen at the protein level (374). Demonstrating “de-repression” of 

mRNA targets in podocytes in the basal, unstimulated state may have 

diminished the chances of detecting significant expression change in this work. 

Transfecting miR-155 inhibitor into podocytes grown in my “diabetogenic 

medium”, where endogenous miR-155 is upregulated (and hence targets 

reciprocally repressed), may have resulted in greater likelihood of 

demonstrating true “de-repression” of targets. Nevertheless, the significant up- 

regulation of miR-155 in podocyte insulin resistance remains the driving focus 

of the research presented in this chapter, and therefore efforts were 

concentrated on recapitulating this by use of miR mimics, in order to elucidate 

potential mechanisms of insulin signalling disruption.  

 

4.3.2 Demonstrating the miR‐155 overexpressing podocyte phenotype 
 
The work presented in this chapter demonstrates the knockdown of insulin-

stimulated pAkt in miR-155 overexpressing cells, therefore indicating loss of 

PI3K signaling, a critical component of podocyte response to insulin (148). 

Moreover, miR-155 overexpression resulted in abrogation of insulin-stimulated 

glucose uptake. This finding has two potential implications: firstly, that miR-155 

overexpression has disabled the recruitment and/or function of glucose 

transporters and secondly, that this would compromise the energy source 

required for post-prandial podocyte effacement, hypothesised to be protective 

against increased filtration load. For this reason, I anticipated a loss in insulin-

induced F-actin translocation to the cell membrane of the contractile podocyte 

foot processes in miR-155 overexpressing cells. However, attempts to 

demonstrate this were hampered by a failure of cells to respond to the insulin 

stimulus across all experimental groups, using the methods described. The 

reasons for this are unclear, but recent experience of the Bristol academic unit 

may be relevant; they have noted that human podocyte cell lines appear to 

“naturally” lose insulin sensitivity over time. In a recent publication, Lay et	al 

(162) describe efforts to overcome this by re-transfecting both the insulin 

receptor and nephrin into cells, thereby restoring nephrin-mediated GLUT4 
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membrane docking, required for glucose uptake (149). Using these 

reconstituted human podocytes, they were able to show both objective evidence 

of F-actin corticalisation (also using the IN CELL analyser) and glucose uptake 

that was not obvious from the WT podocytes, nor those transfected with only 

the insulin receptor or nephrin alone (162). Whilst the mouse podocytes used in 

this work were considered more robust than the human cell line in maintaining 

insulin sensitivity under culture conditions, the final experiments reported in 

this chapter were performed on a later passage of cells and it is possible that the 

natural insulin sensitivity of these cells had begun to wane, therefore masking 

any significant miR-155 effect on cytoskeletal phenotype. However, the fact that 

I was previously able to demonstrate glucose uptake in WT cells, but not in miR-

155 OE cells, suggests that insulin-directed GLUT4 translocation was intact, 

which itself would necessitate F-actin-mediated, cortical propagation of GLUT4 

containing vesicles to the cell membrane. A possible explanation for the 

abrogation of glucose uptake in miR-155 OE cells may well be the disablement 

of cytoskeletal remodeling, but further work is required to definitively conclude 

this.  

4.3.3 Candidate miR‐155 targets in podocyte insulin signalling 
 
Multiple web-based bioinformatic tools were used to formulate a list of putative 

miR-155 targets.  However, there are limitations with these tools, such as the 

bias towards existing validated targets, reliance on regular updating, lack of 

cell-specificity and, most notably, the potential for false positive target 

predictions, with reported rates of up to 65% (375).  In this work, 8 mRNA 

targets were selected for investigation, of which, three were demonstrably 

repressed by miR-155 mimic transfection in podocytes. Evidence for their 

potential role in effecting podocyte insulin resistance via the mechanisms 

herein reported is depicted in Figure 4.20 and discussed in further detail, below.  

4.3.3.1 Phosphoinositide‐3‐Kinase Regulatory Subunit 1 (PIK3R1 aka p85) 
 
PIK3R1 gene encodes 3 regulatory isoforms of PI3K: p85, p50 and p55. In 

response to insulin stimulus, p85 relieves the inhibitory effect of catalytic 

subunit p110 and PI3K signalling is propagated (376).  Existing data are 

conflicting in deciphering the consequences of PIK3R1 loss, with some reporting 

an increase in Akt signalling (particularly in the deleterious context of tumour 
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cell proliferation (318, 377)) and others reporting a reduction in PI3K/Akt 

signaling. The latter mechanism is proposed as a genetic cause of SHORT 

syndrome; a syndromic cause of insulin resistance associated with mutations in 

PIK3R1 inter-Src homology 2 (iSH2) domain, a major interacting domain with 

p110 catalytic subunits (378). Interestingly, a 50% knockdown of PIK3R1 in 

mice led to increased insulin-stimulated Akt activity and improved insulin 

sensitivity (379), yet a more severe PIK3R1 pan-isoform knockout results in 

glucose intolerance and hyperinsulinemia akin to the physiological state 

observed in early diabetes (380).  It is hypothesised that insulin sensitivity is 

dictated by the delicate balance between the regulatory p85 and catalytic p110 

subunits, and their subsequent ability to interact with IRS proteins. MiRNAs are 

frequently quoted as “fine tuners” of” dynamic processes (381, 382), making 

miR-155 involvement credible in this context.   

 

Significantly, p85 has been shown to be critical in regulating podocyte 

homeostasis, where deletion results in impaired nuclear translocation of down-

stream transcription factor Spliced X-box factor-1 (sXBP1), resulting in a 

maladaptive response to hyperglycaemia-induced endoplasmic reticulum (ER) 

stress and exacerbation of DN in mice (157). Nuclear localisation of sXBP1 

(glomerular) was also reduced in renal biopsy samples from patients with DN. 

(157) Furthermore, enhancing podocyte insulin signalling by forced 

overexpression of the insulin receptor and/or knockdown of negative regulator 

PTP1B has since been shown to be protective against ER stress, suggesting that 

insulin sensitivity may be mechanistically linked to the well-established 

findings of ER stress in DKD (383).  

 

MiR-155 directed repression of PIK3R1 might therefore be hypothesised to 

reduce PI3K signalling in podocytes, which would result in the experimental 

findings of reduced Akt signal and loss of glucose uptake (Figure 4.20). The 

resultant insulin resistance, in combination with the ER stress response 

reported by Madhushudhan et	al, above, may be a pivotal mechanism in DN 

progression. 
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Figure	4.20.	Hypothesised	role	of	 top	mRNA	 targets	 in	miR‐155	directed	disruptions	 to	

podocyte	 insulin	 signalling.	3 out of 8 selected mRNA targets demonstrated the predicted 

repression following miR-155 overexpression (depicted in green).	Experimental outcomes of in	

vitro miR-155 overexpression reported in this work are shown in red. p85 subunit of PI3KRI is 

targeted directly by miR-155, and indirectly via miR-155 repression of CSF1R, resulting in 

reduced PI3K/Akt signalling, which in turn reduces glucose uptake. A compound effect may be 

achieved via miR-155 repression of RhoA, which results in diminished F-actin rearrangement to 

disable GLUT4 exocytosis. AS160= Akt substrate of 160 kDa, CSF1R= colony stimulating factor-1 

receptor, GLUT4= Glucose transporter 4, IRS= insulin receptor substrate, PDK1= Pyruvate 

Dehydrogenase Kinase 1, PI3K= phosphoinositide 3-kinase, PIP2 =Phosphatidylinositol-4,5-

triphosphate, PIP3 = Phosphatidylinositol-3,4,5-triphosphate, Rac-1= Ras-related C3 botulinum 

toxin substrate 1, RhoA= Ras Homolog family member A. 
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4.3.3.2 Ras Homolog family member A (RhoA) 
 
Kong et	al were the first to demonstrate that RhoA was a direct target of miR-

155, where miR-155 overexpression resulted in disruption of cell polarity and 

tight junction formation in mammary gland epithelial cells (320). The Coward 

lab have previously demonstrated the importance of RhoA in effecting insulin-

directed changes in podocyte architecture, with in	vitro inactivation of RhoA 

GTPase resulting in loss of F-actin corticalisation that is required to present 

GLUT4 to the membrane, and to effect the responses to insulin (148). MiR-155 

directed repression of RhoA could therefore represent a potential mechanism 

for the reduction in insulin-directed glucose uptake observed in miR-155 

overexpressing cells, however this did not translate to objective reduction in F-

actin corticalisation, as previously discussed. It is therefore unclear to what 

extent miR-155/RhoA targeting may be involved in podocyte insulin resistance 

from these results.   

 

4.3.3.3 Colony Stimulating Factor Receptor‐1 (CSF1R) 
 
CSF1R is a tyrosine kinase receptor that mediates the effects of CSF-1 (also 

known as M-CSF); a cytokine predominantly involved in promoting the 

differentiation and activation of macrophages. This CSF-1 response is a well 

established pathogenic insult in renal conditions characterised by inflammation, 

such as lupus nephritis (384), but has more recently been associated with 

obesity and insulin resistance, with obese mice (and humans) demonstrating 

increased expression of CSF1R in circulating natural killer (NK) cells, the 

conditional knock out of which confers protection against HFD-induced insulin 

resistance and obesity, effected via an IL-6/Stat3 dependent pathway (385).  

 

Mechanistically, CSF1R has been shown to activate PI3K signalling via direct 

binding to p85 (PIK3R1), resulting in Akt activation (365) , hence miR-155 

overexpression may be postulated to induce podocyte-specific insulin 

resistance via both indirect (via CSF1R) and direct repression of p85, resulting 

in the phenotype demonstrated in this chapter. 
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4.3.4 Conclusion 
 
In conclusion, the work presented here demonstrates evidence of miR-155-

induced disruption in PI3K-Akt signalling and glucose uptake, both critically 

important in effecting the podocyte response to insulin, the loss of which has 

catastrophic implications for renal health. 

 

In	silico target prediction and paired expression analysis of microRNA array and 

RNAseq data highlight CSF1R and PIK3R1 as important mRNA targets of miR-

155 in podocyte insulin signalling. A compound effect of miR-155 targeting is 

hypothesised to occur, where repression of CSF1R also attenuates proximal 

insulin signalling via PIK3R1, thereby presenting a mechanism for the observed 

downregulation of Akt signalling and subsequent abrogation of glucose uptake.  

 

This work therefore provides clear rationale for evaluating miR-155 as a 

therapeutic target in DN, and the urinary patient data presented additionally 

demonstrates its potential as a biomarker in this condition.  
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5 Optimisation of Podocyte isolation from NPHS2 
mCHerry/EGFP+/‐ reporter mouse 
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5.1 Introduction 
 
The previous chapters describe the use of an in	vitro model of podocyte insulin 

resistance to investigate miRNAs that may play crucial roles in dictating 

podocyte behaviour in DN. The remaining experimental work in this thesis will 

focus on recapitulating these changes in	vivo,	by investigating miRNA changes at 

a podocyte and whole glomerular level. The use of an in	 vivo model is 

fundamental in appreciating the complexity of miRNA regulation in a 

physiologically intact, perfused glomerulus, as DN ensues. Animal models also 

permit the wider study of both renal (e.g. albuminuria) and non-renal 

parameters (e.g. systemic insulin resistance), thus enabling the correlation of 

podocyte/glomerular microRNA changes with the development of significant 

phenotypic traits in diabetic animals.  

 

There are numerous existing mouse models of T2DM that either spontaneously 

develop the disease as a consequence of a genetic mutation (usually leading to 

obesity) and/or have superimposing genetic stressors that increase 

susceptibility to DN. The most commonly available mouse models of T2DM are 

presented in Table 5.1. Despite extensive experimental development, it has 

proved difficult to recapitulate all of the pathophysiological features of human 

DN in a single mouse model. In a bid to standardise the development of new 

experimental models, the Animal Models of Diabetic Complications Consortium 

(AMDCC) published a set of validation criteria (386) that cover the fundamental 

histopathological and biochemical features of human DN, summarised in Table 

5.2.  To date, a mouse model that fulfills all the specified criteria remains 

elusive. Consequently, the choice of diabetic mouse model often depends on the 

desired metabolic derangement (e.g. hyperglycaemia, insulinopenia) in an 

animal engineered to be susceptible to a specific condition of interest, such as 

the use of the endothelial nitric oxide synthase deficient mice (eNOS−/−) in 

investigating endothelial dysfunction in DN (387). Further genetic complexity 

may be introduced when there is a requirement to “label” a specific cell of 

interest. 
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T2DM	 
Model 

Typical 
Strain(s) 

Description 

ob/ob BTBR Leptin deficient obese mouse  
Phenotype: IR, severe hyperglycaemia, high cholesterol and TGs, albuminuria 
Histology: Glomerular hypertrophy, mesangial matrix expansion, GBM thickening, podocyte loss, IF (mild),   
mesangiolysis (388) 

db/db C57BLKS 
C57bL/6 
FVB, 
DBA 

Leptin-receptor deficient obese mouse   
Phenotype:  IR, hyperglycaemia, albuminuria 
Histology:    Glomerular hypertrophy, mesangial matrix expansion, GBM thickening (389) 

MKR FVB Defective skeletal muscle IGF-1R receptor, non-obese mouse. Phenotype unmasked post uninephrectomy. 
Phenotype: IR, hyperglycaemia, dyslipidaemia, albuminuria  
Histology:   Mesangial matrix expansion, GBM thickening, podocyte effacement (390) 

Agouti 
(Ay) 

KK 
C57BL 
FVB 

Mutation in Agouti yellow gene affecting hypothalamic melanocortin receptors implicated in weight regulation 
Phenotype:  Obese, IR, yellow fur, albuminuria, hyperglycaemia, high TGs 
Histology:    Glomerular hypertrophy, mesangial matrix expansion (mild), segmental proliferative nephritis 
(391) 

NZO NZO Obese, inflammatory model with low level IgM directed against the insulin receptor 
Phenotype:  IR, hyperglycaemia, albuminuria, susceptible to lupus nephritis 
Histology:    Glomerulosclerosis, GBM thickening (mild), arteriolar inflammation, eosinophillic nodules (392)  

Table	5.1.		Commonly	used	mouse	models	of	T2DM. Despite the development of multiple mouse models enriched on susceptible genetic strains, no 

available mouse model fulfils all of the AMDCC validation criteria. IR= insulin resistant, TGs= triglycerides, GBM= glomerular basement membrane, IF= 

interstitial fibrosis, FVB= Friend Virus B, NKO= New Zealand obese mice.
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Table	5.2.		Proposed	criteria	for	validating	progressive	mouse	models	of	DN.	Adapted from 

Mouse Models of Diabetic Nephropathy. Brosius et al 2009 JASN (386) 

 

5.1.1 Selection of db/db DBA/2J mouse 
 
Insulin signalling to the podocyte results in a conformational change that 

involves the rapid corticalisation of F-actin filaments, presumed to be an 

adaptive mechanism to allow the cell to withstand increased sheer stress 

arising from greater blood flow in the post prandial period (148).  In the insulin 

resistant state, this peripheralisation of F-actin is not seen (162), which may be 

a significant, primary podocyte insult in DN. One of the earliest manifestations 

of podocyte loss/injury is the development of albuminuria (393).  It was 

therefore considered prudent to ensure that the mouse model selected for this 

work would develop robustly demonstrable insulin resistance and albuminuria, 

the latter being a particularly variable and strain-dependent trait in commonly 

utilised diabetic rodents (389) .  

 

The db/db mouse is a firmly established model that fulfills these criteria. The 

db/db has a genetic mutation in the allele coding for the leptin receptor, a 

Criteria	

B
io
ch
em

ic
al
	

>50% decline in GFR over the lifetime of the 
animal 

>10-Fold increase in albuminuria compared to 
age and sex matched controls of same strain 

H
is
to
lo
gi
ca
l	 Advanced mesangial matrix expansion +/- 

nodular sclerosis and mesangiolysis 

Arteriolar hyalinosis (any degree) 

GBM thickening by >50% over baseline 

Tubulointerstitial Fibrosis 

O
M
IC
s	 Activation of transcriptomic, proteomic and 

metabolomic pathways characteristic of human 
DN 
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hormone commonly referred to as the “satiety hormone” which plays an 

important role in regulating energy balance at the level of the hypothalamus.  A 

G-to-T transversion in this allele creates a donor splice site that causes 

abnormal splicing and a 106-nucleotide insertion in the transcript, ultimately 

resulting in signal transduction failure. Without the ability to signal satiety, the 

db/db mouse over-eats, leading to the development of obesity-induced, insulin-

resistant diabetes. The development of insulin resistance in these mice closely 

mimics that of human T2DM, with a period of hyperinsulinemia and pancreatic 

hypertrophy followed by eventual pancreatic exhaustion, beta cell depletion 

and insulinopenia (389).  The db/db mouse is infertile in its homozygous form, 

and heterozygotes are therefore used as breeding pairs, resulting in the 

genotype frequencies as shown in Figure 5.1. Heterozygotes (db/wt) have no 

phenotype, and may therefore be used as littermate controls, thereby 

maximising use of the mice per litter in accordance with the “3R’s” principle of 

reduction, set out by the Animals Scientific Procedures Act 1986.  

 

 
Figure	5.1.	 	Breeding	outcome	of	db/wt	mice. Mice are bred as heterozygotes because they 

are infertile in their homozygous form.  Db/wt and wt/wt both display no phenotype and may 

be used as littermate controls.  
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As aforementioned, enrichment of a specific genetic background in animal 

models may be employed to enhance susceptibility to developing phenotypic 

traits of interest. In 2017, collaborators from our Bristol lab published a 

comparison of the commonly used db/db BLKS/J model with the db/db DBA/2J 

model. Whilst both strains exhibited similar degrees of hyperglycaemia and 

systemic insulin resistance, the DBA/2J background conferred significantly 

greater albuminuric tendencies (394).  An adapted summary of the full 

phenotype is presented in Table 5.3. Notably, the development of insulin 

resistance in this model is closely correlated to the development of albuminuria, 

which supports the use of this mouse in investigating transcriptomic changes in 

the podocyte in early DN.  

 

  

 

 

Table	 5.3.	  Phenotypic	 characteristics	 of	 the	 db/db	 DBA/2J	 mouse	 during	 the	

development	of	DN.  Means +/- SE shown. Adapted from: db/db mice are susceptible to early 

albuminuria and glomerulosclerosis that correlate with systemic insulin resistance, Ostergaard 

2017 AJP (394) AUC= area under curve, ACR = albumin:creatinine ratio, ND= not done.  

8 week	 10 week	 12 week	

wt	 db/db	 wt 
	

db/db	 wt	 db/db	

Body weight (g)	 24 ± 
1.5 

33.1 ± 
0.7 

25.5  ± 
1.6 

34.9  ± 
0.7 

27.3  ± 
1.5 

33.0  ± 1.1 

Non‐fasted Blood 
Glucose (mM)	

7.88  ± 
0.39 

16.94  ±  
2.09 

7.75  ± 
0.45 

27.31  ±  
1.19 

7.77  ± 
0.32 

31.01  ±  
0.86 

Systemic insulin 
resistance (AUC)	

450.9  
±  64.2 

1007.3  
±  87.4 

ND ND 402.3  ± 
42.8 

1836.8  ±  
326.1 

Mean 
Glomerulosclerosis 

score	

ND 
 

ND ND ND 0.21  ± 
0.10  

1.35  ±  
0.13 

 
ACR  

(μg/mg) 
	

M	 ≈100 ≈1500 ≈110 

 
≈5000 ≈98 ≈4800 

F	 ≈80 ≈1000 
 

≈70 

 
≈2000 

 
≈70 
 

≈4000 
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The following chapter documents the optimisation of isolation of a pure 

population of fluorescent-labelled mouse podocytes for the intended purpose of 

miRNA and mRNA sequencing at 3 time-points corresponding to validated 

phenotypic changes in the db/db DBA/2J mouse model.   

5.1.2 Chapter Aims 
 

1. Optimise isolation of podocytes from whole glomeruli of a podocyte-

specific, GFP-labelled reporter mouse model. 
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5.2 Results  
 

5.2.1 Crossing of the db/db DBA/2J with a reporter mouse  
 
The proposed method of podocyte extraction is depicted in Figure 5.2A. 

Terminally anaesthetised mice are perfused with a solution containing magnetic 

dynabeads, designed to become impacted in the small glomerular capillaries, as 

shown in Figure 5.2B. Kidneys are then removed and subjected to sieving and 

digestion steps, which permits the magnetic extraction of the glomeruli for 

further digestion into a single cell suspension consisting of the 3 predominant 

glomerular cells; mesangial, glomerular endothelial (GEnC) and podocytes. As 

the least abundant cell type (< 20%) (395), consideration must be given to 

methods of maximising the isolation of a pure podocyte population. To achieve 

this, a fluorescent label is introduced to the podocytes of the db/db DBA/2J 

mouse (hereafter referred to as “db/db”). This is achieved by crossing the 

db/db with a Podocin-Cre driven mCherry/EGFP reporter mouse of mixed 

genetic background with contributions from 129/SV, FVB, DBA2J and C57BL/6. 

This mouse (hereafter referred to as “reporter”) has been genetically modified 

such that podocytes fluoresce green and all other cells of the mouse fluoresce 

red, thus enabling identification of mice of the desired genotype via simple 

application of UV lamp. The appearance of the mice and the breeding schedule is 

shown in Figure 5.3. 
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A.	

	

	

Figure	 5.2A.	 Flow	 through	 of	 experimental	 procedure	 for	 podocyte	 isolation	 and	

sequencing.  N=3 mice per group (EGFP+/- db/db and EGFP+/- db/wt) per time point (4, 8 and 

12 weeks).  Mice were perfused with magnetic dynabeads to enable glomeruli to be extracted 

from digested kidney tissue. Further digestion resulted in a single cell suspension of the 3 main 

glomerular cell types. FACS was used to isolate a pure podocyte population based on the 

expression of GFP in these cells. Podocyte RNA was extracted for microRNA sequencing 

(miRseq). Glomerular perfusions of anaesthetised mice performed by 2 experienced operators 

in Bristol Renal Unit; glomerular preparation into single cells performed in Wales Kidney 

Research unit, Cardiff.  GEnC= Glomerular endothelial cell, FACS= Fluorescence activated cell 

sorting. Adapted from Comparison of Glomerular and Podocyte mRNA profiles in 

Streptozotocin-induced diabetes (supplementary data) Fu et al, JASN 2016 (396) 
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Figure	5.2B.	Light	microscopy	of	isolated	glomeruli	containing	magnetic	dynabeads. Some 

extra-glomerular beads can also be clearly seen.  Scale bar= 200 m. 

 
 
 
 
 
 
 
 

B 
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Figure	 5.3A.	 Appearance	 of	 the	 db/db	mouse	 (left)	 and	 NPHS2	mCherry/EGFP+/‐	mice 

(right). The reporter mouse is genetically engineered to have green fluorescent podocytes 

(driven by podocin-Cre) and all other cells labelled cherry red to enable ease of identification.		

Figure	5.3B.	Breeding	outcome	of	the	db/db	and	reporter	mouse. Db mice must be bred as 

heterozygotes. Due to the complexity of achieving db homozygotes, maintaining DBA/2J 

susceptible background and introducing fluorescent tag, only 1 in 8 of the litter are the required 

genotypes for diabetic and control animals respectively. 

A 

B 
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5.2.2 Fluorescence activated cell sorting of GFP‐labelled podocytes 
 
Initial optimisation experiments were performed using the uncrossed reporter 

mouse. Glomerular extracts of 3 mice were pooled and digested to obtain a 

single cell suspension, as described above.  Initial FACS isolation proved 

challenging owing to unexpected detection of fluorescing cells across a wide 

range of fluorescence intensity. Figure 5.4A shows the gating of a presumed 

GFP-labelled podocyte population with fluorescein isothiocyanate (FITC) 

intensity ranging from 103-105.  Using this gating strategy, 25,373 GFP+ve cells 

were identified, and 33,550 cells designated as GFP-ve. Using these cell numbers 

alone, it was possible to conclude that the GFP+ve population must contain a 

high proportion of non-podocyte cells, given that this represented a podocyte 

count of 43% of the total sorted cells, which is at least twice the expected value. 

RNA was extracted from the pelleted GFP+ve and –ve cell fractions using direct 

application of TRI reagentTM. Disappointingly low yields of RNA were extracted 

using this technique (175 ng and 177 ng for the GFP+ve and –ve fractions 

respectively).  Purity of sort was assessed by RT-qPCR for podocyte- specific 

mRNA marker nephrin and GEnC marker, PECAM-1 (CD31). Whilst the GFP+ve 

fraction was enriched in nephrin, with an 11-fold increase in mRNA expression 

in this fraction compared to GFP-ve cells, PECAM-1 expression was also 9.5-fold 

greater in the GFP+ve fraction (Figure 5.4B) This confirmed initial suspicions 

that the GFP+ve cells contained a large fraction of contaminating GEnCs that, 

although not labelled with the exogenous GFP fluorophore, exhibit a natural 

fluorescence that is sufficient to be detected by FACS. (This property, known as 

autofluorescence, is intrinsic to all cells to some degree, owing to the presence 

of light-omitting molecules such as flavins, Nicotinamide-adenine dinucleotide 

(NAD) and collagen (397)). Post-hoc analysis of the GFP+ve gating suggested 

the presence of two discrete populations of cells (circled in Figure 5.4A) with 

those cells fluorescing at the higher FITC intensity presumed to be the “true” 

podocyte population. Based on this conclusion, it was appreciated that actual 

numbers of podocytes would be significantly less, which would result in less 

RNA extracted.  
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Figure	5.4A.	Fluorescence	activated	cell	sorting	(FACS)	of	a	GFP+ve	podocyte	population	

from	NPHS2	mCherry/EGFP+/‐	reporter	mouse.  P1 represents cell population after exclusion 

of cellular debris (top left). P2 represents cell population after exclusion of cell doublets, 

identified by an increase in forward scatter of light (FSC) (top right). P8 represents cell 

population after exclusion of dead cells with permeable membranes that have permitted the 

uptake of LIVE/DEAD viability stain using APC-Cy7 fluorophore (bottom left).  P9 and P10 

represent the initial gating of GFP+ve and –ve respectively. Ad-hoc analysis concluded that P9 

may be a composite of two discrete population of autofluorescing GEnCs (circled in yellow) and 

highly fluorescing ‘true” podocytes (circled in red). Figure 5.4B. Determination	of	sort	purity	

by	RT‐qPCR. mRNA expression of both podocyte marker nephrin and GEnC marker PECAM-1 

were approx. 10-fold greater in the GFP+ve fraction, relative to GFP-ve fraction. Cycle threshold 

(cT) detection was higher than expected in the reaction owing to low RNA input in RT reaction. 

18s rRNA used as endogenous control gene. N=3 mice glomeruli pooled. SSC= side scatter, FITC= 
Fluorescein isothiocyanate, RQ= relative quantification. 

 

 

 

A B 
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Given that 175 ng represented <20% of the gold standard recommended 1 μg 

input for RT reaction, and had the knock-on effect of increasing the cycle 

threshold (cT) detection for nephrin and PECAM-1 by approximately 2 cTs 

compared to previous performance of these assays with standard cDNA input, 

there was concern that the RNA yielded from a more stringently gated GFP+ve 

cell population would be insufficient to demonstrate any improvement in sort 

purity by RT-qPCR. 

 

To overcome this, the Cell-to-CtTM 1-step kit was used (see Methods 2.12.2). Cell 

lysis, RT and RT-qPCR were performed directly from flow sorted cells, negating 

the need for multiple wash steps associated with the TRI reagent RNA 

extraction protocol, thereby minimising potential for RNA loss.  Figure 5.5 

depicts the amended gating strategy to separate the strong and intermediately 

GFP-+ve cells, resulting in glomerular cell proportions of 3.7% podocytes, 

equating to 3327 sorted cells, 36.9% GEnCs (33,270 cells) and 56.4% presumed 

mesangial/other cells (54,430 cells). RT-qPCR using the Cell-to-CtTM technique 

confirmed podocyte mRNA marker nephrin was enriched approx. 60-fold in the 

highly fluorescent population (GFP+++) compared to GFP-ve cells, whilst GEnC 

marker PECAM-1 was 45-times higher in the intermediate fluorescent cells 

(GFP+), therefore affirming the prior observation that GEnCs exhibit intrinsic 

autofluorescence detectable by FACS.  

 

.  
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Figure	5.5A.	Revised	gating	 strategy	 for	Fluorescence	activated	 cell	 sorting	 (FACS)	of	a	

GFP+ve	podocyte	population	 from	NPHS2	mCherry/EGFP+/‐	reporter	mouse.  P1 and P2 

labelled as per Figure 4.4A. P6 represents cell population after exclusion of dead cells (P7) with 

permeable membranes that have permitted the uptake of LIVE/DEAD viability stain using APC-

Cy7 fluorophore (bottom left).  P3 represents the gating of high intensity FITC fluorescence 

(GFP+++) presumed to be “true” podocytes. P4 represents the population of intermediate FITC 

fluorescence, postulated to be autofluorescing GEnCs (GFP+). P5 denotes non-fluorescing (GFP-

ve) cells. Figure	 5.5B. Determination	 of	 sort	 purity	 by	 RT‐qPCR. mRNA expression of 

nephrin was 58 times greater in the GFP+++ fraction, relative to the GFP-ve fraction. PECAM-1 

expression was 45 times greater in the GFP+ fraction, thus affirming the existence of 

autofluorescent GEnC cells. 18s rRNA used as endogenous control gene. N=4 mice glomeruli 

pooled.  
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Having established an appropriate gating strategy, two further sorting 

experiments were performed, as summarised in Table 5.4.  The percentage of 

cells identified as podocytes ranged from 2.1-4.6%. Mean podocyte count, 

calculated per mouse, was 4892.  The pattern of mRNA sort purity was 

maintained throughout (Figure 5.6), with enrichment of podocyte and GEnC 

mRNA markers in GFP+++ and GFP+ populations respectively, although the 

calculated relative expression was variable in each sort. Mesangial mRNA 

marker PDGFR was enriched 24-fold in the GFP-ve fraction (relative to 

GFP+++).  

 

 

 

 

 

Table	5.4.	Summary	of	Fluorescence	activated	cell	sorting	(FACS)	attempts	 from	NPHS2	

mCherry/EGFP+/‐	reporter	mice.	 	3-5 mice glomeruli were pooled per experiment. Podocyte 

cell count per experiment was highly variable and not determined by number of mice pooled.  

*Percentage Live cells following exclusion of gated cellular debris and cell doublets.  

  

 

 

 

FACS Attempt 1 2 3 

No. of mice pooled 4 3 5 

% live cells* 94 100 92 

% GFP Strong (+++) 3.7 4.6 2.1 

% GFP intermediate (+) 36.9 51.3 35.3 

% GFP‐ve 56.4 39.3 56.4 

Presumed podocyte 
cell count 

3327 34,722 10,869 
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Figure	 5.6.	 Cell	 marker	 expression	 in	 Fluorescence	 activated	 cell	 sorted	 (FACS)	

glomerular	cells	 from	NPHS2	mCherry/EGFP+/‐	reporter	mice.	 	Podocyte markers nephrin 

and podocin are enriched in the highly fluorescent cell fraction (GFP+++), GEnC marker PECAM-

1 is abundant in the intermediate fluorescent cell fraction (GFP+) owing to an inherent 

autofluorescent cell characteristic. Mesangial marker PDGFR is enriched in the GFP-ve cell 

fraction. N=3 independent experiments, 3-5 mice pooled per experiment. Mean and SEM shown. 

18s rRNA used as endogenous control. P value assessed using Kruskal-Wallis test, where * 

p<0.05, ** p<0.01.   RQ calculated relative to GFP-ve fraction.  
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5.2.3 Calculations of mouse requirements for NGS 
 

The Cell-to-Ct kit permitted RT-qPCR detection of mRNA cell markers for 

confirmation of FACS sort purity, directly from low numbers of sorted cells. 

However, the cell lysate product from this one-step reaction is unsuitable for 

downstream sequencing experiments, which require an input of quantifiable, 

high quality RNA. The TruSeq small RNA sequencing (smRNAseq) library kit 

recommended RNA input is 1 μg, although anecdotal evidence from our unit 

suggested that lower RNA inputs could be successfully amplified. This was a 

particularly important consideration at this time, as it was appreciated that the 

pooling of glomeruli from multiple mice, as performed above in preliminary 

FACS sorts of reporter mice, would not be possible given breeding and cost 

restraints in the labelled diabetic mouse model (see discussion).  

 

In order to calculate the number of podocytes, and therefore mice required to 

obtain sufficient RNA for miRseq using the TruSeq kit, two approaches were 

taken: Firstly, serially diluted fractions of cultured in	 vitro	 podocytes were 

counted and then RNA extracted using the miRnEasy micro kit; a column-based 

extraction kit that is optimised for use with small amounts of cultured/sorted 

cells. Figure 5.7 shows the RNA concentrations yielded, as measured by the 

Nanodrop. Based on a calculated mean podocyte count of 5000 per mouse 

(Table 5.4 above), approximated RNA yield using miRnEasy micro extraction kit 

equated to 50 ng/l (highlighted in red box in Figure 5.7).  As the maximum 

RNA volume permitted in the TruSeq library prep protocol is 5 l, this 

represented a total RNA input of 250 ng; 25% of the recommended 1 g.   
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Figure	5.7.	RNA	yields	by	podocyte	number	using	miRnEasy	micro	extraction	kit.		Cultured 

podocytes were counted using the Beckman Coulter Particle Counter and RNA extracted and 

purified using the miRnEasy micro column-based kit.  Red highlighted box denotes expected 

numbers of podocytes, and therefore anticipated RNA yield, from a FACS sort of glomeruli from 

a single mouse.  The TruSeq library preparation kit intended for downstream use recommends 

an RNA input of 1 g in maximum reaction volume of 5 l. Mean of n=2 independent 

experiments shown.	



 178 

 
Secondly, the TruSeq library preparation protocol required modification for the 

anticipated lower RNA input. Contemporaneously, Baker et al (398) reported 

success in processing low concentration samples by increasing the number of 

PCR cycles in the reaction by 73% (11 to 19 cycles), however there were 

concerns that a PCR bias may have the effect of over-exaggerating miRNAs of 

highest abundance.  I therefore opted to perform a preliminary miRseq 

experiment comparing the miRseq readouts from a single stock RNA sample at 

varying RNA concentrations: 1 g (recommended), 500 ng and 200 ng. To 

achieve this amount of stock RNA from podocyte extractions alone would 

require pooling of multiple mice, and therefore whole glomerular RNA from 

reporter mice was used in this optimisation experiment.  

 

TruSeq library preparation steps are outlined in Methods 2.9.1.  Following size 

selection (Blue Pippin) and bead-purification steps, the cDNA was assessed for 

quantity and quality using the Agilent bioanalyser.  A minimum cDNA molarity 

of 1500 pmol/l is required for downstream sequencing; lesser-concentrated 

cDNA may result in an increase in duplicate reads and the occurrence of adapter 

dimers, produced by intramolecular circularisation reactions. These side 

products contaminate miRNA sequencing libraries and decrease the sequencing 

depth achieved by reducing the number of usable reads (399). Figure 5.8 shows 

the electropherogram readouts and final molarity of the cDNA libraries. The 200 

ng sample was insufficient to achieve desired final molarity on first attempt (C), 

however the TruSeq library preparation protocol uses only 60% of the total 

indexed PCR product at the size selection stage (owing to volume limitation on 

the Blue pippin lanes) and therefore it was possible to size-select the remaining 

PCR product and combine the total cDNA at the bead concentration stage. This 

protocol amendment resulted in final cDNA molarity of 2027pmol/l (D) without 

introducing additional PCR bias.  
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Figure	5.8.	Pre‐sequencing	cDNA	library	molarity	assessment.	Agilent bioanalyser was used 

to measure final cDNA molarity of the sequencing libraries prepared from a single stock sample 

of whole glomerular RNA, divided into 1 g (A), 500 ng (B) and 200 ng (C).  Pooling of cDNA 

from initial PCR reaction was required in the 200 ng sample in order to reach the 1500pml/l 

minimum sequencing requirement (D). 
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Following sequencing, readouts from the 3 samples were compared to assess 

for loss of total miRNA detection and potential distortion in miRNA expression 

frequency as a result of the lower input RNA.  Of the 377 miRNAs mapped in the 

1 ug sample, 266 miRNAs (71%) were mapped in the 500 ng sample and 245 

miRNAs (65%) mapped in the 200 ng sample. Despite an apparent loss of 

detection of 35% of miRNAs in the lowest input sample, the expression of the 

mapped miRNAs were highly correlated, suggesting no significant distortion of 

miRNA expression had resulted in the commonly detected miRNAs (Figure 5.9).   

 

 

 

Figure	5.9	Correlation	of	microRNA	expression	 in	varying	RNA	 input	TruSeq	small	RNA	

sequencing. Whole glomerular mouse RNA was divided into 1 g, 500 ng and 200 ng samples 

for construction of cDNA libraries and sequenced using the TruSeq Illumina HiSeq 4000. 

Expression frequency (read count) for each miRNA was analysed across the sample pairs using 

Pearsons correlation coefficient (R). No distortion in miRNA expression was observed in the 

lowest input sample (200 ng) compared to the protocol recommended 1 g input. 
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5.2.4 Trial  of  podocyte  sequencing  from  NPHS2  mCHerry/EGFP+/‐  reporter 
mouse 

 
Contemporaneous with attempts to optimise the TruSeq kit for lower input 

samples, the Wales Gene Park (WGP), a departmental in-house facility at Cardiff 

University, were trialing a new kit that could enable microRNA sequencing from 

100 ng-1 g of total RNA (NEBNext® Small RNA Library Prep Set), and whole 

transcriptome sequencing from 2 pg-200 ng of total RNA (NEBNext® low input 

RNA Library Prep Set).  Whilst the 200 ng input optimisation steps described 

above had resulted in satisfactorily retained expression of abundant miRNAs, 

the 35% loss of lowly expressed miRNAs would potentially result in a failure to 

detect miRNAs which become downregulated in the mouse as DN ensues.  This, 

coupled with the lower standard RNA requirement for the newer NEBNext kits, 

was justification enough to outsource further sequencing attempts to the WGP.  

 

Based on previous FACS sort counts and extrapolation of RNA yielded from 

column-based extraction of cultured podocytes, a single mouse was expected to 

achieve sufficient RNA to perform both miRNA and whole transcriptome 

sequencing (1 mouse  5000 podocytes  250 ng RNA, total RNA requirement 

for miRNA and RNAseq using NEB = 100 ng + 2 pg).  

 

Podocytes were sorted into GFP+++ and GFP-ve fractions using the previously 

optimised gating strategy, which resulted in lower than expected counts of 1659 

and 57,191 cells respectively (Figure 4.10A).  RNA was extracted according to 

miRnEasy protocol and analysed using the Agilent bioanalyser (Figure 5.10B). 

The low GFP+ve cell count equated to low yield RNA (200 pg/l) of marginally 

sub-optimal quality (RIN 6.8) (RIN>7 recommended for downstream 

sequencing).  The larger GFP-ve cellular fraction yielded favorable quality and 

quantity of RNA (RIN 8.8, 1368 pg/l,), however the intended combined miRseq 

and RNAseq of the samples was ultimately limited by the low RNA yield of the 

GFP+ve fraction. It was therefore decided to perform RNAseq only (2 pg RNA 

input versus 100 ng for miRseq) with the rationale that mRNA readouts would 

verify FACS sort purity of the GFP+ve fraction.   
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Figure	 5.10A.	 (Abbreviated)	 FACS	 sort	 of	 GFP‐labelled	 podocytes	 from	 NPHS2	

mCherry/EGFP+/‐	reporter	mouse.	 Glomeruli from n=1 mouse sorted.  P3 represents the 

gating of high intensity FITC fluorescence (blue) presumed to be “true” podocytes. P5 denotes 

non-fluorescing (GFP-ve) cells (orange). Purple cells of intermediate fluorescence intensity 

represent Glomerular endothelial cells which exhibit intrinsic autofluorescence (not collected). 

5.10B.	RNA	quality	bioanalyser	assessment. RNA extracted from the sorted GFP+ve and –ve 

fractions was assessed for quality and quantity using the Agilent Bioanalyser.  RIN= RNA 

integrity number. 
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Figure 5.11A demonstrates the enrichment of podocyte specific markers 

nephrin (25-fold), podocin (121-fold) and CD2AP (101-fold) in the GFP+ve 

fraction relative to the GFP-ve fraction, therefore supporting the podocyte 

purity observed previously using RT-qPCR of Cell-2-Ct lysates.  GEnC markers 

were not significantly enriched in the GFP-ve fractions (Figure 5.11B) which 

was an expected consequence of gating out the intermediate GFP+ve cells and 

electing only to collect the ‘true” positive and negative fractions (Figure 5.10A). 

The mesangial cell population was clearly captured in the GFP-ve fractions 

however, with enrichment of PDGFR  (38-fold), -SMA (20-fold) and 

fibronectin (16-fold) seen (5.11C).  
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Figure	5.11.	Glomerular	Cell	marker	expression	by	RNAseq	 in	 flow‐sorted	GFP‐labelled	

podocytes	 from	NPHS2	mCherry/EGFP+/‐	reporter	mouse.	RNA extracts from GFP+ve and 

GFP-ve cell sorted fractions were prepared using NEBNext® Small RNA sequencing kit and 

sequenced using Illumina HiSeq 4000.  Podocyte (A),	GEnC (B) and mesangial (C) cell specific 

markers shown. Normalised read counts used to calculate fold change relative to GFP-ve 

fraction (A) or GFP+ve fraction (B&C). N=1 mouse used.  CD2AP= CD2 associated protein, ICAM-

2= intracellular adhesion molecule 2, Plac8= Placenta associated-8, -SMA= smooth muscle 

actin. 
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5.3 Discussion 
 

The results reported in this section represent sequential approaches taken to 

optimise the isolation of a pure podocyte population for the intended purpose of 

downstream miRNA and whole transcriptome sequencing at progressive stages 

of DN development in a mouse.   

 

As the least abundant glomerular cell type, gaining sufficient podocyte numbers 

for analysis has traditionally necessitated the pooling of multiple mice (396, 

400). This was not possible due to the unpredictably protracted breeding 

program of the reporter and db/db mice. To date, there have been few 

successful breeding pairs that have produced notably small litters. The planned 

n of 3 samples at 3 separate time points, coupled with the expected mendelian 

frequency of only 1 in 8 mice of the required genotype (EGFP+/- db/db) was 

reliant on establishing a robustly productive breeding colony within the time 

constraints of this PhD. Nevertheless, this did not preclude efforts to optimise 

the isolation of podocytes using reporter mice only; with the intention of 

confirming purity of GFP-labelled podocyte sorts for future work in fulfilling 

this aim. 

 

5.3.1 Podocyte count variability 
 
The podocyte yield per FACS sort attempt was markedly variable and did not 

correlate with the number of mice pooled per sort. Consequently, attempts to 

calculate mean podocyte number and predict RNA yields by extrapolation of in	

vitro data proved inaccurate in assuming that a single reporter mouse would 

provide sufficient material for a trial of podocyte miRseq and RNAseq.  A 

number of possible explanations for the observed heterogeneity exist. Firstly, 

variable penetrance of the GFP gene and/or variable Cre activity in the reporter 

mice could impact FACS sort performance, which may, in turn, explain the wide 

range of expression fold changes seen in the podocyte cell markers over 3 

individual experiments (4-60 fold difference in nephrin expression between 

GFP+ve and –ve fractions).  The ongoing backcrossing of the db/db and reporter 

mice to a minimum number of ten generations would be expected to achieve 
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>99% penetrance of the phenotype and should therefore eliminate this 

potential source of FACS bias (401).  

 

Secondly, the technical complexity and duration of each experiment, which 

included an hour-long transport hiatus between Bristol and Cardiff sites at the 

glomerular isolation stage, may have led to variable degrees of podocyte loss. 

Whilst the proportions of live cells recorded by FACS appeared fairly consistent 

across sorts, because this was measured after exclusion of debris and doublets, 

it is likely that a varying number of dead podocytes contributed to these 

excluded cells/debris per experiment.  The one-step Cell-to-Ct method 

employed to process cells directly from sort was an appropriately useful means 

of minimising late-stage cell/RNA loss and permitting RT-qPCR determination 

of sort purity from scanty cell numbers, but with the caveat of producing lysates 

incompatible with downstream sequencing application.  

 

Finally, the most objectively evident variable was the quality of the glomerular 

isolations. Dynabead perfusion is a technically challenging procedure, requiring 

2 experienced operators.  Suboptimal perfusion of the renal circulation results 

in fewer glomeruli “seeded” with dynabeads, hence fewer glomeruli are 

magnetically separated out for processing. This was occasionally evident at a 

macroscopic level, with visibly less tissue aligning to the Eppendorf wall on 

application of the magnet. Size or sex of the mouse was not a determinant of 

ease of perfusion in these experiments (all reporter mice used were age 8-10 

weeks), however it is reasonable to anticipate that obese db/db mice with 

advanced diabetes may present a more technical challenge in future work (see 

below).   

 

5.3.2 Sequencing platform options  
 
At the time of investigating, the TruSeq smRNA library kit (Illumina) was the 

most established kit in use in our centre. During optimisation of the protocol to 

achieve comparable miRseq results using low input RNA, a newer NEB kit was 

released which permitted 1/10th of the recommended 1 g input of the Illumina 

kit, as standard. The rapid development in new sequencing technology has 

occurred in parallel with this PhD, and there are now a number of low input 
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miRseq kits available for use, summarised in Table 5.5.  Single cell sequencing 

(scSeq) of the glomeruli has also been recently reported as a means of analysing 

distinct glomerular cell populations (402-404), with the added dimension of 

investigating cellular transcriptomic heterogeneity within cells of the same 

lineage. Furthermore, many scSeq methods do not rely on the prior sorting of 

genetically/antibody-labelled cells by flow cytometry; instead, a single cell 

suspension of a heterogeneous tissue of interest (e. g glomerular cells) can be 

fed into a chip where individual cells are “captured’ and “barcoded” by uniquely 

labelled oligonucleotides which allow each cell to be identified and sequenced. 

Alas, currently available scSeq are incompatible with miRNA sequencing as the 

oligonucleotide “capture” is achieved via recognition of a polyA tail, which 

mature miR transcripts do not possess (405).  Additionally, scRNAseq data 

analysis uses validated mRNA markers of specific cell types (e.g. nephrin, 

PECAM-1) to determine cell populations. Whilst it is recognised that certain 

miRNAs are more abundant in specific tissue types, there is not yet the 

equivalent specificity to confidently delineate a podocyte from a mesangial cell 

based entirely on miRNA expression signature.   
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Table	5.5.	Comparison	of	commercially	available	small	RNA	sequencing	Library	Preparations	kits.

miRseq Kit  RNA 
input 

Pros  Cons 

TruSeq 
smRNA  
(Illumina) 

1μg in 
5μl 

• Most established kit 
• Lowering input to 10 ng did not affect number of reads classified as “too 

short”(406)  

• Strong sequence bias* (407) 
• Phusion Polymerase used for PCR is 

bias‐prone (408) 
• Adapter dimers** common (407) 

SMARTer 
smRNA‐
Seq kit 
(Clontech) 

1ng‐
2μg  in 
<6μl 

• Ligation‐free “tailing approach”‐ 3′ adapter added by polyadenylation, 5′ adapter 
added through reverse transcriptase template‐switching  

• Least sequence bias versus other kits (407) 
• Fastest work‐flow (up to gel stage) (409) 

• Adapter dimers common 
• Not exclude mRNA degradation 

(other kits require intact 5′ 
phosphate and 3′ OH groups for 
adapter ligation) = more reads 
discarded (409) 

• Requires gel separation step 

NextFlex 
smRNA‐seq 
kit 
(Bioo 
Scientific) 

1ng‐
2μg 
in  
10.5 μl 

• Uses degenerated, randomised adapters and PEG to reduce sequence bias 
• Few adapter dimers (Includes purification step to remove excess 3’ adapter)  
• Best miRNA detection rates (at highest RNA input) (406) 
• Gel‐free size selection 
• Option to complete entire workflow on one robotic platform 

• Lowest RNA range results in 
increased reads categorised as “too 
short” (406) 

NEBNext 
multiplex 
smRNA 
 (NEB) 

100ng‐
1ug 
in 

• Uses Polyethylene glycol (PEG) to increase ligation efficiency and reduce 
sequence bias 

• Minimal adapter dimers (407) 

• Lowest RNA range results in 
increased reads categorised as “too 
short” (406) 

• Requires gel separation step 
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Table	 5.5.	 Comparison	 of	 commercially	 available	 small	 RNA	 sequencing	 Library	

Preparation	kits. *Sequence bias refers to the phenomena of certain RNA sequence/structure 

resulting in the preferential ligation of smRNAs with a given adapter sequence.	Also known as 

“ligation bias”, many kits employ modifications to address this as shown, such as addition of 

polyethylene glycol (PEG) to improve ligation efficiency, addition of degenerated primers where 

the last four nucleotides at the ligation junction are randomised, or the avoidance of ligation at 

all. The SMARTER kit achieves this using a tailing approach, where 3ʹ end is polyadenylated 

followed by a reverse transcription (RT) reaction primed by an oligo dT primer that 

incorporates the 3ʹ adapter. The reverse transcriptase enzyme switches template upon reaching 

the end of each RNA template and utilises this SMARTer oligo as a secondary template to attach 

the 5ʹ adapter. **Adapter dimers may impede enrichment for miRNAs over other RNA species, 

thus decreasing the sequencing depth by reducing the number of usable reads. 
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5.3.3  Future Developments  
 
Despite the limitation in availability of the desired labelled db/db model, much 

has been learnt from the technical optimisation steps here reported. Whilst 

podocyte count was variable, purity of sort was consistent, and hence the 

foundations for future experiments using the latest extremely low RNA input 

sequencing kits have been well established. However, all experiments were 

performed using GFP-labelled wild type mice of otherwise normal phenotype 

and health, at approximately 8-10 weeks of age. Once crossed with the db/db 

model and sacrificed at the intended time points of 4, 8 and 12 weeks, 

additional technical hurdles may be anticipated, such as difficult glomerular 

perfusions in very young or overweight mice and reduced podocyte number in 

the 12 week diabetic animals.  Nevertheless, with latest sequencing library kits 

optimised for use with very limited numbers of cells and RNA, such hurdles 

should not be insurmountable. 

 
Future developments of a scSeq technique capable of simultaneously capturing 

miRNA and (cell-population discriminating) mRNA expression data may 

circumvent the need for a GFP-podocyte labelled mouse model, thus eliminating 

the dependence on what has proved to be a challenging breeding program. 

Comparatively, the db/db mice are reliable breeders and gaining sufficient 

mouse numbers to conduct scSeq should not present any logistical difficulty.  

 

Further attempts at performing miRNA and mRNAseq of podocytes from the 

diabetic mouse may, therefore, depend on which becomes available first: an 

established podocyte-labelled db/db mouse colony, or a scSeq kit capable of 

small RNA capture. 

 

5.3.4 Conclusion  
 

This chapter reports the optimisation of FACS sorting of enzymatically digested 

glomerular cells, and specifically, the appreciation of the existence of a discrete 

population of autofluorescing glomerular endothelial cells that must be 

excluded in order to isolate a pure podocyte fraction using this method.  The 
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disparity between podocyte yield and high RNA requirement of the Illumina 

TruSeq smRNA sequencing kit was successfully overcome using a hitherto 

undescribed protocol amendment which permitted a 80% decrease in RNA 

input without introduction of additional PCR bias (accepting a consequential 

loss in detection of very low abundance miRNAs). 

 

Ultimately, the breeding delays of the labelled db/db mouse, combined with 

sequencing efforts at a time that pre-dated the availability of ultra low RNA 

input sequencing kits, were limiting factors in achieving the intended aim of 

investigating podocyte-specific miRNA expression throughout DN development.  

The following chapter will focus on establishing the evolution of miRNA changes 

in DN at a whole glomerular level.  
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6 Whole Glomerular miR/RNA sequencing of db/db mouse 
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6.1 Introduction 
 
The glomerulus is a highly specialised bundle of capillaries supported by 

podocytes, mesangial and glomerular endothelial cells. The dynamic responses 

required to maintain constant rates of filtration necessitate intact cell-cell 

communication and feedback pathways. Recently, it has been suggested that 

miRNAs are key coordinators of this glomerular crosstalk (410) . My research 

hypothesis is focused on the significance of podocyte insulin resistance as a 

primary insult in DN, which initiates pathophysiological changes in podocytes, 

as well as other glomerular cells. MicroRNAs are well documented as signal 

transducers in cell-cell communication, with elegant data describing their 

intercellular transport via exosomes, microvesicles and lipoproteins in 

numerous different organs (411-414).  

 

In appreciation of this complex network of miRNA-mediated glomerular 

crosstalk, it was my intention to investigate and compare the whole glomerular 

miRNA profile of the db/db mouse in parallel with podocyte-specific sequencing 

from the same mouse model. Whilst it was not possible to perform podocyte 

sequencing as originally intended, whole glomerular isolations from db/db mice 

proved to be of excellent quality. The comparative availability of the 

(unlabelled) db/db model, and the superior RNA yield extracted from bulk 

glomerular tissue, permitted investigation of both miRNA and mRNA changes 

during the development of DN. The following chapter details the analysis of 

these results, and how they correlate both to mouse phenotype and to the 

miRNA signature of insulin-resistant podocytes in	vitro, as reported in Chapter 

3.  
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6.1.1 Chapter Aims 
 

1. Determine: 

a. glomerular microRNA changes and 

b. glomerular mRNA changes in the db/db DBA/2J model during the 

development of DN 

2. Investigate evidence of miR-directed target mRNA changes in the 

glomeruli of the db/db DBA/2J model 

3. Determine extent of crossover between insulin-resistant podocyte and 

db/db glomerular miRNA profiles. 
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4.  

6.2 Results 

6.2.1 Whole Glomerular MicroRNA Sequencing Results 

6.2.1.1 Quality Control  
 
Glomeruli were isolated as previously described, and RNA extracted directly 

using the miRnEasy kit. RNA quality and quantity assessment is shown in Figure 

6.1. Suggested thresholds of sample quality for downstream sequencing 

experiments are RIN >7 for mRNAseq, although values >6 have been reported as 

acceptable for miRseq (415, 416). As discussed previously, ease of dynabead 

perfusion was the biggest determinant of successful glomerular extraction, and 

hence RNA yield. This is reflected in the lower yields in the smallest animals at 4 

weeks of age (Table 6.1). One animal (sample b) was particularly small with few 

glomeruli obtained, leading to low RNA yield (18ng/ul) and suboptimal RIN 

value (6.5). The sample was processed as planned, with a view to potentially 

excluding this result if it proved to be a significant outlier post analysis (which it 

was not). Despite the variation of total RNA extracted from the animals, the 

combined requirement of 105 ng input (100 ng for miRseq + 5 ng for RNAseq) 

was achieved for all samples, where 1 sample is representative of glomerular 

material from a single mouse.  

 

Db and WT littermate pairs were sex-matched where possible, and this was 

achieved for 7/9 mice pairs (Table 6.1). However, a sex discrepancy exists 

between experimental time points, with the 4-week pairs being exclusively 

male, 8-week pairs predominantly female (5/6 mice) and the 12-week pairs 

predominantly male (5/6). Animals were collected in db and WT littermate 

pairs, in no particular age order, over a period of 8 months.  

 

Table 6.1 summarises the raw data from the miRseq analysis.  A read depth of 1-

2 million reads is recognised as gold standard for differential expression 

profiling of miRNAs (5-8M reads is recommended for discovery profiling (416))  

This was achieved in all samples, and >80% of all reads were successfully 

mapped to the genome, further validating the quality of the sequencing run.  
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Figure	6.1	Assessment	of	RNA	sample	quality	prior	 to	miR‐	and	mRNAseq.	Agilent 2100 

Bioanalyser was used to assess RNA integrity of all samples prior to sequencing. (A) Capillary 

electrophoresis of 6 samples (7 to I shown for brevity). (B) Ladder. (C) Independent 

electrograms of each sample, where samples were paired as db/db and WT littermate control 

with diabetic animals represented by numbers 1-9 and paired WT control represented as 

corresponding letters A-I. Samples 1A-3C are 4-week old mice, 4D-6F are 8-week old mice and 

7G-9I are 12-week old mice. 
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Table	6.1	 Summary	of	 raw	miRseq	data	 from	whole	 glomeruli	 in	db/db	 and	WT	mice.	

Samples were paired as db/db and WT littermate control with diabetic animals represented by 

IDs s1-9 and paired WT control labelled as corresponding letters sA-I, n=3 pairs per time point. 

Sequencing read depth of >2 million reads was achieved for all samples, with minimal loss 

following trimming of adapter primers (identified as an absence of sequence between adapter 

primers), denoted above as “No. reads post trim (%)”.  Mapped reads refer to those sequences 

that were matched to known miRNAs in the miRbase and ENSEMBL database, and should 

approximate 80-90% as standard. 

	

ID Sample 
Description 

Sex miRNA  
ng/ul 

RIN No. 
reads 

No.reads post 
trim (%) 

Mapped 
reads (%) 

s1 db 4 week M 74 8.5 11750681 99.44 86.93 

sa WT 4 week M 50 8.9 6580264 99.79 87.72 

s2 db 4 week M 66 8.4 5066171 99.55 87.26 

sb WT 4 week M 18 6.5 5293512 99.45 80.67 

s3 db 4 week M 90 8.9 3409617 99.46 87.72 

sc WT 4 week M 30 7.4 10485760 99.55 87.15 

s4 db 8 week F 212 9.8 3402426 99.72 94.06 

sd WT 8 week M 64 9 7518254 99.75 93.43 

s5 db 8 week F 48 8.4 7460579 99.65 92.35 

se WT 8 week F 50 8.8 10705925 99.63 93.40 

s6 db 8 week F 134 8.9 11746635 99.46 90.67 

sf WT 8 week F 404 9.9 8418869 99.64 95.28 

s7 db 12 week M 74 9.6 10787367 99.77 95.39 

sg WT 12 week F 122 9.7 10840337 99.66 91.27 

s8 db 12 week M 206 9.6 12075417 99.77 92.30 

sh WT 12 week M 62 8.9 11259814 99.65 88.85 

s9 db 12 week M 142 9.2 11875151 99.71 90.51 

si WT 12 week M 68 8 9479719 99.75 86.59 
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6.2.1.2 MiRNAs are differentially expressed in whole glomerular tissue from 
db/db mouse model 

 
A Principal Component Analysis of the miRseq data is presented in Figure 6.2. 

From this plot, it can be appreciated that age of the mice is an important 

determinant of miRNA expression, and this effect is most pronounced in the 4- 

and 8-week time points where the db and WT samples cluster closely together. 

Sample separation between db and WT groups is, however, observed by 12 

weeks, by which time the db mice have been exposed to hyperglycaemia for at 

least 4 weeks duration (394). 

 

More detailed analysis of miRNA expression per time point revealed that, 

interestingly, whilst miRNAs were differentially expressed at 4- and 12-weeks, 

no significant miRNA changes were detected between db and WT in the 8-week 

old (predominantly female) animals. Figure 6.3 shows the volcano plots derived 

from this data, and the numbers of miRNAs differentially expressed by 

unadjusted and adjusted p value (where adjusted p-value refers to statistical 

correction for multiple testing, which may result in over-stringent rejection of 

significant results in large datasets, see discussion).  The volcano plots are also 

skewed towards upregulation of miRNAs, with an absence of significantly 

downregulated miRNAs at weeks 4 and 12.   
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Figure	 6.2	 Principal	 Component	 analysis	 of	microRNA	 expression	 in	whole	 glomeruli	

from	db/db	 and	WT	mice.	 Samples were paired as db/db and WT littermate control with 

diabetic animals labelled numerically and paired WT controls labelled as corresponding letters, 

n=3 pairs per time point, where s1-3 and a-c represent 4-week old animals, s4-6 and d-f 

represent 8-week old animals and s7-9 and g-I represent 12-week old animals.  PCA plot 

derived using all significantly differentially expressed miRNAs across all time points. 
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B.  

 

 

Upregulated in db/db mice Downregulated in db/db mice 
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C. 

 
	

Figure	6.3	Volcano	Plot	analysis	of	microRNA	expression	in	db/db	whole	glomeruli.		Plots 

depict the relationship between the –log10 of the p-values and the log2 fold change in miRNA 

expression between db/db and WT samples (miRNAs at the upper and outer aspects of the “V”-

plot are the most significantly up-and downregulated miRNAs in the diabetic animals, compared 

to WT controls).  Horizontal dissecting line of significance set at p=0.05 (unadjusted). Size and 

colour intensity of dot indicative of log2 fold change range (e.g pink= 1.5-2 fold increase, deep 

red = 2-4 fold increase). Numbers of differentially expressed miRNAs by adjusted and 

unadjusted p-value as shown. (A) 4 weeks (B) 8 weeks (C) 12 weeks. 

Upregulated in db/db mice Downregulated in db/db mice 
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Figure 6.4 displays the heat maps of the top 50 differentially expressed miRNAs 

at 4 and 12 weeks, clustered by miRNAs (rows) and samples (columns). At each 

time point, a single sample appears to be the main determinant of differential 

expression; db1 at 4 weeks and db7 at 12 weeks. Hierarchical clustering 

analysis was unable to group samples exactly by diabetes and WT, with a 

consistent degree of overlap at both time points.  

 



 205 

 

 

 

 

A



 206 

 

Figure	 6.4	 Heat	 map	 visualisation	

differentially	 expressed	 glomerular	

miRNAs	in	db/db	mouse. Unsupervised 

Hierarchical Clustering of samples 

(columns) and miRNAs (rows) 

performed on top 50 differentially 

expressed miRNAs at each time point 

(sorted by unadjusted p-value).  Z-score 

transformation of normalised read 

counts performed (subtract mean row 

count and divide by row standard 

deviation) and score set as -3 to 3, where 

red= high miRNA expression and blue 

=low miRNA expression, relative to 

expression across all samples in that row.  

(A) 4 weeks (B) 12 weeks. 

B 
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6.2.1.3 Pathway enrichment: miRNA expression changes are established early in 
DN development 

 

Pathway Enrichment analysis was performed using Ingenuity Pathway Analysis 

(IPA). Only the 4- and 12-week data were compared in the analysis, owing to the 

absence of differentially expressed miRNAs at the 8-week time point. Figure 6.5 

depicts a comparison analysis of “toxic functions” predicted to be influenced at 

4 and 12 weeks. MiRNAs associated with class II lupus nephritis were chiefly 

enriched in both datasets. Other toxic functions of relevance included 

inflammatory pathologies (hepatitis) and fibrosis (cirrhosis, heart fibrosis).  

Toxic enrichment profiles were generally very similar at both time points. 

 

 

 

 

Figure	 6.5.	 Comparison	 analysis	 of	 miRNA	 enrichment	 in	 toxic	 biological	 functions.	

Analysis performed on all differentially expressed miRNAs at 4- and 12-week time points in 

whole glomeruli from db and WT mice, n=3 per group, per time point. Log of the (unadjusted) p-

value used in analysis, performed using Ingenuity Pathway Analysis software.  
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Biological pathways were refined to those with direct relevance in the mouse 

model, with an attempt to correlate miRNA changes to known phenotypic traits 

(Figure 6.6). At 4 weeks, the miRNA signature could already be clearly mapped 

to pathways of inflammation, nephritis, diabetes and fibrosis despite being 

phenotypically indistinguishable from the WT mice at this time point. At 12 

weeks, a few additional miRNAs were implicated in each of the listed 

pathological pathways, except fibrosis (27 miRNAs at 4 weeks, 24 miRNAs at 12 

weeks). 

 
Figure	 6.6.	 Biological	 pathway	 enrichment	 analysis	 of	 miRseq	 from	 db/db	 whole	

glomeruli. Analysis performed on all differentially expressed miRNAs at 4- and 12-week time 

points in whole glomeruli from db and WT mice, n=3 per group, per time point. Pathways 

filtered for relevant correlation with the phenotypic characteristics of the mouse, as shown. P 

value (Fisher’s exact test) represents likelihood of miRNA involvement in named pathway. 

Number of differentially expressed miRNAs per pathway as shown. All analyses performed 

using Ingenuity Pathway Analysis.  

Biological 
Process 

Age 
(wk) 

p value  No . of  
miRNAs 

Inflammation 4 3.87E-19 46 

12 2.6E-19 52 

Nephritis 4 1.91E-19 17 

12 1.02E-20 19 

Diabetes 4 2.78E-12 38 

12 5.98E-11 41 

Fibrosis 4 5.82E-13 27 

12 1.47E-08 24 

12 weeks 
 

4 weeks 
 

8 weeks 
 

Insulin  
Resistance 

Normal  +  +++ 

ACR 25x >50x  

Histology Glomerulosclerosis 
Thickened GBM 
Collagen (IV)  
deposition 

Mesangial 
hypercellularity 

 Glomerular hypertrophy 
podocyte loss 

Normal 

Normal 
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The miRNA expression findings at 4 weeks were explored further using a 

network analysis. The top dysregulated network, “organismal injury and 

abnormality” is displayed in Figure 6.7, and demonstrates prediction of early 

miR-interactions with key insulin-signalling molecules such as p38 MAPK, Akt, 

and insulin itself.  The inflammatory signal identified at the 4-week time point is 

predominantly driven by the NFB and Jnk pathways, whilst the detected 

enrichment in fibrosis pathways may be dominated by the indirect targeting of 

Smad2/3 by miR-181a and miR-17. The bi-directional interplay between 

differentially expressed miRNAs and VEGF is particularly noteworthy in 

glomerular tissue, given the importance of podocyte-secreted VEGF in 

maintenance the glomerular filtration barrier (see discussion). 

 

 

 

 

Figure	6.7.	Top	miRNA‐	directed	gene	networks:	4	weeks.	Ingenuity Pathway Analysis was 

used to predict gene networks dysregulated by the differentially expressed miRNAs in db/db 

glomerular tissue at 4 weeks.  Solid line indicates direct interaction, dotted line represents 

indirect interaction. Intensity of miRNA colour representative of degree of upregulation in the 

dataset. Jnk= c-Jun N-terminal kinase, Vegf= vascular endothelial growth factor, NFB= Nuclear 

factor kappa light-chain-enhancer of activated B cells. 
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6.2.1.4 Comparison of whole glomerular miRseq and insulin‐resistant podocyte 
microarray 

 
Significantly differentially expressed miRNAs from the in	 vitro model of 

podocyte insulin resistance (Chapter 3) were overlaid with differentially 

expressed glomerular miRNAs at the 4- and 12-week time points (Figure 6.8).  

The largest degree of miRNA signature overlap was seen between glomerular 

miRNAs at 4 and 12 weeks (44.6%). 232 out of 291 (80%) of all glomerular 

miRNAs upregulated at 4 weeks were also significantly upregulated at 12 

weeks. 38 miRNAs (7.3%) were commonly dysregulated in the insulin-resistant 

podocytes and in diabetic glomeruli at 4 weeks, rising to 44 miRNAs (8.5%) at 

12 weeks.  30 miRNAs (5.8%) were differentially expressed compared to wild 

type in all 3 models.  

 
Figure	6.8 Commonly	differentially	expressed	microRNAs	in	insulin‐resistant	podocytes	

in	 vitro	 and	 db/db	 glomeruli	 in	 vivo.	 Venn diagram of 107 significantly differentially 

expressed miRNAs from microarray profiling of an in	vitro model of podocyte insulin resistance, 

overlaid with 291 significantly differentially expressed miRNAs in db/db whole glomeruli in	

vivo at 4 weeks and 407 miRNAs at 12 weeks (unadjusted p-value).  
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The 30 miRNAs commonly differentially expressed at 4 and 12 weeks in the 

glomerular tissue and in insulin-resistant podocytes were further analysed for 

gene enrichment in biological pathways. Figure 6.9 demonstrates a clear pattern 

of renal injury and inflammation, with cirrhotic/fibrotic pathways in other 

organs also significantly associated with this miRNA signature.  These 30 

commonly dysregulated miRNAs are listed in Figure 6.10, shown subdivided by 

existing literature base knowledge for their involvement in DN, fibrosis and 

renal cell carcinoma (RCC).  

 

 
Figure	 6.9	Biological	Pathway	 enrichment	 analysis	 of	miRNAs	 commonly	differentially	

expressed	in	glomerular	and	podocyte	models	of	insulin	resistance.	 MicroRNAs commonly 

identified as differentially expressed at 4 and 12 weeks in the db/db mouse glomeruli and in the 

in	 vitro	 insulin-resistant podocyte model were analysed for pathway enrichment using 

Ingenuity Pathway analysis software. p=0.05 threshold annotated as vertical orange line.   
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Figure	 6.10.	 Commonly	 differentially	 expressed	 microRNAs	 in	 db/db	 glomeruli	 and	

insulin‐resistant	podocytes.	30 miRNAs were identified as being commonly dysregulated in 

whole glomerular tissue extracted from db/db mouse at 4 and 12 weeks (determined by 

miRseq), and in podocytes rendered insulin resistant in	 vitro	 (determined by microarray).  

These are shown subdivided into: miRNAs implicated in diabetic nephropathy (DN) 

pathogenesis (248, 417-422), miRNAs implicated in fibrosis (246, 423-428) and miRNAs 

implicated in Renal Cell Carcinoma (RCC) as oncogenes (429-432), tumour suppressors (348, 

433, 434) and as biomarkers (435-437). 
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Data for the 6 candidate miRNAs identified from the insulin-resistant podocyte 

microarray analysis were extracted from the miRseq results to examine trends 

in their expression levels in whole glomeruli (Figure 6.11).  Of the three 

upregulated miRNA candidates identified in the podocyte model, miR-155 and 

miR-146a were upregulated at the 4 week time point in whole glomeruli 

relative to WT controls, (2.29-fold, p=0.008 and 2.96-fold, p=0.004, 

respectively) and miR-222 was upregulated at 12 weeks (2.27-fold, p=0.006). 

Notably, as seen in the microarray data, miR-155 and miR-146a showed a 

congruent pattern of upregulation at both time points, however, the total read 

counts for these miRNA were not comparable: mean read count of miR-146a at 

4-weeks being 11,639 and mean read count for miR-155 at equivalent time 

point only 39. Due to the aforementioned bias towards upregulation of 

differentially expressed miRNAs in the glomerular data, it could not be possible 

to recapitulate the downregulation of the 3 miRNA candidates seen in the 

insulin-resistant podocyte model. Interestingly, all 3 miRNAs were, in fact, 

significantly upregulated at both time points (12 weeks > than 4 weeks).   
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Figure	 6.11. Glomerular	 expression	 (db/db)	 of	 selected	 miRNAs	 shown	 to	 be	

dysregulated	 in	 podocyte	 insulin	 resistance.	 	 Normalised read counts for the 3 up- and 

downregulated miRNA candidates identified from previous microarray profiling of insulin 

resistant podocytes in	vitro were extracted from bulk sequencing data from whole glomeruli in 

db/db mouse and WT controls.  4- and 12-week time points represented only (few significant 

differences in miRNAs at 8 week time point). Mean +/- SD of normalised read counts across n=3 

samples per group, per time point. P value (unadjusted) extracted from DEseq results.  * p<0.05; 

**, p<0.01; ***, p<0.005; ****p<0.001. 
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6.2.2 Whole Glomerular RNA sequencing results 

6.2.2.1 Quality control 
 
Parallel RNAseq was performed for all samples. Table 6.2 outlines the technical 

specifications of the sequencing run. Minimum recommended sequencing depth 

for detection of differential gene expression of 10-25 million reads was achieved 

in all but one sample (sample i). Other quality control parameters in RNAseq 

data include percentage mapping to the Forward or Reverse strand, which is 

expected to approximate 50:50 under normal conditions but may be biased 

towards the forward strand if there is heavy mitochondrial or ribosomal RNA 

representation in the sample. A couple of samples showed skewing towards 

forward strand mapping (65% in sc and s4) but this was considered to be 

within acceptable limits. 
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Table	6.2	Summary	of	 raw	RNAseq	data	 from	whole	glomeruli	 in	db/db	and	WT	mice.	

Samples were paired as db/db and WT littermate control with diabetic animals represented by 

IDs s1-9 and paired WT control labelled as corresponding letters sA-I, n=3 pairs per time point. 

Sequencing read depth of minimum 10 Million was achieved in all samples except sample (i). 

Minimal loss seen following trimming of adapter primers (identified as an absence of sequence 

between adapter primers), denoted above as “no. reads post trim (%)”.  Mapped reads refer to 

those sequences that were matched to known genes in the ENSEMBL database.  F =forward, 

R=reverse strand.  

 
 
 
 
 
 

ID Sample 
Description 

Sex RNA  
ng/ul 

RIN No. 
reads 

No.reads 
post trim (%) 

Mapped 
reads (%) 

F strand 
mapping(

%) 

R strand 
mapping 

(%) 

s1 db 4 week M 74 8.5 32088153 96.38 85.80 55.49 44.51 

sa WT 4 week M 50 8.9 27263816 96.02 86.20 55.12 44.89 

s2 db 4 week M 66 8.4 28253672 94.90 87.63 53.83 46.17 

sb WT 4 week M 18 6.5 29953215 95.91 86.58 54.86 45.14 

s3 db 4 week M 90 8.9 12627956 94.32 79.27 57.98 42.02 

sc WT 4 week M 30 7.4 27132419 97.00 67.10 65.41 34.59 

s4 db 8 week F 212 9.8 16708942 96.97 67.69 65.10 34.90 

sd WT 8 week M 64 9 31527841 96.97 79.88 58.81 41.19 

s5 db 8 week F 48 8.4 27656970 96.21 71.29 56.34 43.66 

se WT 8 week F 50 8.8 27117891 96.58 74.26 61.55 38.45 

s6 db 8 week F 134 8.9 22344540 96.38 82.90 56.99 43.01 

sf WT 8 week F 404 9.9 21603021 96.02 85.58 55.43 44.57 

s7 db 12 week M 74 9.6 13083460 93.36 83.46 55.31 44.69 

sg WT 12 week F 122 9.7 19052527 94.14 81.04 56.96 43.04 

s8 db 12 week M 206 9.6 27793914 95.01 83.81 55.89 44.11 

sh WT 12 week M 62 8.9 13150250 93.84 82.34 56.13 43.87 

s9 db 12 week M 142 9.2 12798980 95.59 80.29 58.00 42.00 

si WT 12 week M 68 8 6732195 94.20 85.68 54.52 45.48 
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6.2.2.2  MRNAs are differentially expressed in whole glomerular tissue from 
db/db mouse model 

 
Principal component analysis (Figure 6.12) shows clustering of all 6 samples at 

the 4-week time point, which dissipates by 8 weeks. By 12 weeks, samples are 

clearly separated into diabetic and WT groups, with tight clustering observed 

within each group, suggesting less intra-group heterogeneity than was seen in 

the equivalent miRseq analysis. 

 

The volcano plots generated from the RNAseq data (Figure 6.13) demonstrate a 

more even distribution of differentially expressed genes with no evidence of the 

upregulation bias observed in the miRseq data. As could be predicted from the 

PCA plot, no significant differences in gene expression between the db and WT 

animals were detected at 4 weeks, and only 13 and 16 genes were differentially 

expressed at 8 and 12 weeks respectively (calculated using adjusted-value). The 

magnitude of the fold change in differentially expressed genes was notably 

greater at 12 weeks, as demonstrated by the x-axis scale in Figure 6.13C.  
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Figure	6.12	Principal	Component	analysis	of	mRNA	expression	 in	whole	glomeruli	 from	

db/db	and	WT	mice.	Samples were paired as db/db and WT littermate control with diabetic 

animals labelled numerically and paired WT controls labelled as corresponding letters, n=3 

pairs per time point, where s1-3 and a-c represent 4-week old animals, s4-6 and d-f represent 8- 

week old animals and s7-9 and g-I represent 12-week old animals.  PCA plot derived using all 

significantly differentially expressed mRNAs across all time points. 
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A.  

 

 

Upregulated in db/db mice Downregulated in db/db mice 
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B.  

 

Upregulated in db/db mice Downregulated in db/db mice 
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C.  

 

 

Figure	6.13	Volcano	Plot	analysis	of	mRNA	expression	 in	db/db	whole	glomeruli.	 	Plots 

depict the relationship between the –log10 of the p-values and the log2 fold change in mRNA 

expression between db/db and WT samples (genes at the upper and outer aspects of the “V”-

plot are the most significantly up-and downregulated genes in the diabetic animals,  compared 

to  WT controls).  Horizontal dissecting line of significance set at p=0.05 (unadjusted). Numbers 

of differentially expressed mRNAs by adjusted and unadjusted p-value as shown. (A) 4 weeks 

(B) 8 weeks (C) 12 weeks.	

Upregulated in db/db mice Downregulated in db/db mice 
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Heat maps of the RNAseq data is shown in Figure 6.14. Compared to miRNA 

expression in these samples, hierarchical clustering more reliably distinguishes 

the db/db samples from the WT controls, with far less heterogeneity seen in the 

3 animals per group, consistent with the findings from the PCA plot. 

 
 

 

A B 
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C 
Figure	 6.14	 Heat	 map	 visualisation	

differentially	 expressed	 genes	 in	

glomerular	 tissue	 from	db/db	mouse. 

Unsupervised Hierarchical Clustering of 

samples (columns) and genes (rows) 

performed on top 50 differentially 

expressed genes at each time point 

(sorted by unadjusted p-value).  Z-score 

transformation of normalised read 

counts performed (subtract mean row 

count and divide by row standard 

deviation) and score set as -1 to 1, where 

red = high expression and blue = low 

expression, relative to expression across 

all samples.  (A) 4 weeks (B) 8 weeks (C) 

12 weeks. 
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6.2.2.3 Pathway enrichment: RNAseq results   
 
IPA was used to interrogate RNAseq data as for miRseq data, above.  Figure 6.15 

shows the comparison analysis of canonical pathways implicated at each time-

point. At 8-weeks of age, activated pathways include those associated with 

oxidative stress, cell cycle regulation and inflammation. By 12 weeks, the 

predominant picture is de-activation in a number of important pathways within 

the insulin-signalling cascade, such as insulin receptor, IGF-1 and mTOR 

signalling.  In comparison to the miRseq findings, there is a more notable 

increase in the number of differentially expressed genes involved in diabetic 

pathways as diabetes duration increases (Figure 6.16), with the exception of 

renal fibrosis genes which are more numerous at the 8-week time point at the 

mRNA level. 

 



 225 

 
 

 

 

Figure	 6.15.	 Comparison	 analysis	 of	 canonical	 pathways	 regulated	 by	 mRNAs	

differentially	 expressed	 in	 db/db	 mouse. Analysis generated using Ingenuity pathway 

analysis, on all significant mRNAs (unadjusted p<0.05) at 4, 8 and 12 weeks of age. Z-score 

shown, where blue represents pathway inactivation and orange represents pathway activation. 

N=3 samples per group (db and WT) per time point. 
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Figure	 6.16.	 Biological	 pathway	 enrichment	 analysis	 of	 RNAseq	 from	 db/db	 whole	

glomeruli. Analysis performed on all differentially expressed mRNAs at 4-, 8- and 12-week time 

points in whole glomeruli from db and WT mice, n=3 per group, per time point. Pathways 

filtered for relevant correlation with the phenotypic characteristics of the mouse, as shown. P 

value (Fisher’s exact test) represents likelihood of involvement in named pathway; number of 

genes refers to number of mRNAs in the dataset present in that pathway. All analyses performed 

using Ingenuity Pathway Analysis.  

Age 
(wk) 

Biological function/Toxicity 
Function 

P value  No . of  
genes 

Metabolic Disease 1.31E-03 14 

4 Inflammatory Response 3.78E-03 13 

Renal Damage 1.19E-02 7 

Metabolic Disease 6.59E-11 150 

8 Inflammatory Response 1.24E-07 166 

Renal Damage 2.59E-02 25 

Renal Fibrosis 7.13E-04 13 

Metabolic Disease 4.63E-22 166 

12 Inflammatory Response 1.37E-09 221 

Renal Damage 3.75E-13 37 

Renal Fibrosis 2.63E-03  9 

12 weeks 
 

4 weeks 
 

8 weeks 
 

Insulin  
Resistance 

Normal  +  +++ 

ACR 25x >50x  

Histology Glomerulosclerosis 
Thickened GBM 
Collagen (IV)  
deposition 

Mesangial 
hypercellularity 

 Glomerular hypertrophy 
podocyte loss 

Normal 

Normal 
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6.2.3 Whole glomerular miR‐mRNA target prediction analysis 
 
Parallel miRseq and RNAseq of glomerular samples enabled the analysis of 

possible miR-mRNA relationships during DN progression.  

 

Firstly, I tested the hypothesis that the upregulation bias observed in the 

miRseq data at 4 and 12 weeks was a result of differential expression of 

common upstream miRNA-regulatory genes, which would therefore exert a 

global effect on miRNA transcription. To investigate this, genes associated with 

miR processing were extracted from the RNAseq data, as shown in Table 6.3. No 

significant expression differences were, however, observed at any time point. 

 

 
	

Table	6.3	Expression	 of	miRNA‐processing	 genes	 in	RNAseq	of	db/db	 glomeruli.	Genes 

implicated in global miRNA maturation were extracted from the glomerular RNAseq dataset 

(n=3 db/db and WT mice at 4, 8 and 12 weeks) to investigate potential impact on miRNA 

transcription. Fpkm= fragments per kilobase million, DgCr8= diGeorge syndrome critical region 

8, Xpo5= exportin 5, Ago1/2= Argonaute protein. 

Gene 
 
 

Age 
(wk) 

 

Mean fpkm 
Wt             db 

 

p value 
(adj) 

 

log2FC 
 
 

Drosha 
4 11.470 11.564 1.000 0.013 
8 11.420 10.268 0.885 -0.149 
12 12.816 11.637 1.000 -0.142 

Dicer1 
4 11.651 11.896 1.000 0.026 
8 11.791 10.075 0.903 -0.220 
12 11.733 12.664 1.000 0.111 

Dgcr8 
4 9.768 10.705 1.000 0.126 
8 9.778 9.621 0.995 -0.013 
12 9.429 9.400 1.000 0.006 

Xpo5 
4 12.644 13.230 1.000 0.060 
8 11.886 10.848 0.973 -0.118 
12 11.993 12.650 1.000 0.086 

Ago1 
4 8.739 9.164 1.000 0.066 
8 8.471 7.587 0.927 -0.153 
12 9.995 9.909 1.000 -0.026 

Ago2 
4 11.440 11.254 1.000 -0.025 
8 9.993 9.141 0.971 -0.123 
12 11.323 12.412 1.000 0.132 
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Secondly, based on the finding of significant upregulation of miR-155 in the 

glomerular tissue at 4 weeks, I extracted the expression data for the previously 

highlighted miR-155 targets: CSF1R, RhoA and PIK3R1. Although 

downregulated in the insulin-resistant podocyte model (Bristol RNAseq data) 

and/or following miR-155 overexpression (miRVana mimic), these targets were 

not differentially expressed in the glomerular samples (Table 6.4).  

 

 

 

 

 

Table	 6.4.	 Expression	 of	 previously	 investigated	miR‐155	mRNA	 targets	 in	 RNAseq	 of	

db/db	glomeruli.	CSF1R= colony stimulating factor 1 receptor, PIK3R1= Phosphoinositide-3-

Kinase Regulatory Subunit 1, RhoA = Ras Homolog family member A. 

Gene Age Log2FC 
 

p‐value 

CSF1R 4 weeks ‐0.18 0.55 

12 weeks ‐0.45 0.15 

PIK3R1 4 weeks 0.33 0.31 

12 weeks 0.65 0.15 

RhoA 4 weeks 0.38 0.20 

12 weeks 0.45 0.16 
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Finally, parallel miR-mRNA target prediction analysis of the 4 and 12-week 

glomerular data was performed. Figure 6.17 shows the flow chart of analysis 

filters employed to determine the direct miR-mRNA interactions with greatest 

potential significance in the mouse model. 5 miRNAs, targeting 7 mRNAs, were 

identified at the 4-week time point, with roles in oxidative stress pathways and 

transduction of intracellular cell signalling pathways mediated by cAMP and ILK 

(Figure 6.17A). Notably, the upregulated miR-155-5p was paired with 3 

downregulated mRNA targets in the glomerular dataset, including periplakin 

(PPL), coding for a structural cytoskeletal protein that interacts with Akt1. 

 

At 12-weeks, a greater number of miR-mRNA target interactions were predicted 

(22 miRNAs targeting 20 mRNAs), as depicted in Figure 6.17B. Canonical 

pathways of significance were overlaid with this dataset, as shown. The 

dominance of oxidative stress signals continues at 12 weeks, with involvement 

in mitochondrial dysfunction and eNOS signalling pathways highlighted. 

Cytoskeletal regulation is also a common theme, with Rho-family GTPase 

signalling implicated in this gene set. With respect to 12-week old mouse 

phenotype, the involvement of IGF-1 signalling and pro-fibrotic hepatocyte 

growth factor (HGF) signalling is of potential relevance in this insulin-resistant, 

glomerulosclerotic animal.  
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Figure	 6.17A.	 miR‐mRNA	 target	 interaction	 analysis:	 4	 weeks.	 Differentially expressed 

miRNAs and mRNAs in db/db mice glomeruli at 4 weeks (unadjusted p<0.05) were compared 

using Ingenuity Pathway Analysis (IPA) for evidence of target pair interaction. Target pairs 

were refined using filters for experimentally validated targets only, followed by reciprocal 

expression in miRNA and mRNA pairs (to reflect miRNA induced target repression). Final 

miRNA and mRNA pairs, and implicated pathways, shown in the table. ARL10= ADP 

Ribosylation Factor Like GTPase 10, BMP= bone morphogenetic protein, DSP=desmoplakin, 

GSTM4= glutathione S-transferase M4, HTR1B= 5-Hydroxytrptamine receptor 1B, ILK= integrin-

linked kinase, NRF2= Nuclear factor erythroid-2 related factor 2, PITX2= paired like 

homeodomain 2, PPL= periplakin, TACSTD2= Tumor Associated Calcium Signal Transducer 2.  
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Figure	 6.17B.	miR‐mRNA	 target	 interaction	 analysis:	 12	weeks.	 Differentially expressed 

miRNAs and mRNAs in db/db mice glomeruli at 12 weeks were compared using Ingenuity 

pathway analysis for evidence of target pair interaction. Target pairs were refined using filters 

for experimentally validated targets only, followed by reciprocal expression in miRNA and 

mRNA pairs. Final miRNA and mRNA pairs, and implicated canonical pathways displayed. 

AQP4= aquaporin 4, ATP11A= ATPase phospholipid transporting 11A, CDCP1= CUB domain 

containing protein 1, Ces1= carboxylesterase 1, DHFR= dihydrofolate reductase, FADS2= fatty 

acid desaturase 2, IKZF4= Ikaros Family Zinc Finger 4, KIT= KIT proto-oncogene, LDLR= low 

density lipoprotein receptor, IGF-1= Insulin-like growth factor-1, MEP1A= Meprin A, MET= MET 

proto-oncogene, ODC1= ornithine decarboxylase 1, RELN= Reelin, SLC1A4= solute carrier family 

1 member 4, SNCA= synuclein alpha, STMN1= Stathmin1, SCD= Stearoyl-coA Desaturase, 

TRPS1= transcriptional repressor GATA binding 1,  HGF=  hepatocyte growth factor, eNOS=  

endothelial nitric oxide synthetase..  
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6.3 Discussion 

6.3.1 Considerations of the db/db model for whole glomerular sequencing 
 
The db/db DBA/2J mouse was selected based on the robust development of 

albuminuria that was positively correlated with the development of systemic 

insulin resistance and glomerulosclerosis score (394). The albuminuric 

tendency of the db/db mouse was inferred to be indicative of podocyte 

pathology, and hence an ideal model for the intended investigation of podocyte-

specific miRNA evolution during DN development. Time points of 4-, 8- and 12-

weeks were selected to address the hypothesis that aberrant miRNA expression 

disrupts podocyte insulin signalling, and that resultant podocyte insulin 

resistance in early diabetic kidney disease initiates pathophysiological 

mechanisms that drive the DN phenotype. The clinical implications of detecting 

such a premature critical insult include the potential for miRNA therapeutic 

targeting and new miRNA biomarker development in DN.  

 

However, at the whole glomerular level, there were surprisingly few miRNA and 

mRNA changes at the selected time points, with no discernable differences at 8 

weeks in the miRNA data and no differences at 4 weeks in the RNA data, by 

adjusted p-value. Whilst this may reflect immaturity of the diabetic model, it 

may also be an artifact of multiple testing over a large number of genes 

(>34,000 in RNAseq), thereby resulting in over-stringent rejection of 

differentially expressed genes above =0.05. Using only the small number of 

differentially expressed genes generated by “adjusted” analyses greatly limited 

the potential of bioinformatically-generated predictions (particularly for 

miRNAs, where there is already a relative paucity of literacy information 

available). Unadjusted p-values were therefore used in all IPA analyses, 

accepting that this may increase the potential for false positive predictions and 

statistical “noise” which is inherent in most exploratory profiling experiments, 

such as this.  

 

Statistical limitations notwithstanding, the similarity of RNAseq results from the 

4-week old db/db and WT mice could be anticipated; the mice are just weaned 

at 4 weeks and may not have had sufficient stimulus to acquire the 



 233 

transcriptional changes associated with diabetes/insulin resistance. Yet, there 

was clear evidence of miRNA expression change at 4 weeks, with enrichment in 

pathways that might be associated with a much later stage of disease, such as 

fibrosis. It is possible, therefore, that miRNA regulatory changes are a primary 

event in initiating DN, activated long before the mouse displays phenotypic 

characteristics of diabetes. This finding supports the hypothesis that early 

miRNA changes at a podocyte level may be dictating insulin responses.  	

 

Despite the 4-week findings, intriguingly, minimal miRNA changes were 

observed at the 8-week time point. This could be attributed to the sex-

discrepancy of the mice pairs, where all 8-week old mice were female in 

contrast to the male predominance at 4 and 12 weeks. Female db/db mice, 

although more obese, exhibit an overall milder diabetic phenotype than males 

(438), who are less tolerant of hyperglycaemia and rapidly develop 

insulinopenia and weight loss by 10 weeks of age (394). However, whole 

transcriptomic changes in these female mice were evident by RNAseq at the 8-

week time point. Given the regulatory nature of miRNA action, it seems unlikely 

that sex of the mouse could explain absence of changes in miRNAs, but not 

mRNAs, at the same time point. It is possible that the miRNA changes seen are 

representative of homeostatic fluctuation around a set point, and that by 

chance, the miRNA profiles captured at 8 weeks reflects a point of oscillation in 

miRNA expression from one state to another, resulting in miRNA profiles 

indistinguishable from the WT controls.  However, by 12 weeks, the 

(predominantly male) mice demonstrated the greatest degree of differential 

gene expression, with 80% of upregulated miRNAs identified at the 4-week time 

point also significantly elevated in this data. The 50% overlap in differential 

miRNA signature at 4 and 12 weeks explains the similarity in IPA comparison 

analysis of toxic functions and the surprisingly small number of additional 

miRNAs recruited to pathways of inflammation and diabetes at 12, compared to 

4 weeks, diabetes duration.  

 

RNAseq data demonstrated greater homogeneity in the WT and db/db sample 

groups, as shown by clearer heat map clustering of groups at all time points, 

compared to the miRseq data. RNAseq also showed the expected correlation 
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between duration of diabetes and number of differentially expressed genes. 

Furthermore, the dysregulated genes showed increasing recruitment to IPA 

pathways of direct relevance in the model, such as inflammatory response and 

renal damage. Interestingly, fibrosis pathways were most prominent at 8 weeks, 

suggesting, as seen for miRNA data, that these pathways are transcriptionally 

activated at a very premature stage in DN development, but the consequences of 

this at the protein level are not evident by histological examination until 12-16 

weeks of age.  

 

The activation of oxidative stress response and mitochondrial dysfunction 

pathways in both RNAseq results and in miR-mRNA target interaction analyses 

is particularly interesting. Other groups who have performed RNAseq on 

glomeruli of diabetic mice also report enrichment in these pathways, but at a 

single time point in mice of greater diabetic vintage (minimum 16 weeks of age) 

(396, 439). The impact of hyperglycaemia-induced mitochondrial oxidative 

stress has been proposed as a “unifying hypothesis” in the pathogenesis of 

microvascular complications of diabetes, including DN (440) although the lack 

of  significant benefits in anti-oxidant based trials has prompted alternative 

theories that a “physiological level’ of mitochondrial superoxide production is 

renoprotective (441).  It is therefore possible that the early activation of such 

pathways in my model is representative of a “first defence” to newly developed 

hyperglycaemia.  

 

6.3.2 Conclusions of comparisons of whole glomerular db/db miRseq and 

(insulin resistant) podocyte array 

 
Comparison of the differentially expressed miRNAs identified in the insulin-

resistant podocyte model and those identified at 4 and 12 weeks in the db/db 

glomeruli were poorly concordant (7.3% and 8.5%, respectively). However, two 

of the upregulated miRNA candidates from the podocyte array, miR-155 and 

miR-146a, exhibited the same congruent elevation in the 4-week glomeruli 

(although repression of previously highlighted miR-155 targets CSF1R, PIK3R1 

and RhoA was not observed). It is possible that the elevated miR-155 detected 

in the glomerular samples may be of podocyte origin; especially given the 
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generally low read counts (mean normalised read count 39), which might be 

expected if only being expressed in a lowly abundant glomerular cell type. On 

the contrary, the high number of reads detected for miR-146a (mean 

normalised read count 11,639) suggests a more abundant, or collective cellular 

source for this miRNA, making it impossible to tease out the contribution of 

podocyte-specific expression. Fu et	 al reported their comparison of whole 

glomeruli and isolated podocyte mRNA profiles from the streptozotocin-

induced diabetic mouse at 18 weeks of age. Using podocyte-specific mRNA 

markers, they compared the podocyte representation in bulk glomerular tissue 

to the profile obtained from sorted podocytes and found that podocyte-specific 

alterations in actin-cytoskeletal genes were effectively masked in whole 

glomerular data (396). It is likely, therefore, that the same is true for the 

miRseq/array results reported here, therefore explaining the low degree of 

overlap in differentially expressed miRNAs in my podocyte and glomerular 

models. The small subgroup of 30 genes that were commonly dysregulated 

across the models did, however, map unequivocally to glomerular injury, driven 

by the IPA knowledge bias towards well-established profibrotic miRNAs, such 

as the miR-21 family, and those involved in renal cell carcinoma.  

 

There were, however, a few findings that could be attributed to podocyte signal 

within the bulk data: in addition to the aforementioned miR-155 overexpression 

at low total read counts, the 4 week miRNA network analysis highlighted VEGF 

as a focus molecule. VEGF-A is released by the podocyte in response to insulin 

(155) and exerts tight regulatory control of the glomerular endothelium in a 

paracrine fashion, where too much or too little may be deleterious in causing 

endotheliosis (swelling) or apoptosis, respectively (442). In insulin resistance, 

VEGF-A production is suppressed, and has therefore been hypothesised to 

contribute to the mechanism of glomerulosclerosis observed in podocyte-

specific insulin receptor KO mouse models (155). In the 4-week glomerular 

data, upregulation of miR-150-5p was predicted to target VEGF (which was 

indeed downregulated in the mRNA data, but did not meet fold change cut-off in 

the paired miR-mRNA analysis). Chen et	al report that miR-150-5p inactivates 

VEGFA/VEGFR2 and the downstream Akt/mTOR signalling pathway in 

colorectal cancer cells, acting as a tumour suppressor in this context (443). In 
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my model, it is possible that the insulin-mediated release of VEGF is regulated 

by miRNAs, which would be compatible with a molecule known to require 

homeostatic regulation to maintain a narrow therapeutic window of beneficial 

effect. 

 

MiR-mRNA paired interaction analysis also identified a number of cytoskeletal-

associated targets suggestive of podocyte origin, such as cytolinker proteins 

desmoplakin (DPL) and periplakin (PPL), and microtubule regulator protein 

stathmin (STMN1). Furthermore, in the 4-week dataset, original podocyte array 

candidate miR-155 was predicted to directly repress periplakin, an Akt-binding 

protein shown to provide a localisation signal for Akt, and enhance Akt 

phosphorylation in endometrial cells (444, 445). PPL has been identified as an 

intermediate filament binder in rat glomerular tissue, although disease-related 

roles have not been described in renal cells, specifically (446). MiR-155 

mediated loss of PPL may be significant in causing disruption to podocyte 

cytoskeletal structure and/or signal transduction function, by disabling the 

shuttle of Akt to its target substrate within cells. This mechanism has not been 

explored in the context of insulin signalling, to date. 

 

The most likely interpretation is that the miRNA signal detected in whole 

glomerular tissue represents a composite of the diabetic signature from many 

different cell types, all of which are contributing to variable degrees that cannot 

be tangibly extracted from this sequencing approach.  As discussed in the 

previous chapter, single cell sequencing may provide an answer, but the 

technology is not yet advanced enough to capture small RNAs. An alterative, 

interim approach might be to culture a panel of different glomerular cells in the 

diabetogenic medium in	vitro and assess expression levels of the interesting 

miR and mRNA targets to determine whether the signal is consistent with, for 

example, a mesangial cell response to diabetes.  

 

6.3.3 Conclusion 
	

In conclusion, whilst the proportion of differentially expressed genes detected 

in glomeruli from this young db/db mouse model are relatively small, I have 
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demonstrated that transcriptional miRNA changes associated with the diabetic 

phenotype are detectable from as early as 4 weeks of age; 2-4 weeks prior to the 

onset of demonstrable hyperglycaemia and insulin resistance. Reciprocally 

expressed miR-mRNA target pairs associated with oxidative stress and 

mitochondrial dysfunction are also evident at stages earlier than previously 

reported.  Whilst there was a low overlap in miRNA expression signature of 

insulin resistant podocytes and bulk glomerular tissue, detectable cytoskeletal 

gene dysregulation highlights the possibility that podocyte signal may not be 

completely overwhelmed in glomerular data at this early time point.  The 

findings therefore support the hypothesis that miRNAs, and specifically miR-

155, are dysregulated early in DN, and that the subsequent disruption of 

homeostatic regulation may be most immediately observed in the dynamic 

podocyte, the deleterious effects of which may be transmitted to other cells via 

the mechanisms of glomerular cross-talk.  
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7 General Discussion 
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The research hypothesis addressed in this thesis was devised based on the 

knowledge that both podocyte insulin sensitivity and intact miRNA function are 

critical to normal kidney health, but little is known about the relationship 

between them. MiRNAs regulate insulin responses in other tissues, and 

manipulation of aberrantly expressed miRNAs has been demonstrated to 

restore insulin sensitivity in animal models (447). Podocyte dysfunction and 

loss is one of the earliest pathophysiological events in the development of DN, 

and is predictive of disease progression (134). It was therefore prudent to 

explore the role that miRNAs play in the development of podocyte insulin 

resistance, as this may be an initiating trigger in the development of DN. Given 

the ongoing development of miRNAs as therapeutic agents, a miR-based 

podocyte insulin-sensitiser may have significant translational potential in the 

clinical field. 

 

The work presented in the first part of this thesis clearly demonstrates the 

unique microRNA signature of an in	vitro insulin-resistant podocyte model.	The 

multi-stimuli approach used to render podocytes insulin resistant recapitulates 

the in	vivo diabetic milieu more truthfully than many other in	vitro diabetic 

models that have used hyperglycaemia alone to incite miRNA changes. The 

microarray profile reported herein reflects an appreciation that miRNAs 

frequently operate in complex regulatory networks in health and disease. The 

consequences of dysregulation of numerous miRNAs, simultaneously induced 

by different environmental stresses, may be key to understanding the diverse 

and heterogeneous pathophysiological processes that lead to DN. 

However, it is also known that a single miRNA may represent a critical switch in 

a pathway, such as the miR-122 dependent replication of the hepatitis C virus, 

which has become the flagship miRNA for therapeutic translation in the 

(ongoing) clinical trials of anti-miR-122 agent, Miravirsen. In this work, I chose 

to focus on miR-155-5p, which I found to be significantly elevated in insulin-

resistant podocytes and in the urine of patients with diabetic kidney disease. 

Furthermore, urinary miR-155 was able to discriminate between diabetic 

patients with and without DKD. Podocyturia is frequently reported in DN where 
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urinary podocyte-associated mRNA correlates with podocyte damage and 

reduced eGFR (144) and can additionally predate albuminuria in preeclampsia 

(448). The precise origin of the urinary miR-155 cannot be deciphered from the 

work reported in this thesis, but release from injured podocytes is a plausible 

explanation. This finding highlighted the potential significance of miR-155 as a 

biomarker in DN, and strengthened the rationale for a more detailed 

mechanistic focus on this miRNA  

By manipulating miR-155 in	vitro, I have shown that overexpression (OE) leads 

to a reduction in phosphorylation of Akt, a key node in proximal insulin 

signalling. Downstream uptake of glucose was subsequently abrogated in miR-

155 OE podocytes. This work therefore provides clear evidence of a miR-155-

directed mechanism of podocyte insulin resistance. 

I further investigated the putative targets of miR-155, and confirmed that 

enforced OE of miR-155 resulted in repression of two important targets: 

PIK3R1 and CSF1R. As the chief regulatory subunit of PI3K, PIK3R1 (p85) can 

exert both positive and negative regulatory effects on PI3K signalling (378-380). 

This may be dependent on the interaction of its constituent subunits, or may 

even be cell specific, as exemplified by the podocyte-specific importance of the 

Akt2 isoform in actioning crucial cytoskeletal responses to PI3K signalling 

(159). In addition to PI3K/Akt-mediated glucose effects, PIK3R1 plays a critical 

role in protecting podocytes from hyperglycaemia-induced ER stress. This is 

achieved via activation of the unfolded protein response (UPR) to mop up 

misfolded proteins that would otherwise trigger podocyte apoptosis (157). ER 

stress evidently contributes to DN pathogenesis and progression, and it is 

notable that several factors associated with podocyte insulin resistance can 

induce ER stress, including hyperglycaemia and free fatty acids (449). CSF1R, a 

tyrosine kinase receptor previously linked to inflammation-mediated insulin 

resistance in obesity, (385) can activate PI3K signalling via its specific 

interaction with PIK3R1 (365). Based on these findings, and the miR-155 

induced mechanism of insulin resistance I have uncovered, I hypothesise a 

compound effect of miR-155 targeting where proximal insulin signalling is 

attenuated via direct targeting of PIK3R1, and indirect targeting via CSF1R, 

resulting in diminished PI3K/Akt signalling and subsequent abrogation of 
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glucose uptake in response to insulin. As a proximal target in a multi-

transduction signalling cascade, miR-155 regulation may additionally 

contribute to other key phenotypic developments in the diabetic podocyte, such 

as the aforementioned response to ER stress (see future work).  

 

The second half of this research thesis aimed to investigate the microRNA 

expression of podocytes and whole glomeruli under diabetic conditions in	vivo.	 

I hypothesised that podocyte miRNA dysregulation occurs early in the 

development of DN, and drives podocyte insulin resistance, resulting in the 

early podocyte damage that is the harbinger of further glomerular injury in DN.  

To address this hypothesis, I intended to chart the evolution of miRNA change in 

podocytes extracted from the perfused glomeruli of a live mouse model as it 

develops DN in “real time”. An unforeseen inability to breed sufficient numbers 

of podocyte-specific, GFP-labelled db/db mice to meet the RNA requirements of 

currently available miRseq kits has been a major limitation in addressing this 

research aim. The advances in sequencing technology that have been made 

during the time course of this PhD has brought us right to the cusp of being able 

to perform miRseq on small numbers of cells separated from bulk 

heterogeneous tissue (such as glomerular tissue), using single cell sequencing 

techniques. Given the unambiguously distinct miRNA profiles of insulin-

resistant podocytes that I have demonstrated, pursuing the completion of this 

work using a novel sequencing technique is highly justifiable (see future work 

below).  

 

However, bulk glomerular sequencing did confirm that miRNAs become 

dysregulated as early as 4 weeks in the db/db mouse, with differentially 

expressed miRNAs associated with pathways of established diabetes, such as 

inflammation and fibrosis. This is highly supportive of miRNA dysregulation 

being an initiating trigger in DN pathogenesis. To my knowledge, glomerular 

miRseq profiles have not previously been obtained from diabetic mice this 

young, nor have repeated measures been compared over a 12-week period, as 

was performed in this work, therefore these findings are both novel and 

noteworthy. Parallel miR- and mRNA-seq of glomerular tissue highlighted 

miRNA target interactions of relevance in oxidative stress and mitochondrial 
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dysfunction, which may be consistent with the theory of “mitochondrial 

hormeosis” i.e. may be an early adaptive response in DN that later becomes 

detrimental (441). Given the growing association between podocyte insulin 

resistance and disruptions in mitochondrial function, the miR-mRNA 

interactions unveiled in this work may hold significance as biomarkers of an 

early pathophysiological adaptation in DN that could be predictive of disease 

progression. 

 

MiR-155 was significantly elevated in the db/db whole glomeruli at 4 weeks of 

age, although repression of targets PIK3R1 or CSF1R could not be detected in 

bulk RNAseq. Paired miR-mRNA analysis did, however, identify an interesting 

interaction between miR-155 and validated target periplakin (PPL), a 

cytoskeletal linker protein known to bind to, and provide a localisation signal 

for Akt (444).  A glomerular role for PPL has not previously been reported, but 

its known involvement in cytoskeletal regulation and signal transduction (450) 

may be of significant relevance in podocyte insulin signalling in early DN. 

Indeed, RNAseq data from the in	vitro podocyte model (kindly provided by Dr 

Mark Graham, Bristol PhD student) demonstrated both significant upregulation 

of miR-155 host gene and corresponding down-regulation of PPL in insulin-

resistant podocytes. 

 

In summary, using a combination of microarray and next generation sequencing 

approaches in representative in	 vitro and in vivo	 models of DN, I have 

demonstrated that miRNA expression is significantly altered very early in 

disease, and that miR-155 may effect podocyte insulin resistance via a number 

of prominent mRNA targets involved in modulating the PI3K/Akt pathway 

and/or influencing the cytoskeletal response to insulin. The most promising 

direct targets of miR-155 identified in this thesis are summarised in Figure 7.1 

Further work is indicated to fully characterise the mechanistic roles of these 

miR-mRNA interactions in podocyte insulin signalling, as detailed below.  
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Figure	7.1.	Proposed	miR‐155	directed	mechanisms	of	podocyte	insulin	resistance.	Colony 

stimulating factor-1 receptor (CSF1R), Phosphoinositide-3-Kinase Regulatory Subunit 1 

(PIK3R1 or p85) and periplakin (PPL) are identified as miR-155 targets of greatest relevance 

in effecting podocyte insulin signalling. MiR-155 repression of these targets is hypothesised to 

result in loss of downstream Akt activation and subsequent glucose uptake. Repression of 

periplakin may result in disturbed cytoskeletal regulation, which may additionally impact the 

uptake of glucose.  Loss of p85 has previously been shown to disrupt the unfolded protein 

response via an interaction with spliced X-box binding protein-1 (sXBP1), leading to increased 

podocyte ER stress and apoptosis (157).  

	

7.1 Future Work 
 

Confirmation of miR-155 targeting of the key mRNA targets identified in this 

thesis may be achieved using luciferase reporter assays, and represents the next 

logical step in furthering this work.  This will be followed by in	vitro	siRNA 

knockdown of the mRNA targets themselves, to confirm target-mediated effects 

on podocyte insulin responses.   

 



 244 

As noted, miR-155-induced disruptions at the PI3K/Akt signalling node may 

affect other important downstream pathways not investigated in this work. 

Examples of downstream effects that could be further explored include changes 

in protein synthesis and autophagy pathways mediated via mTOR and divergent 

cell cycle kinetics via FOXO signalling. It would also be interesting to investigate 

whether the compromise of the unfolded protein response demonstrated by 

Madhusudhan et	al	could be recapitulated by miR-155-induced repression of 

p85, thus representing a further dysregulated pathway that may contribute to 

the podocytopathy of DN.  

 

A “proof of concept” experiment might involve the development of a podocyte-

specific, miR-155 inducible mouse model.  The ability to switch miR-155 on and 

off could be used to determine whether podocyte-specific miR-155 knockout 

could prevent the development of DN. MiR-155 antagomiRs may also be used to 

achieve this in vivo, however podocyte-specific targeting would be difficult 

using this technique.  

 

Completion of the podocyte miR-and RNAseq from the db/db mouse model will 

be performed as soon as one of two limiting factors has been addressed: either 

there are sufficient numbers of (validated and characterised) GFP-labelled 

db/db mice to proceed with the miR/RNAseq methods used here, or a single cell 

sequencing (scSeq) kit capable of miRNA capture becomes available, thereby 

negating the need for complex labelled mouse models. In recent months, Wang 

et	 al have reported progress towards achieving simultaneous miR-and 

mRNAseq from a single cell using human erythroleukaemia and breast cancer 

cell lines by adopting a “half-cell” genomics approach.  They divided single cell 

lysate material and performed RNAseq using the low input SMARTer library kit, 

whilst a bespoke adapter ligation method was used to amplify miRNAs (209). A 

number of technical limitations were noted by the authors, not least the “low 

throughput” nature of the technique, however it is clear that technology is 

heading in the right direction. The ability to perform scSeq on whole glomerular 

tissue would additionally permit simultaneous miRNA profiling of other 

glomerular cells from the db/db mouse. This data could then be correlated with 

the urinary miRNA profiling data used in this work to inform on the likely 
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cellular origins of the urinary miRNAs detected in DKD patients (including miR-

155).  

7.2 Conclusion  
 
DN is a complex, heterogeneous disease that presents multiple challenges not 

only in devising efficacious treatments, but also in predicting those patients at 

greatest risk of developing DN. From the results of this work, I can conclude that 

insulin resistance in podocytes is associated with a unique microRNA signature, 

and that glomerular miRNAs are dysregulated very early in the development of 

DN in	 vivo, and may therefore play crucial roles in initiating DN 

pathophysiology. MiR-155-5p is identified as a key miRNA capable of inducing 

podocyte insulin resistance in	vitro and identifying diabetic patients with DKD 

by urinary expression. The potential impact of these findings include translation 

into new urinary biomarkers to risk stratify diabetic patients, and the 

development of novel therapeutic agents to protect podocytes from becoming 

insulin resistant, which may be a key causal element in the progression of DN.  
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Effective diabetic kidney disease (DKD) biomarkers remain elusive, and urinary miRNAs represent a
potential source of novel noninvasive disease sentinels. We profiled 754 miRNAs in pooled urine
samples from DKD patients (n Z 20), detecting significantly increased miR-126, miR-155, and miR-29b
compared with controls (n Z 20). These results were confirmed in an independent cohort of 89 DKD
patients, 62 diabetic patients without DKD, and 41 controls: miR-126 (2.8-fold increase; P < 0.0001),
miR-155 (1.8-fold increase; P < 0.001), and miR-29b (4.6-fold increase; P Z 0.024). Combined
receiver operating characteristic curve analysis resulted in an area under the curve of 0.8. A relative
quantification threshold equivalent to 80% sensitivity for each miRNA gave a positive signal for 48% of
DKD patients compared with 3.6% of diabetic patients without DKD. Laser-capture microdissection of
renal biopsy specimens, followed by quantitative RT-PCR, detected miR-155 in glomeruli and proximal
and distal tubules, whereas miR-126 and miR-29b were most abundant in glomerular extracts. Subse-
quent experiments showed miR-126 and miR-29b enrichment in glomerular endothelial cells (GEnCs)
compared with podocytes, proximal tubular epithelial cells, and fibroblasts. Significantly increased miR-
126 and miR-29b were detected in GEnC conditioned medium in response to tumor necrosis factor-a and
transforming growth factor-b1, respectively. Our data reveal an altered urinary miRNA profile associated
with DKD and link these variations to miRNA release from GEnCs. (Am J Pathol 2018, 188: 1982e1992;
https://doi.org/10.1016/j.ajpath.2018.06.006)
Recent estimates suggest that 1 in 12 of the global
population experiences diabetes mellitus, and approxi-
mately 40% of those affected will go on to develop
diabetic kidney disease (DKD).1 DKD is the leading
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Urinary miRNAs in Diabetic Nephropathy
Hyperglycemia results in numerous deleterious conse-
quences, including up-regulated cytokine synthesis, renin-
angiotensin system activation, generation of advanced
glycation end products and reactive oxygen species, and
increased protein kinase C activity.4,5 Nitric oxide and NF-
kB pathwayedriven loss of endothelial and vascular mod-
ulation have been implicated in insulin resistance, and early
DKD may be associated with insulin signaling defects
specific to the podocyte.6 These insults result in loss of
glomerular filtration rate and ultimately renal failure from
mesangial hyperexpansion, nodular glomerulosclerosis, and
tubulointerstitial fibrosis.7

Detection of urinary microalbuminuria currently forms
the basis of DKD progression monitoring, varying from
normal mean albuminuria values of approximately 10 mg/day
to a diagnosis of microalbuminuria at 30 to 300 mg/day
and macroalbuminuria >300 mg/day.8 Prognosis is
complicated, because not all microalbuminuric patients
progress to overt nephropathy. Several novel biomarkers
have been assessed for utility in DKD, but none are being
used as routine clinical markers, and they may lack
specificity and sensitivity to predict individual DKD pa-
tient outcomes. In light of the above, novel markers that
can discriminate etiology, progression, and/or response to
treatment remain highly desirable.

miRNAs are ubiquitously expressed short noncoding
RNAs that regulate the expression of most protein coding
genes in the human genome, and detection of miR-192,
miR-194, miR-215, miR-216, miR-146a, miR-204, and
miR-886 is elevated in the kidney.9 Urinary miRNAs
represent a highly promising novel source of noninvasive
biomarkers that are stabilized via argonaute 2 protein/
Table 1 Demographic and Clinical Parameters of Patients Recruited fr

Feature

Patien

Diabet

Male sex, n (%) 37 (58
Nonwhite, n (%) 13 (21
Age in years, means � SD 52 �
eGFR, mL/minute per 1.73 m2

Means � SD 78 �
Median (IQR) 84 (72

CKD stage, n (%)
No CKD/CKD G1 (eGFR � 90 mL/minute per 1.73 m2) 23 (37
CKD G2 (eGFR Z 60e89 mL/minute per 1.73 m2) 32 (52
CKD G3 (eGFR Z 30e59 mL/minute per 1.73 m2) 5 (8)
CKD G4 (eGFR Z 15e29 mL/minute per 1.73 m2) 2 (3)
CKD G5 (eGFR < 15 mL/minute per 1.73 m2) 0

ACR, n (%)*
A1: normal-high normal (ACR < 3 mg/mmol) 54 (87
A2: moderately increased (ACR Z 3e30 mg/mmol) 8 (12
A3: severely increased (ACR > 30 mg/mmol) 0 (0)

The two UK centers were as follows: Wales Kidney Research Tissue Bank, Car
mingham, Renal Impairment in Secondary Care Study Cohort).
*ACR group cutoffs and nomenclature derived from Kidney Disease: Improving
ACR, albumin/creatinine ratio; CKD, chronic kidney disease; DKD, diabetic kidney d
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exosome association and are rapidly and precisely detected
by quantitative RT-PCR (RT-qPCR).10

Reports have suggested a role for miRNAs in the pa-
thology of DKD,11,12 including previous work from this
laboratory showing decreased miR-192 in biopsy specimens
from late-stage DKD patients with diminished renal func-
tion.13 However, comparatively little is known about the
abundance of urinary miRNAs in DKD patients.

We hypothesized that alterations in urinary miRNA pro-
files would be associated with DKD. Candidate DKD
biomarkers were identified by comparing miRNA profiles
in urine samples from a patient discovery cohort with those
from unaffected controls. Selected candidates were then
measured in a larger independent cohort. Subsequently,
laser-capture microdissection (LCM) of renal biopsy speci-
mens and in vitro cell culture were used to investigate the
sources of our candidate urinary miRNA DKD biomarkers
with respect to nephron domain and cell type.
Materials and Methods

Study Participants

DKD was defined in accordance with the National Kidney
Foundation Kidney Disease Outcomes Quality Initiative
Clinical Practice Guidelines and Clinical Practice Recom-
mendations for Diabetes and Chronic Kidney Disease
(CKD).14 Accordingly, CKD should be attributable to dia-
betes in the presence of macroalbuminuria (in the absence of
urinary infection), in the presence of microalbuminuria with
concomitant diabetic retinopathy, or in type 1 diabetes of at
least 10 years’ duration.14 The initial profiling study cohort
om Two Centers

ts (n Z 151)

ic (n Z 62) DKD (n Z 89) Controls (n Z 41)

) 55 (62) 18 (44)
) 33 (37)
16.1 62 � 13.6 55 � 15.4

16.3 30 � 20.9
e90) 22 (17e38)

) 2 (2)
) 10 (11)

17 (19)
45 (51)
15 (17)

.1) 15 (16.9)

.9) 25 (28.1)
49 (55.0)

diff (University Hospital Wales) and Birmingham (University Hospital Bir-

Global Outcomes 2012 recommendations.14

isease; eGFR, estimated glomerular filtration rate; IQR, interquartile range.
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of 20 DKD patients and 20 healthy controls was obtained
from the Wales Kidney Research Tissue Bank, University
Hospital of Wales (Cardiff, UK). The DKD group was
predominantly male (85%), and their mean age was 72 years
(SD, �8.7 years). DKD patients were CKD stage 3 to 5
(predialysis), with a mean estimated glomerular filtration rate
(eGFR) of 29 mL/minute per 1.73 m2 (SD, �8.5 mL/minute
per 1.73 m2) and a mean urinary albumin/creatinine ratio
(ACR) of 13.5 mg/mmol (SD, �14.5 mg/mmol). The control
group (n Z 20) in the profiling cohort was 50% male, and
their mean age was 47 years (SD, �11.0 years); they had no
microalbuminuria (ACR, <3 mg/mmol). For further details
on ACR categories, see Table 1.

The confirmation cohort was drawn from two secondary
care facilities: the Wales Kidney Research Tissue Bank (as
above) and the Renal Impairment in Secondary Care study,
University Hospital of Birmingham (Birmingham, UK).15

Eighty-nine patients with DKD, including three patients
with type 1 diabetes, and 41 healthy controls were recruited
across the two sites. An additional control group of 62
diabetic patients without DKD were recruited from Cardiff,
including 17 patients with type 1 diabetes. Ethical approval
was granted by the Wales Kidney Research Tissue Bank
Governance Committee and the South Birmingham Local
Research Ethics Committee, respectively.

Patient demographics and clinical parameters are shown in
Table 1. All patients were recruited from specialist
nephrology and diabetes care services at the two sites during
the period spanning autumn 2010 to autumn 2013. DKD
patients from the Renal Impairment in Secondary Care study
cohort were predominantly advanced nephropaths, as per
Renal Impairment in Secondary Care protocol inclusion
criteria: briefly, patients with CKD stages 4 to 5 (predialysis)
or CKD stage 3 and accelerated progression and/or protein-
uria, as defined by the UK National Institute for Health and
Care Excellence 2008 CKD guideline for secondary care
review. The diabetic patient control group all had a diagnosis
of diabetes by standard American Diabetes Association
criteria,16 but without evidence of DKD (ie, not fulfilling the
Kidney Disease Outcomes Quality Initiative criteria).

At the initial clinic visit, renal function was recorded
using eGFR, calculated using the modification of diet in
renal disease equation.17 Urine samples were aliquoted for
ACR assessment and for RNA extraction (see below). ACR
cutoffs for disease severity were defined as per Kidney
Disease: Improving Global Outcomes 2012 guidelines.18

Urine Collection, RNA Isolation, and RT-qPCR Analysis

Urine samples were collected, and RNA extraction from 350
mL of urine, generation of cDNA from equal volumes of
RNA extracts, and RT-qPCR were then performed, as
described in detail elsewhere.10 TaqMan assays (Thermo
Fisher Scientific, Paisley, UK) used in this study were as
follows: hsa-miR-29b-3p (identification number 000413),
hsa-miR-126-3p (identification number 002228), hsa-miR-
1984
155-5p (identification number 002623), and hsa-miR-191-
5p (identification number 002299). Relative quantities
were calculated using the 2�DDCt method, and miRNA
expression was normalized to hsa-miR-191-5p.10

miRNA Profiling by TaqManArray Human MicroRNA
Cards

Urinary miRNAs were reverse transcribed using the
Megaplex Primer Pools (Human Pools A version 2.1 and B
version 3.0; Thermo Fisher Scientific) with a predefined
pool of 381 reverse transcription primers for each Megaplex
Primer Pool. A fixed volume of 3 mL of RNA solution was
used as input in each reverse transcription reaction, and
reverse transcription reactions were performed according to
the manufacturer’s recommendations. Reverse transcription
reaction products were amplified using Megaplex PreAmp
Primers (Primers A version 2.1 and B version 3.0; Thermo
Fisher Scientific), the samples were then diluted to a final
volume of 100 mL, and control subject and DKD patient
products were pooled as follows.
To exclude the possibility that sex, age, and eGFR status

had extreme effects on miRNA expression profiles, the
following pooling strategy was followed: control pool 1,
urine samples from 5 females of average age 44.8 years;
control pool 2, 5 females, with average age of 57.6 years;
control pool 3, 5 males, with average age of 35.2 years; and
control pool 4, 5 males, with average of 53.2 years. The
following patient pool (PPs) were used: PP1, urine samples
from five CKD3 patients with an eGFR between 43.3 and
36 mL/minute per 1.73 m2; PP2, five stage 3 patients, with
an eGFR from 35 to 31 mL/minute per 1.73 m2; PP3, five
stage 4/5 patients, with an eGFR from 27.3 to 23 mL/minute
per 1.73 m2; and PP4, five stage 4/5 patients, with eGFR
from 22 to 12.9 mL/minute per 1.73 m2.
TaqManArray Human MicroRNA Cards A version 2.1

and B version 3.0 (Thermo Fisher Scientific) were used to
quantify 754 human miRNAs. Each array included 377 test
miRNAs, three endogenous controls, and a negative control.
Quantitative PCR was performed on an Applied Biosystems
7900HT thermocycler (Thermo Fisher Scientific) using the
manufacturer’s recommended program.

LCM from Renal Biopsy Samples

Glomeruli and proximal tubular and distal tubular profiles
were microdissected from sections (6 mm thick) obtained
from five formalin-fixed, paraffin-embedded archived renal
biopsy samples from unaffected individuals using the
Arcturus Pixcell IIe infrared laser enabled LCM system
(Thermo Fisher Scientific).

Cell Culture

Human conditionally immortalized glomerular endothelial
cell (GEnC) and human podocyte cell lines were propagated
ajp.amjpathol.org - The American Journal of Pathology
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at 33�C, as described previously.19,20 After 5 (GEnC) and
14 (podocyte) days, cells were transferred to 37�C incuba-
tion to inactivate the SV40 T antigen and permit differen-
tiation, before experimental use. Where stated, GEnCs were
growth arrested for 24 hours and then treated with 10 ng/mL
tumor necrosis factor (TNF)-a or 1 ng/mL transforming
growth factor (TGF)-b1 at either 5 mmol/L normoglycemic
or 25 mmol/L hyperglycemic D-glucose concentrations for
24 hours. Proximal tubular epithelial cell line HK-221 and
fibroblast22 cultures were maintained as described else-
where. Cells and culture medium obtained from each well
were used for RNA extraction, as described above.

Statistical Analysis

miRNA profiling data were analyzed using Thermo Fisher
Scientific’s DataAssist Software version 3.01, NormFinder
Software version 0.953 (http://moma.dk/normfinder-
software, last accessed February 21, 2018), and GraphPad
Prism 6 version 6.0d (GraphPad Software, La Jolla, CA).
Pearson correlation coefficients were used to detect
clusters of similarity in miRNA threshold cycle values
between each pool group in patients and between each
pool group in controls. To identify a suitable reference
gene for the normalization of miRNA expression in this
study, the NormFinder algorithm was applied to the
expression data obtained from the Human TaqMan
miRNA Arrays. Analysis comparing miRNA levels
between subjects with DKD and controls was performed
using GraphPad Prism 6 version 6.0d. P < 0.05 was
considered statistically significant. miRNA profiling data
sets can be found in Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/geo; accession number GSE114477).

Results

Altered Urinary miRNA Detection in DKD Patients

To select candidate miRNAs that may act as DKD bio-
markers, data from unbiased expression profiling of 754
miRNAs in urine samples from 20 DKD patients and 20
unaffected controls were compared. Analyses were per-
formed on four patient and four control pools, each
composed of urine samples from five individuals, as rec-
ommended by Zhang and Gant.23 Samples were pooled
before profiling to minimize the contribution of subject-to-
subject variation and to make substantive features easier
to find, and thereby identify biomarkers common across
individuals.24 Previous analysis suggested that 40
individuals might optimally be pooled across eight arrays,23

which was our chosen pooling approach.
miRNAs for which statistically significant fold-change

increases were detected in patient urine compared with
control samples (12 data points) and the corresponding
down-regulated miRNAs (35 data points) are shown in
Figure 1A. The fold-change data for these 47 miRNAs are
The American Journal of Pathology - ajp.amjpathol.org
summarized in Figure 1B, and the 8 miRNAs exhibiting
greater than fivefold change were subsequently selected as
potential candidate biomarkers for further analysis.

Specific RT-qPCR assays were then used to analyze these
miRNAs in each component urine sample pooled for profiling
analysis. Statistically significant differences in miRNA
detection between DKD patient and control urine samples
were replicated for miR-126 (4.3-fold increase; PZ 0.0087),
miR-155 (22.9-fold increase; P Z 0.0024), and miR-29b
(4.9-fold increase; P Z 0.0002) (Figure 1, CeE).

Elevated Urinary miR-126, miR-155, and miR-29b
Detection in an Independent DKD Patient Cohort

To test the above findings, miR-126, miR-155, and miR-
29b were quantified in samples from an independent cohort
of patients with established DKD from the Renal Impair-
ment in Secondary Care study.15 Samples from 89 patients
meeting the criteria established in the UK National Insti-
tute for Health and Care Excellence 2008 criteria were
available. An additional cohort of 62 patients with diabetes
mellitus, but without proteinuria or other evidence of
DKD, were included, as were samples from 41 individuals
without evidence of diabetes or DKD (Table 1). Diabetes
patients without DKD were included as a third group in
this analysis to identify DKD-specific miRNA detection
changes and not purely hyperglycemia-driven effects from
our profiling comparison of DKD patients with control
individuals.

Significant differences were again seen between DKD
patients and controls for miR-126 (2.8-fold increase;
P < 0.0001) (Figure 2A), miR-155 (1.8-fold increase;
P < 0.001) (Figure 2B), and miR-29b (4.6-fold in-
crease; P Z 0.024) (Figure 2C). Comparison of DKD patients
with diabetic patients without DKD was statistically significant
for miR-126 (3.1-fold increase; P < 0.0001) and miR-155
(1.6-fold increase; P Z 0.024), with a trend to increased
miR-29b (4.1-fold increase; P Z 0.121) (Figure 2, AeC).

RT-qPCR data for all three miRNAs were used to
compare DKD patients and diabetic patients without DKD
in the combined receiver operating characteristic curve
analysis shown in Figure 2D, giving an area under the curve
of 0.80. To analyze the contributions of each miRNA to the
above receiver operating characteristic curve, individual
specificity and likelihood ratios were calculated for relative
expression values equivalent to a sensitivity of 80%.26,27

Data displayed in Table 2 illustrate the magnitude of cor-
responding specificity values was miR-126 > miR-
155 > miR-29b, and that combined miRNA data resulted in
a �6.5% increase in specificity and likelihood ratio
compared with individual miRNAs. These relative expres-
sion data were then used as consecutive threshold values to
discriminate between DKD and diabetic patients without
DKD (Table 3) from the independent cohort. The discrim-
inatory order was miR-29b (DKD/diabetic patients without
DKD Z 5.62) > miR-126 (DKD/diabetic patients without
1985
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DKD Z 3.48) > miR-155 (DKD/diabetic patients without
DKD Z 2.23), and relative expression values exceeding all
three thresholds were obtained for 48.0% of DKD patients
compared with 3.6% of diabetic patients without DKD
(Table 3).

LCM Shows Increased Glomerular Abundance of miR-
126 and miR-29b That Is Replicated in GEnC Culture

Previous reports have linked changes in miRNA expression
to DKD pathology, but have focused on whole tissue
studies. For example, association of decreased miR-192
expression with disease progression in DKD biopsy speci-
mens by in situ hybridization has been reported.13

Herein, LCM was used to isolate glomeruli and proximal
and distal tubules (Figure 3A) from histologically normal
formalin-fixed, paraffin-embedded renal biopsy samples, and
miR-126, miR-155, and miR-29b expression was analyzed
by RT-qPCR. In Figure 3B, a typical CD10-stained formalin-
fixed, paraffin-embedded biopsy section is seen before and
after LCM to isolate glomeruli and proximal and distal renal
tubules. miR-126, miR-155, and miR-29b were detected in
extracts from all three nephron regions (Figure 3, CeE).
Increased glomerular abundances were observed for miR-126
(Figure 3C) and miR-29b (Figure 3E), whereas miR-155 was
most abundant in the distal tubule (Figure 3D).

Conclusions regarding nephron regionespecific miRNA
expression from the above analyses are inherently limited,
however, because tissue extracts are subject to trace
contamination by cells from other nephron domains. There-
fore, cellular miRNA localization within each nephron region
was subsequently investigated by RT-qPCR analysis of
podocyte and endothelial cell (GEnC) cultures from the
glomerulus, renal proximal tubular epithelial cells, and fi-
broblasts. Detection of miR-126 was significantly higher in
GEnCs compared with other cell types (Figure 3F). Most
miR-155 was detected in proximal tubular epithelial cells and
least miR-155 was detected in GEnCs (Figure 3G), whereas
miR-29b was most abundant in GEnCs (Figure 3H).

GEnC Release of miR-126 and miR-29b in an in Vitro
Model of Hyperglycemia Is Driven by TNF-a and TGF-
b1, Respectively

The above data localized the majority of miR-126 and miR-
29b expression to the GEnC. Stimuli by which miRNAs are
Figure 1 Urinary miRNA detection in urine samples from diabetic kidney d
detection profile of the 377 urinary miRNAs in TaqManArray Human MicroRNA Card
value boundary of 0.05. B: Fold change of miRNA detection between DKD patients
for sample comparison, to perform t-test sample group comparisons, and to produ
shows significant differences in detection of miR-126 (C), miR-155 (D), and miR-2
pooled for profiling analyses (A and B). CeE: DKD patients versus controls for miR-
two-tailed t-test with Welch’s correction. Profiling data analysis using the NormFi
data. Data were normalized to endogenous control miR-191 and are expressed as m
patients, and CeE, each group). **P < 0.01, ***P < 0.001.
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released into the glomerular ultrafiltrate, and hence the
urine, were investigated next. Data from animal models of
diabetes show increased glomerular and proximal tubular
epithelial cell TNF-a expression, and renoprotective effects
of TGF-b inhibitors have also been reported.28,29 GEnC
expression of our candidate miRNAs was thus analyzed
in vitro in response to TNF-a and TGF-b1 in normoglyce-
mia and hyperglycemia (Figure 4).

The presence of TNF-a led to significantly increased
miR-126 detection in GEnC conditioned medium at 5 and
25 mmol/L D-glucose (Figure 4B), a pattern also seen for
miR-29b after TGF-b1 addition (Figure 4D). These cyto-
kines did not increase GEnC expression of miR-126
(Figure 4A) or miR-29b (Figure 4C), a pattern consistent
with increased release, but not expression, of miRNAs.

No significant changes in miR-155 were detected in
response to elevated D-glucose with either cytokine, and data
for TNF-a are shown (Figure 4, E and F). Similarly, changes
in miR-126 after TGF-b1 addition, and for miR-29b in the
presence of TNF-a, were not observed (data not shown).
Elevated D-glucose alone did not change miRNA expression
in GEnCs or conditioned medium (Figure 4).
Discussion

DKD is the leading cause of kidney failure, requiring renal
replacement therapy worldwide, but effective methods to
identify and halt progression of disease-specific patho-
physiological changes remain elusive. Current effective in-
terventions, such as control of blood glucose and blood
pressure, are challenging to achieve, costly, and time
intensive. Existing tests track DKD from diabetic diagnosis
to kidney failure, but do not allow accurate prognosis for the
individual patient. In addition, the absence of treatment
response biomarkers hinders development of emerging
DKD therapies. There is, thus, an unmet need for additional
DKD biomarkers to target intervention and follow response
to therapy.

In this study, urinary miRNA DKD biomarkers were
identified. Increased detection of miR-126, miR-155, and
miR-29b was observed in the urine of DKD patients in
comparison with both unaffected individuals and diabetic
patients without DKD. miRNA localization and release
studies further suggested specific release of miR-126 and
miR-29b from GEnCs. This raised the possibility that
isease (DKD) patients and control subjects. A: Volcano plot showing the
A in DKD patients and controls. The dotted horizontal line represents a P-
and controls. DataAssist Softwarewas used to perform relative quantification
ce the graphic output shown. CeE: Quantitative RT-PCR (RT-qPCR) analysis
9b (E) between patients and control urine in the component urine samples
126 (C), miR-155 (D), and miR-29b (E). Analysis was performed by unpaired
nder algorithm identified miR-191 as optimal for normalization of RT-qPCR
eans � SEM (CeE). nZ 20 (A, DKD patients and controls, four pools of five
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http://ajp.amjpathol.org


Figure 2 Quantitative RT-PCR detection of
selected miRNAs in patients and control subjects.
AeC: Relative expression was significantly
different in 89 diabetic kidney disease (DKD) pa-
tients compared with 62 diabetic patients without
DKD and 41 controls for miR-126 (A) and miR-155
(B), and significantly different in DKD patients
compared with controls for miR-29b (C). A: DKD
patients versus diabetic patients without DKD and
controls. B: DKD patients and diabetic patients
without DKD; DKD patients versus controls. C: DKD
patients versus controls. Analysis was performed
by unpaired one-tailed t-test with Welch’s correc-
tion. Data were normalized to endogenous control
miR-191. D: Combined receiver operating charac-
teristic curve analysis for miR-126, miR-155, and
miR-29b, with an area under the curve
(AUC) of 0.80. Data were generated using the
pROC package (http://expasy.org/tools/pROC)25

in R-3.2.3. Data are expressed as means � SEM
(AeC). n Z 89 (AeC, DKD patients); n Z 62
(AeC, diabetic patients without DKD); n Z 41
(AeC, controls). *P < 0.05, ***P < 0.001, and
****P < 0.0001.

Beltrami et al
urinary miRNA quantification might provide data on
ongoing pathologic processes, and so aid patient stratifica-
tion and measurement of response to therapy.

Urinary miRNA biomarkers have several potential sig-
nificant advantages over circulating miRNAs for adoption
into existing treatment pathways alongside current bio-
markers, including speed and cost of noninvasive sample
access.30 However, few urinary miRNA DKD biomarker
data have so far been reported. Previous studies have
focused on circulating miRNAs and have generated con-
flicting data with respect to association of miR-126 with
diabetes mellitus and/or DKD. A recent cross-sectional
analysis of type 2 diabetes mellitus patients found a
negative association with plasma miR-126,31 and similar
findings have been reported for type 1 diabetes mellitus
and all complications.32 By contrast, miR-126 detection
did not change in whole blood from type 2 diabetes
mellitus patients and control subjects, but decreased in
DKD patient samples.33 Furthermore, no change in plasma
miR-126 was observed in a study of pediatric type 1
Table 2 Sensitivity and Specificity Values, Likelihood Ratios, and RQ
>80% ROC Curve Sensitivity Threshold

Group Sensitivity, % Specificit

All three miRNAs 80.21 63.64
miR-126 80.41 57.14
miR-155 80.61 52.00
miR-29b 80.61 40.00

ROC, receiver operating characteristic; RQ, relative expression.

1988
diabetic patients.34 These analyses provide inconsistent
data for the biomarker utility of circulating miR-126, in
contrast to the significant and reproducible increases
detected in miR-126, miR-155, and miR-29b in DKD
patient urine in the present study.
The DKD-specific alterations in urinary miRNA profiles

detected in this study may have functional significance.
In vitro analyses localized miR-126 and miR-29b princi-
pally to the GEnC, with miR-155 expression distributed
evenly across the nephron. Glomerular endothelial locali-
zation of miR-126 may reflect the role of this transcript in
vascular regulation. Targeted mouse miR-126 deletion
resulted in vascular abnormalities by removing inhibition
of sprouty-related EVH1 domainecontaining protein 1
expression, thereby enhancing vascular endothelial growth
factor function.35 A role in DKD pathology for vascular
endothelial growth factor-A signaling between GEnCs and
podocytes has been proposed.36 In addition, miR-126
repression of vascular cell adhesion molecule 1 expres-
sion in human umbilical vein endothelial cells regulates
Thresholds for miR-126, miR-155, miR-29b, and All Three miRNAs

y, % Likelihood ratio RQ threshold

2.206 >1.148
1.876 >0.6762
1.679 >0.9110
1.344 >0.8058
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Table 3 DKD and D Patient Numbers and Percentages >80% ROC Curve Sensitivity Threshold for miR-126, miR-155, miR-29b, and All Three
miRNAs

Group miR-126 miR-155 miR-29b All three miRNAs Total

Patients >80% sensitivity threshold, n (%)
D 23 (41.8) 30 (54.6) 13 (23.6) 2 (3.6) 55
DKD 80 (81.6) 67 (68.4) 73 (74.5) 47 (48.0) 98

D, diabetic patients without DKD; DKD, diabetic kidney disease; ROC, receiver operating characteristic.

Urinary miRNAs in Diabetic Nephropathy
their response to proinflammatory adhesion molecules.37

miR-126 has also been implicated in the heterogenic in-
flammatory response of renal microvascular endothelial
cells.38

Increased expression of miR-155 has been observed in
DKD patient renal biopsy specimens, in close correlation
A

C D

F G

Figure 3 Localization of miRNA expression by laser-capture microdissection
glomerulus (G), the proximal tubule (PT), and the distal tubule (DT). B: A CD10-sta
excision of glomeruli by LCM. CeE: Relative expression of miR-126, miR-155, and m
specimens of healthy individuals. C: Statistically significant differences in miRNA
expression of miR-126, miR-155, and miR-29b, respectively, in in vitro cultured HK
conditionally immortalized glomerular endothelial cells (GEnCs). F: Statistically s
fibroblasts, and GEnCs versus PTCs and podocytes. G: PTCs versus GEnCs. H: GEnCs
with Tukey’s multiple comparison test. Data were normalized to endogenous con
specimens); n Z 4 (H). *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars

The American Journal of Pathology - ajp.amjpathol.org
with increased serum creatinine.39 Furthermore, miR-155
deficiency attenuated renal damage and IL-17 expression
was down-regulated in streptozotocin-induced DKD mice.40

Together with miR-126, miR-155 has been implicated in
multiple forms of vascular remodeling and associated with
cardiovascular disease.41
B

E

H

(LCM) and cell culture. A: Key functional nephron domains include the
ined formalin-fixed, paraffin-embedded renal biopsy sample before and after
iR-29b, respectively, in LCM-isolated Gs, PTs, and DTs from five renal biopsy
expression were observed in G versus PT, and G versus DT. FeH: Relative
-2 renal proximal tubular epithelial cells (PTCs), fibroblasts, podocytes, and
ignificant differences in miRNA expression were observed in GEnCs versus
versus podocytes. Analysis was performed by one-way analysis of variance

trol miR-191 and are presented as means � SEM (CeH). n Z 5 (C, biopsy
Z 100 mm (B).
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Figure 4 miRNA expression in glomerular endothelial
cells (GEnCs) and GEnC conditioned medium in response
to hyperglycemia and diabetic kidney diseaseerelated
cytokines. After 24 hours of culture in 5 or 25 mmol/L
D-glucose, relative expression in GEnCs and GEnC condi-
tioned medium, respectively, of miR-126 in response to
10 ng/mL tumor necrosis factor (TNF)-a (A and B), miR-
29b in response to 1 ng/mL transforming growth factor
(TGF)-b1 (C and D), and miR-155 in response to 10 ng/mL
TNF-a (E and F), and in untreated cells. B: Statistically
significant differences in miRNA expression were observed
in study of 5 mmol/L D-glucose versus 5 mmol/L D-glucose
plus TNF-a, and 25 mmol/L D-glucose versus 25 mmol/L
D-glucose plus TNF-a. C: Study of 5 mmol/L D-glucose
versus 5 mmol/L D-glucose plus TGF-b1, and 25 mmol/L
D-glucose versus 25 mmol/L D-glucose plus TGF-b1. D:
Study of 5 mmol/L D-glucose versus 5 mmol/L D-glucose
plus TGF-b1, and 25 mmol/L D-glucose versus 25 mmol/L
D-glucose plus TGF-b1. Analysis was performed by one-way
analysis of variance with Tukey’s multiple comparison
test. Data were normalized to endogenous control miR-
191 and are presented as means � SEM (AeF). n Z 4
(D). *P < 0.05, **P < 0.01.
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Decreased miR-29b has been reported in early and
advanced animal models of diabetic renal fibrosis.42 Chen
and colleagues43 found that loss of renal miR-29b in db/db
mice led to increased albuminuria, TGF-bemediated
fibrosis, and immune injury, whereas restored miR-29b
expression inhibited renal injury. Indeed, although up-
regulated miRNAs were specifically studied, the impor-
tance of down-regulated miRNAs cannot be ignored.

miR-29b localized to the glomerular endothelium in this
study. Reduction of collagen and laminin synthesis has been
reported after forced miR-29b expression in human corneal
endothelial cells.44 In apolipoprotein E knockout mice, miR-
29b induced aortic endothelial permeability in response to a
high-fat diet and brought about aortic apoptosis by direct
targeting of melatonin receptor mt1.45 In addition, up-
regulated miR-29b expression has been observed in human
umbilical vein endothelial cells exposed to hyperglycemia.46

The cytokine-driven release from GEnCs observed for
miR-126 (TNF-a) and miR-29b (TGF-b1) reported herein
suggests that these cells may be the principal source of
elevated urinary miR-126 and miR-29b detected in DKD.
1990
We speculate that this constitutes evidence for disease-
related signaling down the nephron that will be interesting
to test in future studies. Indeed, there is a reported associ-
ation of urinary miRNAs with exosomes10 and exosomal
transport, which might facilitate passage of miRNAs
through the nephron, for all three candidate biomarker
miRNAs.
Exosome-mediated release of miR-126 from CD34þ pe-

ripheral blood mononuclear cells is proangiogenic, and
decreased miR-126 was detected in elevated glucose cell
culture and diabetic patients.47 miR-155 is depleted in uri-
nary exosomes from microalbuminuric type 1 diabetes
mellitus patients.48 Endogenous miR-29b, spontaneously
released from beta cells within exosomes, stimulates TNF-a
secretion from spleen cells isolated from diabetes-prone
nonobese diabetic mice in vitro.49

In summary, we have used unbiased profiling approaches
to identify a urinary miRNA signature associated with DKD
and have subsequently confirmed increased miR-126, miR-
155, and miR-29b in an independent patient cohort. miR-
126 and miR-29b were identified as enriched in GEnCs, and
ajp.amjpathol.org - The American Journal of Pathology
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released from these cells in response to DKD-related cyto-
kines. Urinary miR-126, miR-155, and miR-29b are,
therefore, promising DKD biomarkers, and the potential
pathologic significance of miR-126 and miR-29b release
from GEnCs merits further evaluation.
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