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Abstract 

Introduction 

Diabetic kidney disease (DKD) is a progressive microvascular complication that leads 

to a decline in renal function and is the most frequent cause of end-stage renal disease. 

Currently, there is a need for improved biomarkers for the early detection of DKD. 

microRNAs (miRNAs) are short, non-coding regulatory ribonucleic acid (RNA) 

molecules that are commonly found in bio fluids and may reflect differential gene 

expression ongoing in the kidney during the disease process. Emerging evidence has 

shown that systemic and local immune responses contribute to the pathophysiology of 

DKD. Lymphocyte activation gene 3 (LAG3) has been known for its role in immune 

reactions. Additionally, sequence differences within the gene such as single-

nucleotide polymorphisms (SNPs) may alter how a gene is transcribed, or cause a 

change of amino acid and affect the function of the translated protein.  

 

Aims and objectives 

The primary aim of this thesis was to identify novel biomarkers associated with renal 

dysfunction in diabetes and to identify novel genetic susceptibility related to it. The 

study aim was addressed through three individual studies detailed below. 

 

Methods 

Participants were recruited to three different studies. The first study comprised 

discovery and validation cohorts, applying quantitative polymerase chain reaction 

(qPCR) based techniques to identify and quantify miRNA biomarkers associated with 

renal dysfunction. Eighty-seven human urinary exosomal miRNAs were profiled in 

the discovery cohort of patients with type 2 diabetic kidney disease (T2DKD), (n = 

14) and age and gender matched controls with type 2 diabetes mellitus (T2DM) and 

normal renal function (T2DNRF; n = 15). Independent validation of differentially 

expressed miRNAs was performed in a second cohort with T2DKD (n = 22) and two 

control groups: T2DNRF (n = 15) and non-diabetic controls with chronic kidney 

disease (CCKD) (n = 18). The second study applied cutting-edge miRNA next 
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generation sequencing (NGS) techniques to examine differential expression of 

miRNAs in plasma samples associated with T2DKD, followed by independent 

replication and validation of altered miRNA profiles. The discovery cohort contained 

individuals with T2DKD (n = 9), age and gender matched patients with T2DNRF (n 

= 13) and persons with non-diabetes mellitus and normal renal function (NDNRF, n = 

11). Differentially expressed miRNAs from the discovery cohort were reassessed in a 

second cohort with T2DKD (n = 10) and two control groups: T2DNRF (n = 10) and 

NDNRF (n = 10). The third study was a case-control study using deoxyribonucleic acid 

(DNA) Sanger sequencing of exons of the LAG3 gene in white participants of 

European ancestry, to investigate the association of LAG3 gene SNPs with DKD. 

Forty-one T2DKD, 29 T2DNRF and 97 NDNRF controls were investigated. 

 

Results 

In the discovery cohort of the first study, urinary miR-21-5p, let-7e-5p and miR-23b-

3p were significantly upregulated in T2DKD compared to T2DNRF (p < 0.05). 

Conversely, miR-30b-5p and miR-125b-5p expression was significantly lower in 

T2DKD (p < 0.05). Independent validation confirmed up-regulation of miR-21-5p in 

the replication cohort in T2DKD (2.13-fold, p = 0.006) and in CCKD (1.73-fold, p = 

0.024). In contrast, miR-30b-5p was downregulated in T2DKD (0.82-fold, p = 0.006) 

and in CCKD (0.66-fold, p < 0.002). There was differential expression of two miRNAs 

between T2DKD and T2DNRF (corrected-p < 0.05) in the discovery cohort of the 

second study. The expression profiles of both miRNAs were significantly reduced in 

T2DKD; miR-144-3p (0.25-fold, p = 2.15 x 10-5) and miR-190a-5p (0.17-fold, p = 

3.24 x 10-5). Independent validation confirmed reduced expression of miR-190a-5p in 

the replication cohort in T2DKD (0.53-fold, p = 0.002). In the third study, no LAG3 

genotype was significantly associated with DKD. However, there was a significant 

difference in plasma LAG3 protein levels across T2DKD (912.2 ± 609.6 pg/ml), 

T2DNRF (514.9 ± 401.9 pg/ml) and NDNRF (908.0 ± 787.6 pg/ml). Additionally, 

plasma LAG3 levels were found to be the independent predictors of eGFR adjusted 

for age and gender (p = 0.016)  
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Conclusions 

Altogether, the studies involved in this thesis identified increased expression of 

urinary exosomal miR-21-5p and decreased expression of urinary exosomal miR-30b-

5p and plasma miR-190a-5p in individuals with T2DKD. Our data suggests that the 

altered expression profiles of circulating/exosomal miRNAs may prove useful in the 

detection of T2DKD. However, there are still potential confounding factors that 

influence miRNA expression and the difficulties associated with the determination of 

the source of the circulating miRNAs. Technology limitations include a lack of reliable 

methods for the extraction, quantification and validation of exosomal miRNAs. 

Therefore, more validation studies are required to confirm miRNA signatures for a 

better understanding of their role in T2DKD. Moreover earlier and longitudinal 

evaluation of at risk individuals of T2DKD with standardised methods may better 

inform the utility of these miRNAs in prediction, risk stratification and treatment of 

DKD.  

 

In addition, we found significant association between plasma LAG3 protein levels and 

renal function in patients with T2DKD, despite a lack of genetic variation in the LAG3 

gene associated with T2DKD. This finding may potentially implicate the immune 

pathway in the development of T2DKD, but genetic variants within the coding regions 

of the LAG3 gene are not responsible for any of the observed variation in LAG3 

protein levels associated with DKD. Further analysis of LAG3 including functional 

studies is necessary for clarification of our findings. NGS could facilitate screening of 

the whole LAG3 gene, which might shed light on the role of LAG3 and the immune 

pathway in T2DKD through the identification of associated variants.  
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1.1. The role of the kidney 

1.1.1. Anatomy  

The kidneys are two bean-shaped essential organs found in vertebrates that are located 

in the abdominal cavity. They receive blood through the renal arteries which then exits 

through the renal veins. Each kidney is attached to a ureter, a tube that carries excreted 

urine to the bladder and which contains approximately one million functional units 

called nephrons that undertake four major processes (filtration, reabsorption, 

secretion, and excretion) resulting in the production of 1.5-2 litres of urine per day in 

healthy individuals. Specifically, the kidneys perform the following functions:  

 Maintenance of overall fluid balance and hence control blood pressure. 

 Regulation and filtration of minerals (body's salt, calcium, potassium and acid 

content) from blood to maintain electrolyte balance. 

 Filtration of waste materials from food, medications, and toxic substances. 

 Production of erythropoietin (EPO) that helps make red blood cells and 

increases haemoglobin levels. 

 Activation of vitamin D to balance calcium and phosphorus within the body 

by controlling absorption of these minerals from food consumed and regulation 

of parathyroid hormone (PTH).  

 

The nephron is the functional filtering structure of the kidney that enables urine 

production, and is comprised of the renal corpuscle and the renal tubule. The renal 

corpuscle consists of a tuft of high-pressure capillaries called a glomerulus, which 

filters the blood, and an encompassing cup-like Bowman's capsule, which collects the 

ultrafiltrate. The ultrafiltrate that is produced by the glomerulus initially contains small 

molecules like water, glucose, amino acids, bicarbonate, urea, and creatinine as well 

as ions such as potassium, sodium, chloride, calcium, and phosphate. All of this filtrate 

is channelled from the Bowman's capsule into a long series of ducts called the renal 

tubule that extend from the capsule. The renal tubule is composed of proximal 

convoluted tubules, the descending and ascending loops of Henle, and the distal 

convoluted tubule which receives hypo-osmotic filtrate from the loop of Henle and 
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empty into the collecting ducts. As the fluid flows from the capsule into the tubule, it 

is processed by epithelial cells that line the tubules, enabling water and substances to 

be reabsorbed and secreted by the proximal convoluted tubules, before passing into 

the loop of the Henle. The filtered hypo-osmotic filtrate that enters the distal 

convoluted tubules empties into the collecting duct. The afferent and efferent 

arterioles, together with the peritubular capillaries and vasa recta around the distal 

portions of the nephron tubule regulate the blood flow of the nephrons. The endothelial 

cells that line these capillary networks recover most of the solutes and water, and 

return them into the circulation before the blood returns to the venous system. 

Additionally, the connective tissue located in the extravascular space surrounding the 

tubules and glomeruli is called the renal interstitium. It is bounded to tubular and 

vascular basement membranes and filled with cells such as macrophages and various 

type of fibroblasts, extracellular matrix (ECM) and interstitial fluid (1). Renal 

interstitial fibrosis is recognised as one of the characteristic hallmarks of progressive 

kidney failure (2). The structure of a nephron including a cross sectional view of 

glomerulus and tubule are represented in Figure 1.1. 

 

   

 

Figure 1.1 The functional unit of the kidney and a cross sectional view (adapted from 

https://courses.lumenlearning.com/wm-biology2/chapter/kidneys/ and 

https://cjasn.asnjournals.org/content/10/10/1831 (3)). 
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1.1.2. Physiology 

The kidney's ability to undertake its main function of continually filtering the blood, 

is dependent on the three fundamental processes of glomerular filtration, tubular 

reabsorption and tubular secretion (Figure 1.2). Blood containing any freely dissolved 

low-molecular weight substances such as glucose, amino acids, ions, peptides, and 

waste products of organic metabolism such as creatinine and urea, enter the kidneys 

through the afferent arterioles for glomerular filtration. The flow of blood enters the 

glomerulus under high pressure, forcing substances across the filtration membrane and 

through the nephron. The filtration membrane is composed of three layers made up 

with endothelium, glomerular basement membrane and epithelium. In healthy 

nephrons, the membrane works like a sieve which enables small molecular substances 

such as water, nitrogenous waste and nutrients, to be filtered while retaining the 

cellular content including blood cells, proteins or protein-bound molecules in the 

bloodstream. 

 

The filtrate and its contents enter Bowman’s capsule and are then reabsorbed into the 

renal tubule, a process called tubular reabsorption that leads to the reabsorption of 

molecules such as glucose and amino acids, ionic molecules of sodium, chloride, 

potassium, calcium, magnesium, bicarbonate or phosphate, urea and water, all 

components that are necessary to enable the body to maintain homeostasis of blood 

volume, pressure and pH and plasma osmolality. About 99% of the filtrate is 

reabsorbed through tubular resorption, passing through Bowman's capsule and 

returning to the circulation through the peritubular capillaries and not excreted as 

urine. Tubular secretion involves removing substances containing hydrogen ions, 

creatinine, urea and drugs from the blood following reabsorption into the collecting 

duct. The end product of this process is urine which contains a varied range of 

substances composed mostly of either waste products or substances ingested in excess. 

 

The kidneys play a critical role in maintaining body fluid composition by regulating 

osmolarity, ion concentrations and excretion of wastes and toxins. Once kidney 

function declines, fluid and electrolyte homeostasis are disrupted, which may lead to 
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decreased phosphate excretion, oedema and hypertension. The blood of healthy 

individuals would not normally be expected to contain a significant amount of proteins 

and glucose. Elevated levels of proteins and glucose detected in blood, indicate renal 

dysfunction and warrant further more detailed investigation of impacts upon other 

organs within the cardiovascular, haematological, gastrointestinal, neurological, 

skeletal, hormonal, respiratory, skin and reproductive systems.  

 

 

 

Figure 1.2 The basic physiological mechanism of normal kidney function (adapted 

from http://www.interactive-biology.com/3732/). 
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1.2. Assessment of kidney function  

Patients experiencing renal dysfunction may demonstrate a variety of physical signs 

or symptoms such as reduced urine volume, gross haematuria, flank pain or extrarenal 

features including oedema, hypertension, and uraemia-associated fatigue, nausea and 

vomiting. However, many individuals remain asymptomatic during the early stages of 

renal failure and the altered kidney function is only detected by the identification of 

elevated serum creatinine levels or an abnormal urinalysis with proteinuria or 

haematuria. Upon the identification of signs of renal damage, the severity of kidney 

dysfunction is estimated by measurement of the glomerular filtration rate (GFR) and 

in some instances, examination of the urinary sediment.  

 

1.2.1. Creatinine 

Creatinine is formed through the dehydration of muscle creatine and 

dephosphorylation of creatine phosphate in muscle cells. Creatinine is mainly actively 

secreted in urine as it is freely filtered at the glomerulus and not reabsorbed in the 

tubules. In individuals with good renal function, the total concentration of creatinine 

is usually consistent, given the production and excretion of creatinine are constant. As 

such, measuring plasma/urine creatinine for the calculation of creatinine clearance 

provides an estimation of GFR. Creatinine clearance levels are more precisely 

measured through the amount of creatinine present in a 24-hour urine collection, which 

is not always convenient in outpatient clinical settings. Another way to estimate 

creatinine clearance is through the measurement of creatinine concentration in a single 

blood collection, which can be combined with demographic information to calculate 

an estimated GFR (eGFR). Higher blood creatinine levels may indicate lower 

creatinine clearance and reduced eGFR. The measurement of single blood creatinine 

levels are more commonly used but 24-hour urine collections may still provide a more 

accurate determination of creatinine clearance in patients with abnormal muscle mass 

(4). Creatinine clearance can vary and is influenced by a wide range of factors 

including age, gender, body size and ethnicity. Of note, raised muscle bulk or dietary 

protein intake may lead to elevated serum creatinine levels that are not indicative of 
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impaired renal function. Should kidney function become impaired, the creatinine level 

in the blood will rise due to reduced creatinine clearance.  

 

Serum creatinine has a wide normal reference interval and tends not to become 

obviously elevated outside of the normal range until 50-60% of total kidney function 

is lost (5). As such, screening serum creatinine is not sufficiently sensitive for 

discovering early or mild renal impairment and therefore novel early detection 

methods are urgently needed.  

 

1.2.2. Urea 

Urea is the end-product of protein metabolism in the human body, which accumulates 

as a consequence of renal dysfunction. It is formed in the liver from ammonia which 

is derived from catabolism of amino acids, and excreted through urine and sweat. Most 

of urea is carried by the blood stream to the kidneys for excretion. Approximately half 

of the filtered urea may be reabsorbed by the tubules into the blood stream with water 

and the remainder is excreted in the urine (6). As such, the urea concentration in the 

urine is similar to that found in the blood in healthy individuals. Urea concentration is 

usually measured as urea nitrogen, using a test called blood urea nitrogen (BUN) or 

serum urea nitrogen (SUN). BUN levels may become elevated as a consequence of 

renal damage, and therefore are an indicator of renal function. However, the utility of 

using BUN to assess kidney function is limited as BUN levels can be affected by 

factors independent of renal function. Elevated BUN levels may result from a high 

protein diet, major gastrointestinal haemorrhage and corticosteroid therapy. In patients 

with congestive heart failure, GFR decreases due to reduced renal blood flow and 

increased central venous pressure, and BUN levels will subsequently rise (7,8). 

Whereas a low protein diet and liver dysfunction could lead to a reduction of BUN. 

When individuals are poorly hydrated, the proportion of filtered urea that is reabsorbed 

is elevated which may lead to an increased BUN measurement despite a normal GFR. 

Therefore, BUN is regarded as less sensitive and may not accurately reflect the renal 

function.  
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1.2.3.  Urine analysis 

Urine analysis or urinalysis, involves a visual inspection of the appearance of the urine 

(colour and clarity) as well as an examination of the concentration of substances that 

may be indicative of a disease diagnosis for a range of conditions. For example, instead 

of typically clear urine, individuals with urinary tract infections may have cloudy urine 

and/or blood in the urine while elevated levels of protein in the urine may indicate 

kidney disease, diabetes or congestive heart failure. A urine test dipstick is a 

fundamental and standard detection tool, which could identify the presence or levels 

of a range of substances, such as leukocytes, nitrite, urobilinogen, protein, pH, 

haemoglobin, specific gravity, ketones, bilirubin and glucose. Urine dipsticks have 

been used in routine examination in hospitals and general practice settings for the early 

detection of some conditions in high-risk populations including kidney and liver 

disease, diabetes, and haematuria. Given that under normal circumstances there are 

very few proteins present in the urine of healthy individuals, the presence of protein is 

usually a good indicator of renal dysfunction. Therefore, the urine dipstick test is 

routinely used for screening of individuals at higher risk of kidney disease such as 

persons with diabetes, hypertension and those from an African American/Afro 

Caribbean background. In addition, microscopic examination of urine enables the 

detection of leukocytes, erythrocytes, bacteria, yeasts, casts and crystals. Urine 

analysis is a simple, inexpensive and quick method for assessing kidney damage. 

However, use of existing urinary tests for the early detection of renal damage is limited 

given the low levels of proteins that are detectable at these early stages. 

 

1.2.4. Glomerular filtration rate 

The GFR is an estimate of how much blood passes through the glomerulus each 

minute, and is dependent on renal blood flow, the ratio of the capillaries hydrostatic 

pressure and plasma oncotic pressure and the size of the filtration area. The rigorous 

measurement of GFR depends on the measurement of renal clearance of an exogenous 

substance that is freely and exclusively excreted by glomerular filtration and is not 

affected by metabolism or tubular processes. Examples of such exogenous compounds 

for measurement of GFR include inulin, isotopic and non-isotopic iothalamate. This 
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assessment provides the most accurate GFR, but the procedure for measuring inulin 

involves continuous intravenous infusion and repetitive blood and urine collections 

which is invasive, costly and not generally applicable in routine clinical practice. Thus, 

measuring clearance of endogenous substances, chiefly from assessing creatinine and 

urea, have been the main methods for calculating GFR. Although such endogenous 

markers are reasonably sensitive, they are influenced by other factors such as tubular 

secretion, blood volume status, endogenous metabolites, physiologic variables or 

variability in measurement across laboratories. As such, several mathematical 

equations have been formulated to estimate GFR and account for physiological 

parameters that may influence evaluation of renal clearance. 

 

1.2.4.1. Estimated glomerular filtration rate using serum creatinine (MDRD and 

CKD-EPI equations) 

Due to the inconvenience of collecting 24-hour urine samples for the measurement of 

urea, estimation of GFR from serum creatinine is more commonly used. The first 

serum creatinine based equation for estimating GFR was the Cockcroft-Gault equation 

in 1976 (9), and adjusted for the patient’s weight, age and gender. However, the 

Cockcroft-Gault equation more accurately correlates with creatinine clearance than 

eGFR and fails to consider the body surface area, which is important for the 

comparison of eGFR to normal values. Moreover, issues regarding the standardisation 

of serum creatinine measurement across laboratories was initially problematic and 

there is no revised version of the formula developed following the development of 

standardised creatinine assays, which also leads to limitation in using the Cockcroft-

Gault equation for the assessment of the renal function. 

 

A six variable equation called the Modification of Diet in Renal Disease (MDRD) 

study equation was proposed in 1999, and revised to a four variable MDRD equation, 

which considered age, gender, ethnicity and standardised isotope dilution 

spectrometry traceable serum creatinine.  
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The equation:  

GFR = 175 x (Standardized SCr)-1.154 x (age)-0.203 x (0.742 if female) x (1.210 if 

African American) 

 

GFR is expressed in ml/min/1.73 m2, SCr is serum creatinine expressed in mg/dl, and 

age is expressed in years. 

 

Note that the MDRD equation has been proposed to be useful in estimating GFR in 

chronic kidney disease (CKD) that is not influenced by acute kidney injury or patients 

on dialysis treatment (10). In addition, using the MDRD equation in healthy subjects 

may underestimate the actual GFR (11,12). To overcome this limitation and for use in 

more diverse populations, the Chronic Kidney Disease-Epidemiology Collaboration 

(CKD-EPI) equation (13) was developed based on healthy individuals and people with 

CKD. 

 

The CKD-EPI equation is: 

GFR = 141 x min (SCr/κ, 1) α x max (SCr/κ, 1)-1.209 x 0.993Age x 1.018 [if female] x 

1.159 [if black] 

 

SCr is serum creatinine in mg/dl, κ is 0.7 for females and 0.9 for males, α is -0.329 for 

females and -0.411 for males, min implies the minimum of SCr/κ or 1, and max 

implies the maximum of SCr/κ or 1. Compared to the MDRD equation which was 

derived from individuals with CKD, the CKD-EPI equation has been shown to out-

perform the other equations in terms of accuracy across a broader range of renal 

function (14,15).  

 

1.2.4.2. Estimated glomerular filtration rate using cystatin C 

Given the concerns regarding serum based creatinine estimates of GFR and the 

influence of diet and muscle mass on serum creatinine levels, other markers have been 

considered. Cystatin C is a protein produced by all nucleated cells. It is freely filtered 

at the glomerulus and reabsorbed by tubular epithelial cells and is less affected by age, 
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gender, muscle mass or protein intake than serum creatinine, and may offer a more 

sensitive estimation of GFR (16). Currently, there are several equations based on 

cystatin C (17), but measurement of cystatin C may be affected by C reactive protein, 

current cigarette smoking or glucocorticoid therapy (18,19). In addition, variation in 

cystatin C assays employed across laboratories needs to be resolved (20). As such, 

routine use of cystatin C has been limited although it has been recognised as a more 

accurate marker for estimating GFR in individuals with changing muscle mass or diet. 

 

1.2.5. Proteinuria and use of urinary albumin-to-creatinine ratio 

Proteinuria is a condition whereby an abnormal amount of protein is detected in the 

urine as a consequence of insufficient absorption or impaired filtration of the nephron. 

There is increasing evidence to suggest the presence and level of proteinuria is 

associated with the rate of kidney damage and a series of adverse clinical outcomes 

including end-stage renal disease (ESRD) (21). As a marker of kidney damage, 

proteinuria can be detected using a dipstick test and quantified by 24-hour urine 

collections. Several lines of evidence suggest proteinuria may result as a consequence 

of multiple pathological conditions (22,23). One of the most recognised is 

inflammation of the glomeruli, a condition referred to as glomerulonephritis or 

nephritis, resulting in the glomerular capillary barrier progressively losing its function 

and allowing circulating proteins to enter the tubules (24). Several other disorders can 

cause the this loss of glomerular filtration barrier including  diabetes and hypertension 

(25–27). Although screening for proteinuria is useful, it lacks sensitivity when only 

low levels of proteinuria are present and 24-hour urine collection is less convenient. 

Albumin is the most abundant type of blood protein and healthy individuals excrete 

very little albumin in their urine. As such, the detection of increased urinary albumin 

is indicative of kidney damage. The measurement of urinary albumin level is 

determined be calculating an albumin excretion rate (AER) through 24-hour urine 

collections. Alternatively, it can be measured from a spot urine sample and the 

calculation of an albumin-to-creatinine ratio (ACR), derived from the division of the 

urinary albumin concentration by the creatinine concentration. ACR is often 

recommended for use in a clinical setting as it corrects for variation in urinary 
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concentration due to hydration status, in addition to its relatively convenient sampling. 

Albuminuria is typically divided into three categories normoalbuminuria, 

microalbuminuria and macroalbuminuria (Table 1.1). 

 

Table 1.1 Albuminuria categories (adapted from KDIGO 2012 Clinical Practice 

Guideline for the Evaluation and Management of Chronic Kidney Disease (28)). 

 

C
at

eg
o
ry

 AER ACR Description 

 (μg/min) (mg/24 hours) (mg/mmol) (mg/g)  

A1 < 20 < 30 < 3 < 30 Normoalbuminuria 

A2 20-200  30-300 3-30 30-300  Microalbuminuria 

A3 > 200  > 300 > 30 > 300  Macroalbuminuria 

AER: albumin excretion rate, ACR: albumin-to-creatinine ratio 
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1.3. Chronic kidney disease  

CKD is defined by abnormalities of kidney function or structure that are present for 3 

months or more, with potential implications for individual health. This definition 

relates to individuals with markers of kidney damage, such as proteinuria and/or those 

with an eGFR of less than 60 ml/min/1.73 m2 on at least two occasions within a 3 

month period (29). It is commonly found in those with diabetes and may lead to further 

complications such as hypertension and anaemia (30).  

 

1.3.1. Global burden and costs of chronic kidney disease 

Individuals with CKD are characterised by progressive kidney function loss over time 

and for some this culminates in complete kidney failure or ESRD, necessitating renal 

replacement therapy (dialysis or transplantation) to sustain life. CKD is associated 

with a broad range of complications that lead to adverse health outcomes such as 

premature mortality, cardiovascular disease and stroke. According to the Global 

Burden of Disease Study 2017 (31), an estimated 1.23 million people died as a 

consequence of CKD worldwide in 2017, an increase of 25% since 2007, making it 

one of the fastest rising causes of death. The estimated number of disability adjusted 

life years attributable to CKD globally increased from around 22.9 million in 1990 to 

35.8 million in 2017 (31). In addition, according to the data from Global Burden of 

Disease Study 2016 (32), the global death caused by CKD was ranked 16th in 2016 

and is expected to increase to 5th by 2040 based on a novel life expectancy modelling 

approach (33). However, unlike diabetes or cardiovascular disease, both of which have 

been recognised as a global public health burden, the issues and challenges presented 

by CKD have not been sufficiently realised. Diabetes is the leading driver of CKD 

burden. It is estimated that the global prevalence of CKD due to type 2 diabetes 

mellitus (T2DM) has increased by 23% between 1990 and 2017 (31). Moreover, once 

CKD progresses to ESRD, the associated risk of premature death increases 

significantly. Populations with high diabetic and cardiovascular risk, particularly in 

low and middle income countries, especially in Latin America, have the highest CKD 

burden and resultant death rate (Table 1.3). More than half of ESRD cases are 

attributable to diabetes (31).  
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CKD is associated with significant health costs for prescribed drugs and renal care in 

addition to non-renal complications. For instance, National Health Service (NHS) 

England estimated that £1.45 billion was spent on CKD care in 2009, equal to 1 in 

every 77 pounds of total NHS expenditure (34). This spending included medication 

and renal care but also treatments for stroke, heart attack and infections in CKD 

patients. Another growing economic concern associated with CKD is the life-saving 

renal replacement therapy for ESRD which is estimated to typically account for 2-3% 

of annual medical budgets in high-income countries being used to treat 0.03% of the 

total population (35). The number of ESRD patients in need of dialysis treatment is 

expected to increase to 5 million by 2030 with major implications for low and middle 

income countries (36) due to insufficient CKD risk factor management of diabetes and 

obesity. As a consequence, vulnerable patients with ESRD continue to experience 

premature mortality despite the availability of appropriate interventions. 

 

 

 

Figure 1.3 Mortality associated with CKD (1990-2017) around different World Health 

Organization regions worldwide (adapted from Global Burden of Disease Study 2017 

(31)). 

  



  Chapter 1.  

15 

 

1.3.2. Pathogenesis of chronic kidney disease 

CKD arises as a consequence of structural changes in the nephrons. As the main 

functional unit of kidney, the nephron is exposed to a significant amount of blood flow. 

Nephrons can be damaged by a wide range of factors that may include immunologic 

injury, tissue hypoxia and ischaemia, endogenous substances, drugs and underlying 

genetic variation. CKD progression has been attributed to glomerular hyperfiltration 

and hypertension (37). Glomerular hyperfiltration can result from afferent arteriolar 

vasodilation and/or efferent arteriolar vasoconstriction following activation of the 

renin-angiotensin-aldosterone system (RAAS) leading to glomerular hypertension. 

Over a period of time, the integrity of the glomerular basement membrane barrier is 

compromised in parallel with a rise in intraglomerular capillary pressure. 

Macromolecules such as proteins can then cross from the glomerular capillaries into 

Bowman’s capsule, increasing the flux of proteins into renal tubules. Cytokines, 

growth factors such as transforming growth factor beta (TGF-β) and proinflammatory 

oxidants can accelerate glomerular and tubular injury (38). These substances are toxic 

and can result in glomerular basement membrane thickening, mesangial cell expansion, 

and widespread renal fibrosis (39). Regardless of the underlying cause, CKD is 

typically associated with scarring across the kidney and potential progression to ESRD. 

The process of renal fibrosis encompasses glomerulosclerosis and tubulointerstitial 

fibrosis, which are characteristic pathological features of CKD. The underlying 

pathogenesis manifests may lead to the excessive accumulation of ECM components, 

a three-dimensional network of extracellular macromolecules, largely composed of 

collagen, fibronectin and laminin (40). ECM plays a crucial role in maintaining the 

structural integrity of different tissues and organs in addition to playing a role in cell 

signalling. More specifically in the kidney, the structural integrity of the glomerular 

basement membrane and the renal interstitium are determined by the ECM. As CKD 

progresses, the ECM proteins are produced in excess which leads to mesangial ECM 

expansion and subsequent renal sclerosis. A range of dysregulated components of the 

ECM have been reported to contribute to this process (41,42), specifically collagen 

type I, IV and VI and laminin become enriched within the glomerular ECM (43).  
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1.3.3. Stages of chronic kidney disease 

CKD can be classified into five main disease stages based on the eGFR (Table 1.2) 

according to the Kidney Disease: Improving Global Outcomes (KDIGO) 2012 

Clinical Practice Guidelines. The KDIGO Guidelines indicate that all individuals with 

kidney damage are classified as having CKD, irrespective of the level of GFR. 

Individuals with GFR > 60 ml/min/1.73 m2 have been included in the CKD categories 

as these individuals may exhibit normal or increased GFR despite substantial kidney 

damage.  In addition, they are also at increased risk of progressive renal decline and 

development of cardiovascular disease.  

 

Beyond GFR measures, the underlying cause of disease and the presence of 

albuminuria are two additional characteristics for consideration in the classification of 

CKD. The underlying cause is important for the prediction of CKD outcomes and for 

the recommendation of appropriate treatment strategies. Albumin, is one of the earliest 

detectable markers of glomerular damage that may enable a timely diagnosis and 

subsequent intervention. 

 

1.3.4. Predicting prognosis of chronic kidney disease based on glomerular 

filtration rate and albuminuria 

CKD is associated with an increased risk of a wide range of complications, leading to 

adverse health outcomes, including anaemia, mineral and bone disorders and 

cardiovascular risk (30). Complications may occur at any stage, often leading to death 

without progression to complete kidney failure and as such the prediction of 

prognostic outcomes can be challenging. The use of GFR and albuminuria (Table 1.1, 

Table 1.2) independently to make prognostic predictions lacks sensitivity (44), 

although when used together improved prognostic outcomes are predicted (Table 1.3). 
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Table 1.2 CKD stage classifications (adapted from KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management of Chronic 

Kidney Disease (28)). 

 

GFR categories  GFR (ml/min/1.73 m2) Description 

G1 ≥ 90 Normal kidney function but with evidence of kidney damage  

G2 60-89 Mildly reduced kidney function* evidence of kidney damage  

G3a 45-59 Mildly to moderately reduced kidney function with symptoms (fatigue, swelling, 

anaemia etc.) appearance in the patients 
G3b 30-44 

G4 15-29 Severely reduced kidney function with numerous and severe symptoms and 

complications (hypertension, bone disease etc.)  

G5 < 15 or kidney failure treated by 

dialysis or transplantation 

Kidney failure with numerous symptoms and complications 

GFR: glomerular filtration rate; CKD: chronic kidney disease. *Relative to young adult level  
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Table 1.3 CKD outcomes based on categories of GFR and albuminuria (adapted from 

KDIGO 2012 Clinical Practice Guideline for the Evaluation and Management of 

Chronic Kidney Disease (28)). 

 

Prognosis of 

CKD 

 

Persistent albuminuria categories 

A1 A2 A3 

G
F

R
 c

at
eg

o
ri

es
 

G1 Low risk Moderately increased 

risk 

High risk 

G2 Low risk Moderately increased 

risk 

High risk 

G3a Moderately increased 

risk 

High risk Very high risk 

G3b High risk Very high risk Very high risk 

G4 Very high risk Very high risk Very high risk 

G5 Very high risk Very high risk Very high risk 

CKD: chronic kidney disease, GFR: glomerular filtration rate 
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1.4. Diabetes 

1.4.1. Global burden and costs of diabetes 

Diabetes mellitus is a growing global health issue, with the rising diabetes prevalence 

associated with increasing premature mortality and multiple comorbidities. The global 

prevalence of diabetes among adults (20-79 years) has risen from 4.7% in 1980 to 

8.8% in 2017 (45). The World Health Organization has estimated that there are 424.9 

million people living with diabetes and the number is expected to rise to 629 million 

adults by 2045 (45). Diabetes can lead to complications in other parts of the body as 

well as increasing the risk of premature death. These comorbidities include 

complications associated with the heart, blood vessels, eyes, kidneys and nerves (46–

48). Deaths due to diabetes mellitus increased by more than 50% between 2000 and 

2016, making it the 7th leading cause of global deaths in 2016 (45). The number of 

deaths reported globally in 2017 due to diabetes was 4 million (45). Diabetes is often 

considered a scourge of Western Society despite the majority of reported diabetes-

related deaths being recorded in low- and middle-income countries, often as a result 

of limited access to medical healthcare in the form of prevention, diagnosis and 

treatment opportunities.  

 

The increased number of individuals affected by diabetes continues to place a heavy 

economic burden on healthcare providers. It has been reported that total healthcare 

expenditure on diabetes in 2017 reached an estimated 727 billion US dollars, 

representing an 8% increase on the expenditure estimated for 2015 (45). Furthermore, 

the economic burden of diabetes is predicted to continue to increase with estimates of 

776 billion US dollars by 2045 (49). A report published in 2012 estimated that the 

NHS UK spent £9.8 billion directly on diabetes in 2010/2011 (50). Moreover, they 

also pointed out that the budget spent on diabetes related illness accounted for 

approximately 10% of total healthcare expenditure, which was £23.7 billion in 

2010/2011 (50). 
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1.4.2. Aetiology of diabetes  

Diabetes refers to a chronic condition with raised levels of glucose in the blood, which 

can arise as a consequence of abnormal insulin production or a reduced responsiveness 

to insulin production. Insulin is an essential hormone produced by the pancreas which 

when dysfunctional leads to elevated levels of blood glucose known as 

hyperglycaemia, which is the characteristic hallmark of diabetes. There are two major 

forms of diabetes, type 1 diabetes mellitus (T1DM, formerly known as insulin-

dependent diabetes mellitus) and T2DM, (formerly known as non-insulin-dependent 

diabetes mellitus) (51).  

 

1.4.2.1. Type 1 diabetes mellitus 

T1DM is characterised by insufficient insulin production and requires insulin 

injections to sustain glucose levels within an optimum range. The exact cause of 

T1DM is not fully understood. However, it is believed to involve a combination of 

genetic susceptibility and environmental factors such as viral infection, toxins or some 

dietary factors (52,53). It is understood that T1DM involves autoimmune mediated 

destruction of insulin producing beta cells in the pancreas (54).  

 

1.4.2.2. Type 2 diabetes mellitus 

T2DM is characterised by insufficiency in insulin secretion and action, leading to 

abnormal glucose metabolism and related metabolic disturbance. The cause of T2DM 

is associated with a range of factors. Unhealthy lifestyles, including obesity, physical 

inactivity, poor diet and smoking, have been widely reported as environmental risks 

factors of T2DM (55). According to the World Health Organization, more than 33% 

of diabetes cases are attributable to global population growth and ageing, more than 

one quarter from an increase in age-specific prevalence and around one-third from the 

interaction of these (49). In addition, ethnicity and some genetic factors have also been 

linked with T2DM. According to US data in 2013-2015, the prevalence of diabetes in 

adults is higher in Hispanic (12.1%) and African non-Hispanic blacks (12.1%) 
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compared to non-Hispanic whites (7.4%) and Asians (8.0%) with the highest rates 

recorded in American Indians/Alaskan Native (15.1%) (56). It is believed that the risk 

of T2DM involves a strong genetic component, with a sibling relative risk of 

approximately 3.0 and a heritability estimated in the range of 30-70% (57–59). The 

development of genome-wide association studies (GWAS) in the last decade, led to 

exciting possibilities in the search for the genomic susceptibility of common diseases 

such as T2DM. A number of common genetic susceptibility variants have been studied 

and replicated in various populations worldwide (60), such as single nucleotide 

polymorphisms (SNPs) within transcription factor 7 like 2 (TCF7L2) which is 

correlated with beta-cell dysfunction (61), SNPs within peroxisome proliferator-

activated receptor gamma (PPARG) which is related to insulin sensitivity (62) and fat 

mass and obesity-associated protein (FTO) which involves a fat mass and obesity 

associated SNPs (63). 

 

1.4.3. Complications of diabetes  

Diabetes is a vascular disease and its associated complications can be considered in 

the context of the size of the blood vessels affected with regard to microvascular (small 

blood vessels) and macrovascular (larger blood vessels) outcomes. Macrovascular 

complications include coronary artery disease, peripheral arterial disease and stroke. 

Microvascular complications include retinopathy, nephropathy and neuropathy. The 

main pathological mechanism in macrovascular complications is atherosclerosis, a 

process induced by chronic inflammation, leading to narrowing of the arterial wall in 

the peripheral or coronary vascular system and an insufficient blood supply to organs 

(64). Hyperglycaemia may also induce structural changes to the microvasculature 

(65), specifically, thickening of the capillary basement membrane, including arterioles 

within the glomeruli, retina, myocardium, skin, neural tissue and muscle. The 

pathology associated with these changes attenuates the microvascular function with 

clinical implications such as hypertension, delayed wound healing and tissue hypoxia. 

These abnormal vessel changes can arise prior to manifestation of overt 

hyperglycaemia and vascular pathologic changes (66,67). In addition, microvascular 
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complications can also accelerate macrovascular atherosclerosis that culminates in 

cerebrovascular and cardiovascular events and premature death (68). 

 

1.5. Diabetic kidney disease 

1.5.1. Prevalence of diabetic kidney disease 

Diabetic kidney disease (DKD), also called diabetic nephropathy, refers to CKD that 

is present in those with diabetes. It has been estimated that more than 40% of those 

with diabetes will go on to develop DKD with many of them progressing to ESRD 

(69), necessitating renal replacement therapy (chronic dialysis or kidney 

transplantation) which encompasses a significant clinical and financial burden (35). In 

recent decades, diabetes has become the leading cause of ESRD in many high-income 

countries (70), and global mortality rates associated with ESRD have increased by 

32% (71), highlighting the importance and necessity for early detection. 

 

1.5.2. Pathogenesis of diabetic kidney disease  

The basic filtration unit of the kidney is called the glomerulus and together with the 

Bowman's capsule constitute the renal corpuscle. The GFR rate at which blood is 

filtered through the glomeruli reflects the overall renal function. Podocytes are cells 

in the Bowman's capsule that wrap around capillaries of the glomerulus enabling 

blood filtration and retaining large molecules such as proteins while smaller 

molecules such as water, salts, and sugars are filtered in the first steps of urine 

formation. Pathological features of DKD include podocyte loss, glomerular 

basement membrane thickening, mesangial matrix expansion, arterial hyalinosis 

and diffuse glomerulosclerosis etc. (72). The main pathological lesions of DKD 

(right) are compared with healthy human glomerular tissue (left) in Figure 1.4. 

 

These structural alterations manifest as a result of interactions between metabolic 

and haemodynamic pathways, which become disrupted in those with diabetes. 

Moreover, both pathways are associated with the generation of reactive oxygen 
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species (ROS). Hyperglycaemia promotes the activation of protein kinase C (PKC) 

and increases the production of advanced glycation end products and diacylglycerol 

synthesis. PKC is associated with TGF-β1, fibronectin, and collagen type IV 

upregulation, stimulating ECM accumulation. In diabetic animal models, the use of 

PKC inhibitor has been found to be effectual in controlling haemodynamic changes, 

ECM accumulation and glomerular structures damage as well as decreasing 

albuminuria (73,74). Haemodynamic pathways mainly refer to glomerular 

hyperfiltration and hypertension as a consequence of afferent arteriolar vasodilation 

and/or efferent arteriolar vasoconstriction, due to the activation of the RAAS 

system. As a feedback response to increased glucose levels, angiotensin II 

expression is elevated in mesangial and tubular cells (75). Elevated angiotensin also 

stimulates ROS production in vascular, smooth muscle and mesangial cells (76), 

which upregulate ECM protein expression. In addition, these haemodynamic 

alterations also contribute to the activation of TGF-β, which subsequently 

upregulates glucose transporter 1 (GLUT-1) (77), which leads to increased 

intracellular glucose transport and uptake. As such, TGF-β is responsible for 

excessive accumulation of glomerular ECM components, inducing mesangial 

expansion and glomerular basement membrane thickening.  
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Figure 1.4 Molecular mechanisms of DKD (from Reidy et al. (78)). 

 

In addition, there has been increasing evidence to implicate the role of immune 

system in the development and progression of DKD (79–81). Elevated levels of 

serum antibodies, and inflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-

18 and tumour necrosis factor alpha (TNF-α) have been observed in patients with 

DKD, implicating the involvement of chronic low-grade inflammation and 

activation of the innate immune system (79,80). 
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1.5.3. Management of diabetic kidney disease 

Interventions to reduce the rate of renal decline in DKD would improve patient 

outcomes. The presence of DKD is also associated with elevated cardiovascular risk 

associated with coronary heart disease, stroke and heart failure in individuals with 

diabetes (82). Therefore, the primary aim of DKD management is to control 

cardiovascular risk factors such as hypertension and hyperglycaemia. There is 

evidence that effective intervention against cardiovascular risk factors, such as lipid 

lowering and antiplatelet medications, may offer sustained protection from vascular 

complications and reduce premature mortality (83,84). In addition, intensive 

glycaemic control coupled with optimal blood pressure management have also been 

shown to reduce DKD risk and new-onset albuminuria (85,86). In addition, screening 

for albuminuria in high risk populations and timely treatment for persistent 

albuminuria reduce the development and progression of DKD. 

 

1.5.4. Biomarkers 

1.5.4.1. Current biomarkers used in practice 

The earliest stages of DKD are asymptomatic and go unrecognised in the absence of 

regular screening of renal function. Serum creatinine-based eGFR and ACR 

measurement represent the best practice for assessing glomerular damage and 

evaluation of renal function. However, there is growing evidence of DKD with 

decreased GFR in the absence of albuminuria (87). In addition, creatinine-based GFR 

estimates are less accurate in those at extremes of body mass index and in individuals 

with glomerular hyperfiltration that are often present in the early stages of DKD (60). 

Therefore, albuminuria and eGFR are less reliable indicators of early-stage DKD and 

the discovery of novel early indicators of renal dysfunction in people with diabetes 

would be very beneficial. The development of DKD involves complex pathways and 

mechanisms and novel technologies such as proteomics, metabolomics and genomics 

may provide promising new biomarkers to facilitate early detection.  
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1.5.4.2. Proteomics 

Proteomics is the study of the protein complement of an organism at a given time point 

or in a specific tissue. The protein composition will vary in response to various 

conditions because it is dynamic and adapts to new challenges and environments. 

Given the regulatory role of proteins in cellular response, unbiased assessments of 

proteins may provide an opportunity to develop a rapid and reliable assessment for an 

improved understanding of the pathogenesis of DKD. A decade ago, unlabelled 

peptide quantitative methods were developed, using a spectral counting methodology 

to identify proteins from tryptic digests, to try and simplify proteomic analysis (88). 

Since then, the application of the peptidomic methods in DKD has yielded several 

potential biomarkers, such as fragments of IV and V collagens and tenascin-X (89), 

transthyretin, apolipoprotein A1 and apolipoprotein C1 (90). Advances in mass 

spectrometry have enhanced our ability to identify thousands of proteins and peptides 

in urine in a single analysis. Furthermore in a review published recently (91), the 

authors have assessed proteins networks according to the different biological stage of 

DKD, which is more informative than using individual proteomics markers to predict 

the risk of progression of DKD. The authors localised the most promising published 

urinary protein markers of DKD from different nephron segments, according to 

Human Protein Atlas, which is a dataset of protein expression in normal renal issue. 

Adapted results are presented in Table 1.4. 
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Table 1.4 The most promising urinary protein markers and their localisation (adapted 

from Van et al. (91)). 

 

Related injured site Proteomics identified 

Glomerulus β2-microglobulin, type I collagen, 

hemopexin, heparan sulfate 

proteoglycan, mannan-binding lectin 

serine protease 2, α1-acid glycoprotein 1, 

transferrin, transthyretin 

Proximal tubule α2-HS-glycoprotein, β2-microglobulin 

β2-microglobulin, clusterin, Type I 

collagen, cubilin, heparan sulfate 

proteoglycan, megalin, retinol-binding 

protein 4, α1-antitrypsin 

Loop of Henle Osteopontin, uromodulin 

Distal convoluted tubule Type I collagen, heparan sulfate 

proteoglycan, osteopontin, uromodulin 
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1.5.4.3. Metabolomics 

Metabolomics is a comprehensive analysis to identify and quantify metabolites from 

small amounts of body fluids such as plasma, serum or urine. The analyses are mainly 

of metabolic derivatives from lipid metabolism, amino acids metabolism, nucleotides 

metabolism and the tricarboxylic acid cycle. Numerous studies have been undertaken 

using a variety of metabolomics approaches and bio samples to try and identify the 

relationships between different metabolites and DKD, but this remains a very complex 

research area exploring underlying mechanisms of DKD (92–100). Table 1.5 provides 

details of some of the metabolomics analyses in DKD patients. Moreover, statistical 

analysis among these studies have also stressed that metabolites could be markers of 

renal dysfunction such as reduced glomerular filtration or tubular dysfunction 

associated with diabetes. A recent study conducted by Claras and colleagues identified 

59 metabolic traits associated with decreased eGFR in four independent European 

cohorts, with the strongest associations observed in glycine and phenylalanine (101). 

Another study (92) has identified a significant relationship between eight serum 

metabolites (creatinine, aspartic acid, gamma-butyrobetaine, citrulline, symmetric 

dimethylarginine, kynurenine, azelaic acid, and galactaric acid) and ACR in DKD 

patients. The use of metabolomics has the potential of identifying new biomarkers for 

DKD. However, future challenges in metabolomics analyses include consideration of 

the complexity of the body fluids. For example, metabolites are abundant in urine, but 

urine is a complex fluid which could reflect the metabolism of food and the 

heterogeneity of diets as well as disease features.  
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Table 1.5 Metabolomics analysis in human of DKD (adapted from Manjula et al. 

(102)). 

 

Sample type, author (Reference) Metabolites identified related to DKD 

Serum, Hirayama et al. (92) Creatinine, aspartic acid, γ-butyrobetaine, 

citrulline and symmetric dimethyl arginine etc. 

Urine, Ng et al. (93) Oxalic acid, octanol, 3,5-dimethoxymandelic 

amide, N-acetylglutamine and creatinine etc. 

Urine, van der Kloet et al. (94) 4-oxoproline, pseudouridine, 3,4,5-

trihydroxypentanoic acid , deoxyfructose and 3-

hydroxy-3- propanoic acid etc. 

Plasma, Han et al. (95) Arachidonic acid and non-esterified fatty acids 

Plasma and urine, Pena et al. 

(96) 

Butenoyl carnitine, histidine; hexose, glutamine 

and tyrosine etc. 

Plasma, Benito et al. (97) Glycine, dimethylglycine, citrulline, creatinine 

and asymmetric etc. 

Plasma, Niewczas et al. (98) P-cresol sulfate, phenylacetylglutamine, myo-

inositol, pseudouridine and indoxyl sulfate etc. 

Urine, Posada-Ayala et al. (99) Glutamate, guanidoacetate, α-

phenylacetylglutamine, trimethylamine N-oxide 

and 5-oxoproline etc. 

Urine and plasma, Sharma et al. 

(100) 

3-hydroxy isovalerate, aconitic acid, citric acid, 

2-ethyl 3-OH propionate and glycolic acid etc. 

Serum, Claras et al. (101) Amino acid, alanine, glycine, isoleucine and 

leucine etc. 
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1.5.4.4. Genomics  

There are clinical studies suggesting that genetic factors might be involved in the 

development of DKD. There is familial clustering of DKD reported in multiple 

ethnicities (103–105) particularly African Americans (104) and Pima Indians (106). 

The heritability for DKD is generally estimated to range between 30-75%. For 

instance, Carl and colleagues have reported heritability of albuminuria and GFR 

among Caucasians with T2DM of 0.46 and 0.75, adjusting for age, gender, mean 

arterial blood pressure, medications, and glycated haemoglobin A1c (HbA1c) (107). 

Sandholm and colleagues have estimated that the heritability of DKD was 35% among 

2843 T1DM subjects (108).  

 

Genes regulating several molecular pathways implicated in the pathogenesis of DKD 

have been investigated by several groups. EPO has been hypothesised to be associated 

with diabetic microvascular complications as it is an angiogenic factor (109). In a 

previous study that evaluated three European-American cohorts, a polymorphic 

variant within the promoter region of the EPO gene (rs1617640) was significantly 

associated with ESRD and proliferative diabetic retinopathy (109). This EPO gene 

variant association was validated in a meta-analysis which combined different DKD 

cohorts in T1DM (110). The association between PKC and DKD has been investigated 

given that PKC is an important molecule implicated in cell signalling in the 

development of DKD (73,74). Genetic variants in the PKC gene have been shown to 

be  associated with renal function in different diabetes cohorts (111–113). Altogether, 

a wide range of studies have been carried out into the genetic susceptibility of DKD 

including genes for the RAAS system (114,115) and receptor for advanced glycation 

end-products (116).  

 

However, a large number of the causal genes remain unidentified. The use of GWAS 

has increased the scope of investigations into the susceptibility to DKD across the 

entire genome. Numerous GWAS studies have been conducted and examined possible 

roles for various candidate gene SNPs in DKD (117–119), providing highly promising 

results suggesting a number of potential susceptibility genes that may contribute to the 
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pathogenesis of DKD. Table 1.6 shows a summary of major DKD associated SNPs 

identified through GWAS. For instance, engulfment and cell motility 1 (ELMO1) is 

one gene associated with DKD in patients of European descent with T1DM (120) and 

Japanese DKD subjects with T2DM (121).  

 

In addition, to enhance our understanding of the genetic basis of DKD, as well as to 

increase phenotypic and genetic heterogeneity, several multicentre consortia have 

been established to study the genomics and epigenetics of DKD. These include the 

Genetics of Nephropathy-an international effort (GENIE) consortium, the Finnish 

Diabetic Nephropathy Study (FinnDiane) Study, the Chronic Kidney Disease Genetics 

(CKDGen) consortium, the Genetics of Diabetes Audit and Research in Tayside, 

Scotland (GoDARTS), the Genetics of Kidneys in Diabetes US Study (GoKinD), 

Diabetes Control and Complications Trial/Epidemiology of Diabetes Interventions 

and Complications (DCCT/EDIC) consortium etc. The GWAS studies conducted by 

these groups have attempted to discover novel genomic biomarkers of DKD. For 

instance, the largest GWAS study of DKD to date, which involved more than 40,000 

subjects with more than seven dichotomous phenotypes, identified a novel locus, 

gamma-aminobutyric acid receptor subunit rho-1 (GABRR1) (rs9942471), associated 

with microalbuminuria phenotype in European subjects with T2DM (p = 4.5 × 10-8) 

(118). In addition, the study also replicated the genome-wide association between 

uromodulin (UMOD) (rs11864909) and protein kinase adenosine monophosphate-

activated non-catalytic subunit gamma 2 (PRKAG2) (rs10224002) with eGFR, which 

are two published loci related to DKD in T1DM and T2DM (121) .  
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Table 1.6 Major DKD associated SNPs identified through GWAS (adapted from Li 

et al. (122)). 

 

Chromosome SNP Nearest gene Population Reference 

2 rs7583877 AFF3 Caucasian (123) 

2 rs13427836 HS6ST1 Caucasian (124) 

2 rs1974990 SSB Caucasian/Asian (118) 

2 rs7588550 ERBB4 Caucasian (123) 

4 rs61277444 PTPN13 Caucasian (108) 

6 rs9942471 GABRR1 Caucasian (118) 

6 rs955333 SCAF8/CNKSR3 Trans-ethnic (125) 

6 rs12523822 SCAF8/CNKSR3 American 

Indians 

(125) 

7 rs39059 CHN2/CPVL Caucasian (126,127) 

7 rs741301 ELMO1 Japanese (121) 

7 rs1989248 CNTNAP2 Caucasian (108) 

7 rs10224002 PRKAG2 Caucasian/Asian (118) 

9 rs10868025 FRMD3 Caucasian (126,127) 

10 rs72809865 NRG3 Caucasian (108) 

10 rs1326934 SORBS1 Caucasian (128) 

11 rs451041 CARS Caucasian (126,127) 

11 rs649529 RAB38 Caucasian (124) 

13 rs1411766/rs17412858 MYO16/IRS2 Caucasian (126,127) 

16 rs11864909 UMOD Caucasian (118) 

22 rs5750250 MYH9 African-

American 

(125) 

22 rs136161 APOL1 African-

American 

(125) 
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1.5.4.5. Epigenetics 

Epigenetics is the study of changes in organisms caused by modification of gene 

expression rather than alteration of the genetic code itself. These changes can be 

inherited or occur in response to current or past environmental exposures, or changed 

metabolic states. With the development of high-throughput technologies such as 

epigenome-wide association studies (EWAS), there is increasing evidence that 

epigenetic modifications play a vital role in the pathogenesis of DKD. With regard to 

DKD, alterations in gene expression occur in response to hyperglycaemic conditions 

related to the underlying diabetic condition. The majority of epigenetic mechanisms 

associated with gene expression in DKD comprise deoxyribonucleic acid (DNA) 

methylation, histone modifications and ribonucleic acid (RNA) interference.  

 

DNA methylation is an epigenetic feature that involves addition of a methyl group to 

5'-cytosines of cytosine-phosphate-guanine (CpG) dinucleotides and is catalysed by 

specific DNA methyltransferases (129), and which usually leads to gene silencing or 

repression of gene expression. One mechanism by which DNA methylation reduces 

gene transcription is methylation of regions with high CpG density, called CpG 

islands. CpG islands are generally located close to gene promoter and enhancer 

regions, and the methylation of these regions inhibits transcription factor binding with 

the DNA and may change the gene expression. Another mechanism is inhibition of 

gene expression by methyl binding proteins, which can recruit transcriptional 

corepressors. There are several lines of evidence showing that aberrant methylation of 

genes occurs in models of DKD, inducing persistent histone modification changes, 

that may induce phenotype changes in the proximal tubules (130,131). In line with 

this, several genome-wide DNA methylation analyses have observed cytosine 

methylation differences in peripheral blood and human kidney tissue obtained from 

DKD patients and correlated these epigenetic features with albuminuria and/or eGFR 

(132,133). Moreover, there is also evidence to suggest that methylation levels in 

particular genes or regions could also be related to different pathological patterns of 

DKD. In one example, Swan and colleagues observed blood methylation profiles of 
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CpGs in the mitochondrial function related genes were significantly different between 

T1DM patients with or without DKD (134). 

 

Histone modifications refer to the modifications in the amino-terminal tails of histone 

octamers, leading to chromatin structure changes and subsequent alteration in 

transcription agents binding to their respective core promoter elements, resulting 

change in gene expression. Other work has suggested that histone modification plays 

a significant role in DKD (135), and histone acetylation and histone methylation are 

two types of modifications which have been studied more broadly in DKD. Histone 

acetylation typically takes place on the lysine site of the histone H3 and H4 tails, 

usually leading to transcriptional activation and making chromatin more accessible to 

transcription factors. Histone methylation mainly occurs in arginine and lysine 

residues. However, the role of histone methylation in gene repression or activation 

depends on the particular residues modified and extent of methylation. Histone 

modifications are implicated in the progression of DKD. For instance, in T2DM db/db 

mice with advanced glomerulosclerosis, Sufyan and co-workers observed increased 

renal histone H3K9 and H3K23 acetylation, and histone H3K4 dimethylation (136). 

Another study by Cai and colleagues using a diabetic mouse kidney model and a 

diabetic mesangial cell line demonstrated that glucose-stimulated osteopontin (Opn) 

gene expression was promoted through changes in histone acetylation and methylation 

levels (137). More recently, it has been reported that phosphorylation of histone H3 

on serine residue 10 was associated with glomerular endothelial activation (using 

diabetic endothelial nitric oxide synthase knockout mice model) and DKD patients’ 

glomeruli (138). Endothelial activation is involved in the pathogenesis of DKD (139).  

 

In the past decade, the role of noncoding RNAs in DKD has been widely investigated. 

Long noncoding RNAs (lncRNAs), with transcript length longer than 200 nucleotides, 

are an active area of research, with several implicated as key novel regulators in DKD. 

A review (140) published recently has summarised the lncRNAs reported to date 

related to DKD. Specifically, the dysfunction of some lncRNAs, such as lnc-

megacluster (lnc-MGC) has been found to play a role in regulating TGF-β signalling, 
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cellular hypertrophy and ECM synthesis, which are the key histological features in 

DKD (141). However, the studies about lncRNAs in DKD are still limited, with further 

effort required to improve the sensitivity and specificity of these as prognostic 

biomarkers for DKD. More focus has been given to small non coding RNA molecules, 

such as small transfer RNA (tRNA), ribosomal RNA (rRNA), small nucleolar RNA 

(snoRNA), small interfering RNA (siRNA) and microRNA (miRNA) (142–144). 

Specifically, the use of miRNAs as potential diagnostic biomarkers of DKD has been 

intensively studied. Further details on the miRNAs associated with DKD are outlined 

in the following sections. 

 

Overall, exploring multiple different epigenetic features in DKD may further improve 

our understanding of the genetic architecture and disease biology. 
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1.6. microRNAs  

miRNAs are short non-coding RNA molecules that are 19 to 24 nucleotides in length 

(145). miRBase (available at http://www.mirbase.org/ (146)) is a registry database of 

miRNA sequences and annotation. According to the recently released miRBase 

version 22, there are 1917 human precursors and 2656 mature miRNAs registered to 

date. The production of the single-strand mature miRNA requires a series of 

procedures as shown in Figure 1.5. The miRNA gene is initially transcribed by RNA 

polymerase (Pol) II or III, producing a long primary transcript called pri-microRNA 

(pri-miRNA) (147,148), which has a hairpin structure with a double stranded stem. 

The 5′ and 3′ ends of the pri-miRNA are cleaved by RNase III Drosha bound by its 

regulatory sub-unit DiGeorge critical region 8 (DGCR8), liberating a precursor called 

pre-microRNA (pre-miRNA) (149) which contains two nucleotides overhanging at the 

3′ end. The pre-miRNA is translocated by the guanosine-5'-triphosphate (GTP)-

dependent exportin 5 (Exp5) from the nucleus into the cytoplasm (150), where the 

RNase III enzyme Dicer recognises the two nucleotide overhang of the pre-miRNA, 

and cleaves it to produce a miRNA duplex intermediate. An Argonaute (Ago) protein 

binds the strand of the duplex with the less stable 5' end, incorporating this mature, 

single-stranded miRNA into the RNA-induced silencing complex (RISC) while the 

other strand in the original duplex is discarded (151,152). The miRNA-RISC complex 

can anneal to complementary sequences in the 3' untranslated region of messenger 

RNA (mRNA), resulting in target mRNA degradation or suppression of its expression. 

This process is dominated by a so-called miRNA ‘seed’ region which is located at 

nucleotides 2-8 from the 5' end of the mature miRNA (153). Given that miRNAs target 

different mRNAs individually, and that more than one miRNA may regulate an 

individual mRNA, the regulatory process is complex. It is estimated that over 60% of 

protein-coding genes are controlled by miRNAs in this way (154). Modification of 

miRNA expression profiles has been implicated in specific disease processes, 

implying that miRNAs may be involved in the development of cancer (155), 

cardiovascular disease (156) and kidney disease (157).  
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Figure 1.5 miRNA biogenesis and action. (adapted from Ryan et al. and Graves et al. 

(158,159)). In nucleus, double-stranded DNA is transcribed by RNA Pol II or Pol III, 

producing a hairpin structure with a double stranded stem transcript called pri-miRNA. 

The pri-miRNA are following cleaved by Drosha-DGCR8 complex, liberating a 

precursor called pre-miRNA. The pre-miRNA is translocated by the Exp5 from the 

nucleus into the cytoplasm, where the RNase III enzyme Dicer recognises pre-miRNA 

and cleaves it to produce a miRNA duplex intermediate. An Ago protein binds the 

strand of the duplex, incorporating this mature, single-stranded miRNA into the RNA-

induced silencing complex (RISC) while the other strand in the original duplex is 

discarded. The miRNA-RISC complex can anneal to complementary sequences in the 

3' untranslated region of messenger RNA (mRNA), resulting in target mRNA 

degradation or suppression of its expression. 
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1.6.1. microRNAs and their role in diabetic kidney disease 

The expression profiles of miRNAs vary by tissue type, with different levels detected 

in the renal cortex and medulla suggesting tissue-specific roles (160). Several miRNAs 

have been implicated in the attenuation of the expression profiles of a number of target 

genes associated with renal fibrosis or inflammation, the characteristic hallmarks of 

DKD progression (160–162). A series of reports using renal cells from animal models 

of DKD demonstrated functional relationships between aberrant miRNA expression 

and processes related to renal fibrosis and DKD. Argyropoulos and colleagues used a 

case-control approach to identify urinary miRNA profiles that vary significantly 

across the different disease stages of DKD (163). Sun and colleagues, identified five 

miRNAs with enriched expression in human kidney compared to other organs; miR-

192, miR-194, miR-204, miR-215 and miR-216 (161). Further evaluation in model 

systems has shown that hyperglycaemia and TGF-β may modulate miRNA expression 

in cultured kidney cells such as mesangial cells, podocytes and proximal tubule cells 

(164–166). 

 

1.6.2. microRNAs in the pathogenesis of diabetic kidney disease 

Table 1.7 outlines specific miRNAs that may modify DKD development and 

pathogenesis including renal fibrosis under hyperglycaemic conditions in different 

renal cell types. Another group of miRNAs identified in response to inflammation 

were also included in Table 1.7 given their up-regulation in multiple immune cells 

that activate inflammatory cytokines and specific antigens. 
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Table 1.7 List of miRNAs involved in DKD. 

 

miRNA (reference) Tissue Outcome Function Mechanism 

miR-192 (167–170) Tubulointerstitial, Glomeruli, 

Mesangial cells, Podocytes 

Up/Down-

regulated 

Pathogenic Fibrosis, cellular hypertrophy, 

ECM accumulation 

miR-215 (169) Tubular cells, Mesangial cells 

 

Up/Down-

regulated 

Pathogenic Renal fibrosis 

miR-29 family (171) Proximal tubular cells, 

Mesangial cells, Podocytes 

Up/Down-

regulated 

Pathogenic ECM accumulation 

let-7 family 

(172,173) 

Proximal tubule cells Down-regulated Protective Reduced ECM, accelerated renal 

fibrosis 

miR-21 (174–176) Tubulointerstitial Up-regulated Pathogenic EMT, accelerated renal fibrosis 

miR-221 (174)  Tubulointerstitial Up-regulated Pathogenic EMT, accelerated renal fibrosis 

miR-216a (177) Glomeruli Down-regulated Pathogenic Increased Col1a2 expression, 

enhanced cellular hypertrophy 

miR-217 (174) Tubulointerstitial Up-regulated Pathogenic EMT, accelerated renal fibrosis 
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miRNA (reference) Tissue Outcome Function Mechanism 

miR-93 (178) Endothelial cells, Glomeruli Down-regulated Protective Increased expression of VEGF-A 

miR-200 family 

(179) 

Mesangial cells Up-regulated Pathogenic Upregulated collagen expression, 

initiate the auto regulation of TGF-

β1 in mesangial cells, activate Akt 

miR-26a (180,181) Podocytes Up-regulated Pathogenic Increased target CTGF 

miR-377 (182) Mesangial cells Up-regulated Pathogenic Increased fibronectin, accelerate 

renal fibrosis 

miR-23b (183) Proximal tubular epithelial cells  Down-regulated Pathogenic Suppressed high glucose-induced 

EMT 

miR-146a/miR-155 

(165,184) 

Renal glomerular, endothelial 

cells 

Mesangial cells 

Tubular cells 

Up-regulated Pathogenic Inflammation-mediated 

glomerular endothelial injury 

miRNA: microRNA, ECM: extracellular matrix, EMT: epithelial-to-mesenchymal transition, Col1a2: collagen type I alpha 2 chain, Akt: protein 

kinase B, VEGF-A: vascular endothelial growth factor A, TGF-β1: transforming growth factor beta 1, CTGF: connective tissue growth factor
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1.6.3. Fibrosis related microRNAs 

Progression of DKD is characterised by the gradual scarring and fibrotic processes 

affecting both renal glomeruli and tubulointerstitial regions. During fibrosis, TGF-β is 

able to stimulate the accumulation of ECM proteins such as collagen via suppressor 

of mothers against decapentaplegic (SMAD)2 and 3 which results in the impairment 

of normal kidney function (185). As a result, TGF-β is known as a mediator of renal 

fibrosis and plays a vital role in the onset and progression of the fibrotic kidney 

changes that occur in DKD. Recent evidence has shown that TGF-β may also mediate 

its effects through the regulation of miRNAs, such as miR-21, miR-192, miR-29 and 

miR-200 (186–188) which have been implicated in the TGF-β induced fibrotic 

processes of DKD. 

 

1.6.3.1. miR-192 and miR-215 

miR-192 is a key kidney specific miRNA expressed during DKD development and 

progression given its role in mediating TGF-β driven fibrosis (189). Enhanced TGF-β 

expression in renal cells promotes fibrosis and hypertrophy during disease progression 

and increased miR-192 expression levels were found in glomeruli isolated from both 

streptozotocin-injected diabetic mice as well as diabetic db/db mice relative to non-

diabetic controls (164). In addition, Kato and colleagues reported increased TGF-β1 

levels by miR-192 in mouse mesangial cells (179). In contrast, Wang and co-workers. 

found decreased miR-192 expression in proximal tubular cells and rat mesangial cells 

following stimulation with TGF-β (169) and a loss of miR-192 was observed in renal 

biopsy samples from DKD patients compared to those with less severe kidney disease 

(170) and in human conditionally immortalised podocytes, following treatment with 

TGF-β (169). Decreased expression of miR-192 in humans is associated with 

tubulointerstitial fibrosis and a reduction in the glomerular filtration rate in those with 

DKD. In summary, the role of miR-192 in DKD may be more complex, given the 

inter-study differences and varying cell culture conditions, experimental models and 

time points evaluated. 
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miR-215 also belongs to the same family as miR-192 given they share a homologous 

seed sequence and overlapping characteristics. Decreased expression of miR-215 has 

been reported in the kidneys of diabetic animals (169) and in human podocytes in 

response to TGF-β leading to increased ECM protein expression, and reduced levels 

of miR-215 during renal fibrosis (169). 

 

1.6.3.2. miR-29 family 

The miR-29 family (miR-29a, -29b, -29c) has been reported to regulate collagen 

synthesis and fibrosis in both in vivo and in vitro models. One study suggested 

expression of the miR-29 family was significantly reduced in primary mouse 

mesangial and proximal tubular cells following treatment with TGF-β under high 

glucose conditions, which correlated with increased collagen expression (171). In 

addition, miR-29 is an important downstream mediator of TGF-β in renal epithelial 

cells under fibrotic conditions (190,191). In contrast, another study reported increased 

expression of miR-29c in kidney endothelial cells and podocytes under high glucose 

conditions (192). These inter-study disparities may reflect the different cell types and 

models assessed.  

 

1.6.3.3. let-7 family 

The let-7 family is encoded by 11 genes in the human genome, and let-7 family 

members produce eight types of highly expressed mature let-7 miRNAs, which are 

believed to have similar functions because they share a common seed region. Up-

regulation of let-7c has been reported to suppress TGF-β-induced fibrosis and several 

let-7c target genes were shown to be dysregulated during renal fibrosis (193). Several 

studies also reported expression of the let-7 family was suppressed in the diabetic 

kidney (194) and that let-7a may play a role in DKD (173,195). 
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1.6.3.4. miR-21 and miR-221 

miR-21 is one of the miRNAs most commonly associated with fibrosis in multiple 

organs, including lung, heart and kidney sclerosis in several experimental models 

(176,196–199). A recent study showed miR-21 to be significantly elevated in the renal 

cortex of OVE26 T1DM mice, suppressing phosphatase and tensin homolog (PTEN) 

protein and increasing fibronectin content, in relation to DKD pathogenesis (200). In 

addition, miR-21 has been evaluated as a therapeutic target in DKD mouse models, 

given its pathological role in renal fibrosis (176). miR-21 expression in glomeruli and 

tubulointerstitial fractions of kidney biopsied from American Indians with DKD, 

showed significantly increased expression within the glomerular fraction which 

correlated with the levels of proteinuria observed (201). Wang and co-workers 

demonstrated that miR-21 overexpression could lead to TGF-β-induced EMT by 

inhibiting SMAD7, and that miR-21 may provide an alternative target to directly 

suppress TGF-β-mediated renal fibrosis in DKD (175).  

 

In a hyperglycaemic environment, tissue inhibitor of metalloproteinases (TIMPs) 

expression was strongly reduced in both mouse and human kidneys with DKD (202). 

Both miR-21 and miR-221 target TIMPs and were shown to be significantly up-

regulated in kidneys from diabetic mice and in mesangial cells grown under high 

glucose conditions (174). The reduction in expression of TIMPs contributes to 

inflammation, renal fibrosis and tubular interstitial injury in mice (174). However, 

only miR-21 has been shown to be up-regulated in kidney biopsy samples from 

diabetic patients compared to healthy controls (174). 

 

1.6.3.5. miR-216a and miR-217 

miR-216a expression levels have been previously reported to correlate with declining 

renal function and subsequent progression to ESRD (203). A recent study by Kato and 

colleagues reported TGF-β activation of protein kinase B (Akt) in mouse glomerular 

mesangial cells by increasing miR-216a and miR-217, both of which target 

phosphatase and PTEN, an inhibitor of Akt activation (177). Akt kinase has been 
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shown to play an important role in renal fibrosis, hypertrophy and glomerular 

mesangial cell survival in DKD.  

 

1.6.3.6. miR-93 

Long and colleagues demonstrated that miR-93 was down-regulated in experimental 

models of diabetes both in vitro and in vivo (178) and up-regulated following increased 

vascular endothelial growth factor (VEGF) expression, which is a known major 

angiogenic factor and mediator of DKD (178,204). Their findings offer new insights 

into the role of miR-93 within the VEGF signalling pathway and its potential as a 

novel therapeutic target for DKD. 

 

1.6.3.7. miR-200 family 

The miR-200 family contains miR-200a, miR-200b, miR-200c, miR-141, and miR-

429. Recent studies in DKD have mainly focused on miR-200b/c. One study reported 

increased expression of miR-200b/c in glomeruli from type 1 (streptozotocin) and type 

2 (db/db) diabetic mice, and in mouse mesangial cells treated with TGF-β1 (179). The 

same study also showed increased levels of miR-200b/c by miR-192 in mesangial 

cells, suggesting that miR-200b/c lies downstream of miR-192 (179). As TGF-β 

activity is influenced by miR-192, it has been shown that miR-200b/c and miR-192 

regulate TGF-β expression. In contrast, Wang and co-workers demonstrated that miR-

200a, miR-200b, and miR-200c were down regulated with TGF-β in NRK52E cell 

lines (169). 

 

1.6.3.8. miR-26a 

Koga and colleagues showed down regulation of miR-26a during the onset of DKD in 

mice and also in advanced DKD in humans (181). They demonstrated that miR-26a 

targets connective tissue growth factor (CTGF) leading to decreased TGF-β signalling 

and ECM accumulation in podocytes under hyperglycaemic conditions (181). As such, 

miR-26a may provide a novel therapeutic target for the treatment of DKD. In contrast, 
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another study reported that increased expression of miR-26a led to rat glomerular 

mesangial cell hypertrophy and matrix protein expression, characteristic hallmarks of  

DKD (180). Significant increases of miR-26a detected in rat glomerular mesangial 

cells were observed in the presence of high glucose, reducing PTEN protein levels 

resulting in induced Akt kinase activity and increased the expression of both 

fibronectin and collagen I, for a process leading to mesangial cell hypertrophy and 

expression of matrix proteins (180). 

 

1.6.3.9. miR-377  

Wang and colleagues reported increased expression of miR-377 in both cultured 

human and mouse mesangial cells which had been exposed to high glucose levels in 

addition to in vivo DKD mouse models (182). They identified mesangial cell proteins, 

such as superoxide dismutase (SOD) 1, SOD2, and serine/threonine-protein kinase 

(PAK) 1 as targets of miR-377 (182). These proteins were suppressed, which lead to 

enhanced susceptibility to oxidative stress, and subsequent accumulation of ECM 

proteins and fibronectin (182). As such, miR-377 is likely to play a critical role in 

DKD. 

 

1.6.3.10. miR-23b 

Liu and colleagues reported significantly decreased levels of miR-23b in human 

kidney proximal tubular epithelial cells exposed to high extracellular glucose 

concentrations and in kidney tissues of db/db mice (183). They also demonstrated that 

overexpression of miR-23b could lead to the suppression of EMT by reducing the 

expression of EMT-related genes, ameliorated renal morphology and improved renal 

functions of db/db mice, offering potential as a therapeutic target for DKD (183).  
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1.6.4. Inflammatory response related microRNAs 

1.6.4.1. miR-146a and miR-155 

Increased levels of miR-146a and miR-155 have been reported in association with 

inflammation of glomerular endothelial cells, mesangium and tubular sections in DKD 

patients compared to healthy controls (165). Furthermore, miR-146a and miR-155 

were also gradually up-regulated during the development of DKD in a rat model (165). 

These elevated expression levels were reported under high glucose conditions in vitro 

leading to increased expression levels of TGF-β, TNF-α, and nuclear factor kappa-

light-chain-enhancer of activated B cells (NF-κB) (165). miR-155 expression was also 

closely correlated with serum creatinine levels (165).  

 

1.6.5. microRNAs as potential therapeutic agents for diabetic kidney disease 

Strict glycaemic control and effective antihypertensive treatment, particularly use of 

angiotensin converting enzyme inhibitors (ACEi) or angiotensin receptor blockers 

(ARBs), have generally been regarded as primary treatment options for DKD. 

Additionally, a new class of the sodium-glucose transporter inhibitors (SGLT2). have 

been demonstrated to reduce cardiovascular complications and slow diabetic kidney 

disease progression in patients with T2DM through effectively increasing urinary 

glucose excretion and decreasing blood glucose levels (205,206).Beyond that, recent 

developments in the synthesis of modified stable nuclease-resistant nucleic acids offer 

tools to develop more effective miRNA inhibitors and mimics for clinical management 

of DKD. For example, locked nucleic acid (LNA) and modified anti-microRNAs 

(anti-miRNAs) have been shown to be highly specific in the suppression of targeted 

miRNAs of interest and several are currently under evaluation in clinical trials (177). 

Kato and colleagues demonstrated that expression of miR-192 and its downstream 

targets were reduced in mice injected with anti-miR-192 (177,179,207). In addition, 

Long and co-workers reported a reduction in DKD progression in db/db mice injected 

with 2-O-methyl antisense oligonucleotides targeting miR-29c (207). These studies 

suggest that anti-miRNAs and antisense LNA oligonucleotide therapies can be 

developed as potential treatment options for DKD. 
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1.6.6. microRNAs in body fluids as biomarkers of diabetic kidney disease 

Given the kidney cell-specific deregulation of miRNA expression in DKD described 

above, using miRNAs as candidate biomarkers of DKD has been of interest. 

Moreover, the presence of miRNAs in body fluids opens up the possibility of using 

circulating miRNAs as biomarkers of DKD, since circulating miRNAs may act as a 

simple, non-invasive “liquid biopsy” (208).  

 

Urine is an ideal source for non-invasive miRNA profiling because it is produced in 

the kidneys and its constituents are known to reflect renal function, with proteins such 

as cystatin C increasing in individuals with renal impairment and kidney damage 

(209,210). Urinary miRNAs may be ideal biomarkers of kidney function as they are 

measurable in an easily accessible liquid biopsy. A literature review of studies 

evaluating urinary miRNAs as DKD candidate biomarkers is presented in Chapter 3.  

 

Moreover, recent research has identified small cell-derived vesicles called exosomes 

that are present in body fluids and function as intercellular communicators. Exosomes 

are membrane-bound vesicles that are released into body fluids such as serum, plasma, 

urine and saliva and carry miRNAs which may offer potential as non-invasive 

biomarkers of disease (211–214). Given that urinary exosomes pass through the renal 

architecture of the nephron segments (215), altered miRNA profiles may be indicative 

of changes in kidney function. A study to evaluate urinary exosomal miRNAs 

expression to differentiate between type 2 diabetic kidney disease (T2DKD) and 

controls is presented in Chapter 4. 

 

In addition, recently available sequencing technologies offer an opportunity for 

quantification of low-abundance or novel miRNAs, isomiRs (mature miRNA 

molecules with varied length) and other small RNA species. For instance, Next 

generation sequencing (NGS) technology has been employed to extensively profile 
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and identify changes in miRNA expression within different diseases (216–218). 

Chapter 5 details the use of a NGS approach to profile plasma miRNAs in T2DKD 

subjects and controls, to identify additional known and novel miRNAs biomarkers of 

DKD.  

 

1.7. Potential role of lymphocyte activation gene 3 in kidney damage 

Human lymphocyte activation gene 3 (LAG3, also known as cluster of differentiation 

[CD] 223) is located on chromosome 12 (12p 13.32). Being a member of the 

immunoglobulin superfamily of receptors, LAG3 has been implicated in activating 

human natural killer cells and T cells (219). LAG3 is a negative regulator of activated 

T cells and T cell homeostasis, and is required for maximal natural and induced 

regulatory T cell (Treg) function (220–223). The LAG3 gene includes eight exons. 

Given that the peptide sequence and the exon/intron organization of LAG3 are quite 

similar as the CD4 gene, we cannot rule out that LAG3 protein might have biological 

similarity to CD4 which has multiple interactions with the major histocompatibility 

complex (MHC) (219,224). In the last decade, the role of LAG3 has been widely 

discussed as a potential immunotherapeutic target for cancer due to its negative 

regulatory role on T cells (225), and a few studies have been conducted on the 

possibility of LAG3-targeting antibodies in curing HIV infection (226), chronic 

lymphocytic leukaemia (227) and coronary heart disease (228). Altogether, these 

studies were performed to understand the immunogenic features of LAG3 (229–231).  

 

It has been suggested that T1DM is induced by a T-cell mediated chronic autoimmune 

response, resulting in the destruction of pancreatic β-islets and leading to insulin 

deficiency (232). There is also evidence indicating a pathological role for Treg cells 

in T1DM (233–235). As a microvascular complication of diabetes, DKD has not been 

considered in a conventional sense as an inflammatory disease. However, recent 

extensive studies have suggested that kidney inflammation is crucial in promoting the 

development and progression of DKD (236,237). T cells have been reported to 

infiltrate the kidneys in the presence of diabetes. Specifically, in diabetic animal 
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models, helper (CD4+) T cells and cytotoxic (CD8+) T cells have been observed 

infiltrating the kidney (238). In addition, an abundant kidney T cell influx has been 

found among young patients with early T1DM, especially those with a shorter duration 

of diabetes, resulting in renal structural and functional injury (239). Furthermore, 

using the db/db mice model, there is evidence that Tregs are critically involved in the 

pathogenesis of T2DM and DKD with Treg-depleted db/db mice developing a greater 

degree of albuminuria and glomerular hyperfiltration (240). In brief, there are lines of 

evidence suggesting that Tregs are implicated both in the pathogenesis of DM and 

DKD. Nevertheless there are relatively few studies to date exploring the role of Tregs 

in DKD. More research is needed to understand the clinical significance and the 

therapeutic applications of Tregs in DKD. Given that LAG3 plays a role in the 

regulation of Tregs, it is relevant to explore the interplay between LAG3, Tregs and 

DKD.  

 

As highlighted earlier, the development of DKD exhibits a high degree of familial 

aggregation (103–105), indicating that common genetic factors may be involved in 

susceptibility to renal dysfunction in diabetic patients. There have been no studies 

published that have examined the association between genetic variants in LAG3 and 

diabetic renal damage and no functional candidate SNPs in LAG3 have been identified. 

Given that the causal gene(s) of DKD remains largely unknown, we hypothesised that 

DKD susceptibility loci might be located in the LAG3 gene. A case-control study was 

therefore conducted to examine the possible association of DKD with common SNPs 

in the LAG3 gene, which is summarised in Chapter 6.  
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1.8. Aims and objectives 

The primary aim of this thesis was to identify novel biomarkers associated with renal 

dysfunction in diabetes and to identify novel genetic susceptibility related to it. The 

study aim was addressed through three individual studies: 

 

1) To perform a review of the literature to understand the current knowledge 

to identify gaps in the evidence base and the best strategies for 

methodology and clinical study design. 

 

2) Evaluation of urinary exosomal miRNA in persons with renal dysfunction 

in T2DM followed by independent replication and validation of altered 

miRNA. 

3) A next generation sequencing study of plasma miRNA to differentiate 

between T2DKD subjects with and without kidney disease and non-

diabetic individuals with normal renal function.  

4) Association of LAG3 with T2DKD, a hallmark of inflammation, which is 

a pathway characteristic of renal dysfunction. 
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Chapter 2.  Materials and methods 
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2.1. Subjects and ethics approval 

All samples included in this thesis were obtained from individuals enrolled in the 

Evaluation of Novel Cardiovascular Risk Indicators in People with Cardiovascular 

Disease and Diabetes (CVD) study, which recruited participants from cardiac and 

renal clinics in the Royal Victoria and Belfast City Hospitals, Belfast, Northern 

Ireland. The CVD study was approved by the Office for Research Ethics Committee 

Northern Ireland (reference number 14/NI/1132) and adhered to the tenets of the 

Declaration of Helsinki. All participants were white and of European ancestry and 

provided written informed consent before participating. Participant information was 

collected upon enrolment including diabetes status, blood pressure, current prescribed 

medications, together with clinical chemistry results for serum creatinine, glycated 

haemoglobin A1c (HbA1c) and lipoproteins. Blood and urine samples were collected 

from each subject following study specified guidelines on collection, processing, and 

storage. Briefly, blood was collected through venepuncture and allocated into three 6 

ml aliquots in clot activator serum tubes, two 4 ml aliquots in PAXgene RNA 

collection tubes and three 4 ml aliquots in ethylenediaminetetraacetic acid (EDTA) 

plasma tubes for nucleic acid extraction. Second pass morning urine was also collected 

and placed on ice for processing. A copy of the study consent form, sample 

information sheet and laboratory manual used in the study are included (Appendix 1).  

 

Chronic kidney disease (CKD) status was defined on the basis of a single estimated 

glomerular filtration rate (eGFR) measurement using a threshold value of 60 

ml/min/1.73 m2 in the absence of albuminuria, or any eGFR in the presence of 

albuminuria ≥ 3 mg/mmol in line with current clinical guidelines. eGFR was estimated 

using the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation 

(13). Participants with type 2 diabetes mellitus (T2DM) and CKD were categorised as 

type 2 diabetic kidney disease (T2DKD). Three control groups were used for 

comparative purposes. Patients with T2DM and eGFR > 60 ml/min/1.73 m2 without 

persistent albuminuria were classified as control samples i.e. individuals with T2DM 

and normal renal function (T2DNRF). Patients without diabetes but diagnosed with 

CKD were enrolled as CKD controls (CCKD). Patients without diabetes or CKD were 
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classified as non-diabetic normal renal function controls (NDNRF). These 

categorisations have been used in all of the comparisons included in this thesis. 

Participants were included in the study if blood or urine samples were available.  

 

2.2. Urinary exosome microRNA profiling study  

2.2.1. Subjects  

Two cohorts were recruited for this study: a discovery cohort that included 14 T2DKD, 

15 age and gender matched T2DNRF controls and a validation cohort of 22 T2DKD, 

15 T2DNRF and 18 CCKD participants. Table 2.1 summarises the characteristics of 

patients recruited. 

 

Table 2.1 Summary characteristics of participants recruited for the urinary exosomal 

miRNA profiling study. 

 

Variables Urinary exosomal miRNA profiling study 

Discovery cohort Validation cohort 

T2DKD 

(n = 14) 

T2DNRF* 

(n = 15) 

T2DKD 

(n = 22) 

T2DNRF 

(n =15) 

CCKD 

(n = 18) 

Age (years) 67 ± 9.6 67 ± 10.1 72 ± 9.0 63 ± 5.7 60 ± 16.9 

Gender 

(male/female) 

9/5 10/5 12/10 12/3 9/9 

eGFR 

(ml/min/1.73 

m2) 

30.9 ± 13.6 81.6 ± 14.1 26.7 ± 8.4 87.5 ± 15.0 36.6 ± 12.5 

Median ACR 

(mg/mmol) 

100.7 2.5 40.5 1.0 21.5 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetic normal renal 

function controls; CCKD: chronic kidney disease controls; eGFR: estimated 

glomerular filtration rate; ACR: albumin-to-creatinine ratio. Data is represented as a 

mean ± standard deviation (SD). *Age and gender matched with T2DKD. 
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2.2.2. Urine collection 

A spot urine sample was collected in a 50 ml sterile centrifuge bottle and placed on 

ice before processing. Samples were centrifuged (Beckman Coulter Inc, Brea, CA, 

USA) at 2,000 g for 10 min at 4°C to render them acellular before the supernatant was 

transferred to five 2 ml aliquots for storage in RNase/DNase-free tubes (Eppendorf, 

Hamburg, Germany) at -80°C. 

 

2.2.3. Principles of polymerase chain reaction 

A simple polymerase chain reaction (PCR) reaction comprises three steps for each 

amplification cycle, and requires the following components: template 

deoxyribonucleic acid (DNA), a pair of specific synthetic oligonucleotide primers 

(sense and antisense), DNA polymerase and oligonucleotides. The first step is 

denaturation, in which a double-stranded DNA (dsDNA) template is heated to 90-

95°C and separated to single-stranded DNA. The temperature at which half of the 

dsDNA is denatured is known as the melting temperature (Tm) and is determined by 

the guanine-cytosine (G-C) content, the length of the sample, and the concentration of 

ions. During the second, annealing step, the sample is cooled to 40-60°C, allowing the 

primers to hybridise with the complementary strand of the template DNA. The final 

step is called extension, and refers to DNA polymerase extending the DNA from the 

primers by addition of new nucleotides and eventually creating new dsDNA. As the 

strands synthesised in one cycle serve as a template for the next, this leads to an 

exponential increase in the number of copies of the DNA. The PCR temperature 

cycling can be performed automatically using machines called thermal cyclers. 

 

Quantitative polymerase chain reaction (qPCR) is a technique for monitoring and 

detecting target DNA amplification using a fluorescent reporter. The three-step 

procedure is the same as PCR, but the amplified DNA is detected by a fluorescent 

probe, enabling the PCR product to be measured by a qPCR instrument. The 

fluorescence detected during amplification is proportional to the amount of DNA 

product generated. The higher the initial number of DNA molecules in the sample, the 
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faster the fluorescence will increase during the qPCR. The fluorescent signal increases 

with the amplification of DNA and a fluorescence curve can be recorded. The cycle at 

which fluorescence can be detected is known as the quantification cycle (Cq). Two 

fluorescent labelling methods are available for qPCR; the first is based on a sequence-

specific oligonucleotide probe such as TaqMan, the other on a generic non-sequence-

specific DNA-binding dye such as SYBR green. The research presented in this thesis 

employed SYBR green based qPCR. A TaqMan probe contains a reporter fluorescent 

dye at 5′ end and a quencher dye at 3′ end. Once the probe is hydrolysed by Taq DNA 

polymerase, fluorescence from the 5′ end dye is no longer quenched and can be 

quantified by a qPCR detection instrument. In contrast, SYBR green binds to dsDNA 

non-specifically, and once it is attached to the extended dsDNA chains, the intensity 

of the fluorescence is increased by 20-100-fold. Exemplar amplification curves are 

shown in Figure 2.1. As DNA in samples S1, S2 and S3 are being amplified with 

every cycle, the fluorescence increases, while S4 is not amplified. In the example 

above, sample S1 contained the highest initial number of target DNA molecules, 

resulting in detectable fluorescence at the earliest cycle. Sample S3 contained the 

lowest initial number of target DNA molecules. 

 

 

 

Figure 2.1 Amplification curves obtained from qPCR showing amplification plots for 

three samples (S1 to S4).  
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2.2.4. Isolation of urinary exosomes  

A single aliquot of acellular urine (2 ml) was transferred from -80°C to 4°C until fully 

thawed. A 1.1 ml aliquot was transferred to a fresh 2 ml reaction tube (Eppendorf, 

Hamburg, Germany) and centrifuged at 10,000 g (Eppendorf, Hamburg, Germany) at 

room temperature to remove any remaining cellular debris. A 1 ml aliquot of urine 

supernatant was thoroughly mixed with 400 µl of Precipitation Buffer B 

(miRCURY™ Exosome Isolation Kit, Qiagen, Hilden, Germany). The mixture was 

incubated at 4°C for 60 minutes, followed by 30 minutes centrifugation at 10,000 g at 

20°C. The supernatant was completely discarded and the residual pellet was used for 

ribonucleic acid (RNA) extraction. 

 

2.2.5. Isolation of total RNA from urinary exosomes 

Exosome pellets were resuspended by vortexing in 350 µl of Lysis Solution 

(miRCURY™ RNA Isolation Kit-Cell & Plant, Qiagen, Hilden, Germany) for 15 

seconds until the entire pellet was completely dissolved. A 200 µl aliquot of 100% 

ethanol (Sigma-Aldrich, Deisenhofer, Germany) was added with further vortexing for 

10 seconds. The contents of the reaction tube were added to a spin column and 

collection tube with centrifugation at 10,000 g for 1 minute at room temperature, 

according to the manufacturer’s instructions. A 400 µl volume of Wash Solution 

(miRCURY™ RNA Isolation Kit-Cell & Plant, Qiagen, Hilden, Germany) was added 

to the column and centrifuged at 14,000 g for 1 minute at room temperature. The ‘flow 

through’ was discarded and two further washes were undertaken with a final 

centrifugation step at 14,000 g for 2 minutes at room temperature. The spin column 

was transferred to a 1.7 ml elution tube provided and 50 µl of Elution Buffer 

(miRCURY™ RNA Isolation Kit-Cell & Plant, Qiagen, Hilden, Germany) was added 

to the column with centrifugation at 200 g for 2 minutes, followed by centrifugation 

at 14,000 g for 1 minute at room temperature. The purified RNA samples were 

evaluated for quality and concentration using Qubit 2.0 Fluorometer following the 

procedure described in section 2.3.8 and stored at -80°C. 
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2.2.6. Complementary DNA synthesis of RNA samples 

Reverse transcription of RNA was performed using the miRCURY Locked Nucleic 

Acids (LNA) Universal RT miRNA PCR kit (Qiagen, Hilden, Germany). Reverse 

transcription solution was prepared and kept on ice together with the reagents 

including 2 µl of 5X reaction buffer, 3.5 µl of nuclease-free water, 1 µl of reverse 

transcriptase enzyme mix, 0.5 µl of synthetic RNA Spike In and 3 µl of RNA template. 

The mixture was mixed thoroughly using a pipette and incubated and heated in a 

thermal cycler (Veriti Thermal Cycler, ThermoFisher Scientific, San Jose, USA) at 

42°C for 15 minutes, 95°C for 5 minutes and 4°C. cDNA samples were either used 

immediately for qPCR amplification or stored at -80°C. 

 

2.2.7. miRCURY LNA miRNA Urine Exosome Focus PCR Panels 

A miRCURY LNA miRNA Urine Exosome Focus PCR Panel (Qiagen, Hilden, 

Germany) was used to screen candidate urinary exosome miRNAs from the discovery 

cohort. The panels are designed in a 384-well plate format; facilitating four replicates 

of 87 pre-defined miRNA LNA PCR oligonucleotide primer pairs (Qiagen, Hilden, 

Germany) targeting human miRNA expression from urinary exosomes. The target 

miRNAs were pre-selected for the panel based on previous reports of differential 

expression in RNA derived from urinary exosomes. In addition, each plate also 

included four replicate wells that contained a UniSp3 inter-plate calibrator to 

compensate for variation between different qPCR runs between each plate. Details of 

the panel layout are provided (Appendix 2). Each 384-well plate was used to assess 

the miRNA expression profiles for two duplicate samples.  

 

2.2.8. Individual miRCURY LNA PCR primer sets 

Significant differentially expressed miRNAs from the Qiagen discovery panel were 

independently measured in the validation cohort. Five miRNA-specific custom-made 

oligonucleotide primers (miR-21-5p, let-7e-5p, miR-23b-3p, miR-30b-5p and miR-

125b-5p) and three reference miRNA primer sets (miR-200b-3p, miR-30c-5p and 

miR-27b-3p) were ordered (Qiagen, miRCURY LNA PCR Assay, Hilden, Germany). 
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Oligonucleotide primers were dispatched in dried format and reconstituted following 

vortexing with the required volume of nuclease-free water (ThermoFisher Scientific, 

San Jose, CA, USA) according to the manufacturer’s instructions to bring the final 

volume to 220 µl.  

 

2.2.9. Quantitative polymerase chain reaction preparation 

For the discovery cohort, a 10 µl aliquot of cDNA was diluted 1:100 through mixing 

with 990 µl of water, and 10 µl of diluted cDNA was added to 1000 µl of ExiLENT 

SYBR® Green Master Mix (miRCURY LNA SYBR Green PCR Kit, Qiagen, Hilden, 

Germany). The mix containing cDNA and PCR Master Mix was accurately aliquoted 

using an Echo 525 liquid handling system (following the procedure described in 

section 2.2.12) to give a final reaction volume of 10 µl in each well of the 384-well 

plate (miRCURY LNA miRNA urine focus PCR Panel, Qiagen, Hilden, Germany). 

Amplification was performed on a LightCycler 480 Real-Time PCR system (Roche 

Diagnostics GmbH, Mannheim, Germany) under the following conditions: 95°C for 

10 minutes, 45 cycles of 95°C for 10 seconds and 60°C for 1 minute, enabling a melt 

curve analysis using Roche LC software (Roche Diagnostics GmbH, Mannheim, 

Germany). 

 

For the validation cohort, 1.5 µl of PCR ExiLENT SYBR Green Master Mix (Qiagen, 

Hilden, Germany) and 0.3 µl of LNA PCR primer set (Qiagen, Hilden, Germany) were 

mixed on ice with 1.2 µl of 1:40 diluted cDNA. The mixture was briefly centrifuged, 

added to each well of a 384-well LightCycler 480 PCR reaction plate (Roche 

Molecular Systems Inc., Pleasanton, USA) using an Echo 525 liquid handling system 

(Labcyte, San Jose, USA). qPCR amplification was performed according to the same 

conditions as the discovery cohort.  

 

2.2.10. Initial data analysis of quantitative polymerase chain reaction  

Analysis of qPCR data was undertaken using a Roche LightCycler 480 Real-Time 

PCR system (Roche Diagnostics GmbH, Mannheim, Germany). Absolute 



  Chapter 2.  

59 

 

Quantification Analyses with the Second Derivative Maximum method was applied 

to qPCR data to calculate the Cq values for each sample. Melting curves were 

generated to evaluate the quality of the products amplified and raw Cq values for each 

reaction were exported for analysis. 

 

2.2.11. GenEx 6.1 software 

Raw Cq values were imported to bespoke GenEx 6.1 software (MultiD Analyses AB, 

Goteborg, Sweden) for qPCR data processing and analysis. This software provides 

different workflows for the pre-processing of data, including normalisation of Cq 

values using calibration, reference gene selection using NormFinder algorithms 

(GenEx, MultiD Analyses, Goteborg, Sweden) and normalisation of Cq values with 

selected reference genes. GenEx 6.1 also offers several statistical analysis modules 

which provide parametric and non-parametric tests, clustering methods, principal 

component and correlation analysis.  

 

The workflow included normalisation of Cq values using inter-plate calibration (for 

discovery cohort using average Cq values for UniSp3) and those miRNAs most stably 

expressed between groups as determined by the NormFinder algorithms. The miRNA 

Cq values (Cq [miRNA]) were normalised (ΔCq) using the following formula: 

ΔCq = average Cq (miRNA) – average Cq (reference miRNAs). Results were 

represented as an expression fold change (FC) of T2DKD compared to control samples 

according to the 2−ΔΔCq method. 

 

2.2.12. Echo 525 liquid handling system 

The Echo 525 liquid handling system was used to accurately aliquot reagents to the 

384-well qPCR reaction plates. Using acoustic energy to facilitate liquid transfer, the 

Echo 525 liquid handling system can rapidly and accurately transfer small volumes 

(25 nl-5 µl) of liquid from a source plate into designated wells of the destination plate. 

Reagents were initially added to 6-reservoir source plates (working volume: 250-2,800 

µl/well, dead volume: 250 µl, Labcyte, San Jose, USA) and handling protocols were 
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established using the Echo Plate Reformat software (Labcyte, San Jose, USA) for 

automated liquid aliquoting.  

 

2.3. Next generation sequencing of plasma microRNAs  

2.3.1. Subjects 

Two cohorts were recruited for this study: a discovery cohort that included 12 

participants with T2DKD and 13 age and gender matched controls with T2DNRF and 

NDNRF, respectively for next generation sequencing (NGS) analysis of plasma 

miRNAs. A validation cohort of 10 T2DKD, 10 T2DNRF and 10 NDNRF participants 

were following recruited for PCR validation of differentially expressed miRNA of 

discovery cohort. The summary characteristics of the study cohort are presented in 

Table 2.2. 

 

2.3.2. Plasma collection 

Peripheral blood was collected from all participants in 4 ml EDTA tubes and gently 

inverted several times to prevent clotting then placed on ice. Samples were centrifuged 

(Beckman J-6B centrifuge, Brea, USA) at 3,000 g for 10 minutes at 4°C to separate 

the plasma supernatant, buffy coat and red blood cells. The plasma supernatants were 

transferred and aliquoted to RNase/DNase-free tubes and stored at -80°C.  
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Table 2.2 Summary characteristics of participants included in plasma miRNA NGS study. 

 

 Plasma miRNA NGS study 

Variables Discovery cohort Validation cohort 

 T2DKD 

(n = 9) 

T2DNRF*  

(n = 13) 

NDNRF* 

 (n = 11) 

T2DKD 

(n = 10) 

T2DNRF  

(n = 10) 

NDNRF 

 (n = 10) 

Age (years) 72.7 ± 7.0 69.1 ± 6.9 70.7 ± 7.1 69.7 ± 9.2 63.5 ± 9.9 62.8 ± 6.2 

Gender (male/female) 7/2 8/5 7/4 8/2 9/1 1/9 

eGFR(ml/min/1.73 m2) 30.8 ± 7.3 76.9 ± 15.0 77.6 ± 10.1 28.5 ± 17.0 87.8 ± 10.6 85.6 ± 12.3 

 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetic normal renal function controls; NDNRF: non-diabetic normal renal function 

controls; eGFR: estimated glomerular filtration rate. Data shown are mean ± standard deviation (SD). *Age and gender matched with T2DKD. 
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2.3.3. Isolation of RNA from plasma samples  

An aliquot of plasma was thawed on ice and 600 μl was mixed with 1.2 ml of 

Magnazol SP Reagent (MagnaZol-SP kit, Bioo Scientific Corp, Texas, USA) in a 2 

ml microfuge tube (Eppendorf, Hamburg, Germany). The sample was vortexed for 5 

seconds to fully dissolve the precipitate formed which was then incubated for 5 

minutes at room temperature. A 120 μl volume of 1-bromo-3-chloropropane (BCP) 

(MagnaZol-SP kit, Bioo Scientific Corp, Texas, USA) was added and the sample 

vortexed for 15 seconds to create an emulsion, followed by 10 minutes incubation at 

room temperature. The mixture was centrifuged at 12,000 g for 10 minutes at 4°C to 

separate and remove 400 μl of the upper aqueous phase into a fresh 2 ml microfuge 

tube. A further 1 ml of ethanol (Sigma-Aldrich, Deisenhofer, Germany) and 50 μl of 

Magnetic Beads (MagnaZol-SP kit, Bioo Scientific Corp, Texas, USA) were added, 

mixed and incubated on a tube rotator (Rotator/Mixer RM-2, ELMI Ltd, Riga, Latvia) 

for 15 minutes at room temperature. The mixture was placed on a magnetic beads 

stand (MagneSphere® Technology Magnetic Separation Stand, Promega, UK) for 2 

minutes to attract the magnetic beads to the side of the tube to enable the removal of 

the supernatant and the beads were washed with 1.5 ml of 80% ethanol. The wash 

solution was retained for 30 seconds and then removed and this step repeated again. 

The lid of the tube was left open for 3 minutes to enable the evaporation of any residual 

liquid. The beads were resuspended in 16 μl of RNA Elution Solution (MagnaZol-SP 

kit) and incubated in a heat block (ThermoFisher Scientific, San Jose, USA) at 55°C 

for 3 minutes. The solution was then briefly centrifuged and placed on the magnetic 

stand for a further minute to attract the beads. Finally, the RNA was eluted into a fresh 

tube and stored at -80°C. Quantification of the purified RNA samples was performed 

using a Qubit 2.0 Fluorometer using a miRNA Assay Kit (ThermoFisher Scientific, 

San Jose, USA). All the reagents used for generating the miRNA NGS library 

originated from a QIAseq miRNA library kit (Qiagen, Hilden, Germany) unless 

otherwise specified.  
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2.3.4. Overview of miRNA library preparation for next generation sequencing  

A QIAseq miRNA library kit (Qiagen, Hilden, Germany) was used for the preparation 

of the miRNA sequencing library. This approach used unique molecular identifier 

(UMI) to barcode each DNA for digital sequencing. Briefly, the preparation involved 

the following steps. Total RNA was used as the starting material. Firstly, unique 5′ 

adaptors ([5′-3′] GUUCAGAGUUCUACAGUCCGACGAUC) and 3′ adaptors ([5′-

3′] AACTGTAGGCACCATCAAT) were ligated to the ends of the mature miRNAs. 

The adaptor ligated miRNAs were reverse transcribed to cDNA with UMI tagged 

oligonucleotide primers. A cDNA clean-up step was undertaken to minimise the 

inclusion of adapter dimers. Library amplification was carried out using a universal 

sense primer and one specific antisense primer which had been assigned with a sample 

index. The workflow of the QIAseq miRNA library kit is shown in Figure 2.2. The 

library generated underwent sample clean-up, quality control and subsequent NGS 

using a NextSeq 500 (Illumina, San Diego, CA, USA) with a 1x75 base pair read 

length and an average sequencing depth of ~10 million reads/sample. 
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Figure 2.2 The workflow of QIAseq miRNA library kit (from Qiagen QIAseq miRNA 

library kit profile). 
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2.3.5. Library preparation 

2.3.5.1. 3′ adaptor ligation 

The 3′ ligation reagents were prepared on ice and contained 1 µl each of diluted 

QIAseq miRNA NGS 3′ Adapter, QIAseq miRNA NGS RI and QIAseq miRNA NGS 

3′ Ligase, together with 2 µl of QIAseq miRNA NGS 3′ Buffer and 10 µl of QIAseq 

miRNA NGS Ligation Activator. Each component was added in the order listed, and 

mixed with 5 µl of RNA template, giving a total volume of 20 µl. QIAseq miRNA 

NGS 3′ Adapter was diluted 1:5 with nuclease-free water (ThermoFisher Scientific, 

San Jose, USA) before it was added into the solution. After pulse centrifugation, the 

solution was incubated in a thermal cycler (Veriti Thermal Cycler, ThermoFisher 

Scientific, San Jose, USA) under the following conditions: 28°C for 60 minutes and 

65°C for 20 minutes and cooled to 4°C in preparation for 5′ ligation.  

 

2.3.5.2. 5′ adaptor ligation 

The 5′ ligation reagents were prepared on ice with components included in the order 

based on the 20 µl 3′ ligation reaction materials, including 15 µl of nuclease-free water, 

2 µl of QIAseq miRNA NGS 5′ Buffer, 1 µl of QIAseq miRNA NGS RI, 1 µl of 

QIAseq miRNA NGS 5′ Ligase and 1 µl of diluted QIAseq miRNA NGS 5′ Adapter. 

QIAseq miRNA NGS 5′ Adapter was diluted 1:2.5 with nuclease-free water before it 

was added to the solution. Following pulse centrifugation, the solution was incubated 

in a thermal cycler under the following conditions: 28°C for 30 minutes and 65°C for 

20 minutes with cooling at 4°C until the reverse transcription step. 

 

2.3.5.3. Reverse transcription 

A 2 µl volume of QIAseq miRNA NGS RT Initiator was added to the reaction tube 

containing the 5′ ligase reaction. After pulse centrifugation the reaction tube was 

incubated under the following conditions: 5 cycles of 2 minutes reactions at 75°C, 

70°C, 65°C, 60°C and 55°C respectively, following with 2 cycles of 5 minutes 

reactions at 37°C and 25°C, with cooling to 4°C.  
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A 2 µl volume of the QIAseq miRNA NGS RT Primer was diluted 1:5 with nuclease-

free water and mixed with the following reverse transcription reagents: 2 µl of 

nuclease-free water, 12 µl of QIAseq miRNA NGS RT Buffer, 1 µl of QIAseq miRNA 

NGS RI and 1 µl of QIAseq miRNA NGS RT Enzyme. The solution was prepared on 

ice and mixed with 42 µl of materials containing RT Initiator and 5′ ligase reaction, 

giving a total volume of 60 µl. Reverse transcription was conducted under the 

following conditions: 50°C for 60 minutes and 70°C for 15 minutes with cooling at 

4°C. 

 

2.3.5.4. Preparation of QIAseq miRNA NGS (QMN) beads 

A 400 µl volume of QIAseq Beads was added to a 2 ml microfuge tube (Eppendorf, 

Hamburg, Germany) and placed on a magnetic stand (MagneSphere® Technology 

Magnetic Separation Stand). The supernatant was discarded, the tube removed from 

the magnetic stand and 150 µl of QIAseq miRNA NGS Beads Binding Buffer was 

added and mixed. The reaction tube was subsequently returned to the magnetic stand 

and allowed to settle until the beads had fully migrated. The supernatant was again 

discarded and an additional 400 µl volume of QIAseq miRNA NGS Beads Binding 

Buffer was added to the tube. The solution was vortexed and stored at 4°C. 

 

2.3.5.5. cDNA clean-up 

A volume of 143 µl of QMN beads was mixed with 60 µl of cDNA in a 2 ml tube 

(Eppendorf, Hamburg, Germany), followed by incubation at room temperature for 10 

minutes. The reaction tube was placed on a magnetic stand for 4 minutes and the 

supernatant discarded. A volume of 70% ethanol (500 µl) was added to the beads while 

on the magnetic stand, and the wash solution was then discarded. The ethanol wash 

was repeated twice more, after which the lid was left open so the beads could be air 

dried at room temperature for 10 minutes. A 17 µl aliquot of nuclease-free water was 

added to the reaction tube to elute the DNA from the beads. The eluent was vortexed 

and left at room temperature for 2 minutes. The reaction tube was returned to the 
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magnetic stand for 2 minutes and 15 µl of eluted DNA collected in a fresh tube. The 

cDNA was either processed immediately or stored at -20°C. 

 

2.3.5.6. cDNA library amplification 

A cDNA library amplification solution containing 15 µl volume of cDNA, 16 µl 

QIAseq miRNA NGS Library Buffer, 3 µl of HotStarTaq DNA Polymerase, 2 µl of 

QIAseq miRNA NGS ILM Library Forward Primer, 2 µl of QIAseq miRNA NGS 

ILM index primer and 42 µl of nuclease-free water was set up on ice. There were 48 

index primers (Index 1 through Index 48) available in the Qiagen QIAseq miRNA 

library kit. The solution was subjected to the following conditions in a thermal cycler: 

95°C for 15 minutes; 22 cycles of 95°C for 15 seconds, 60°C for 30 seconds, 72°C for 

15 seconds; and a final temperature of 72°C for 2 minutes and a hold at 4°C. Two 

aliquots (3 µl) of the amplified library were sent to the Genomic Core Technology 

Unit, Queen’s University Belfast for quality assessment of the miRNA library clean-

up using a Fragment Analyser (Agilent, Advanced Analytical Technologies, Inc., 

Ames, USA) and NGS on a NextSeq 500 (Illumina, San Diego, CA, USA). The 

remaining volume was stored at -80°C. 

 

2.3.6. Analysis of next generation sequencing data 

FASTQ sequence data files in text format were generated when the NGS was 

complete. The demultiplexed raw reads were uploaded to CLC Genomics Workbench 

10 (Qiagen, Hilden, Germany) for trimming of sequencing reads, counting and 

annotating of the resulting sequences using miRBase version 22 (available at 

http://mirbase.org/ (241)) and expression quantification. Briefly, the imported reads 

were trimmed for the removal of QIAseq miRNA NGS 3′ Adapter ([5′-3′] 

AACTGTAGGCACCATCAAT) sequences prior to counting. Of the remaining reads, 

those less than 15 base pairs or more than 55 base pairs in length were discarded as 

they fell beyond the expected read length for miRNAs. The filtered reads were 

annotated using miRBase version 22 from Homo sapiens. The total number of reads 

for different miRNAs were displayed and a series of statistical analyses undertaken to 
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identify differential expression between groups. Specifically, a proportions-based 

statistical test called Baggerly’s Test (242) was applied to compare the expression 

levels of each miRNA. Additionally, a software package known as empirical analysis 

of Digital Gene Expression Data in R (edgeR) (243), equipped with a range of  

statistical methodologies, was also used to identify differentially expressed miRNAs. 

Packages in the R language was also used to generate heatmaps for visualising gene 

expression patterns.  

 

2.3.7. miRNA profiling using individual polymerase chain reaction assays 

Significant differentially expressed miRNAs from the miRNA-seq with more than fold 

expression change, were independently validated. Individual miRNA-specific 

oligonucleotide primers were purchased (miR-144-3p and miR-107) together with two 

reference miRNA primer sets (miR-942-5p and miR-27b-3p) (Qiagen, Hilden, 

Germany). Diluted cDNA samples (1.2 µl from a 1:40 dilution), 1.5 µl of PCR 

ExiLENT SYBR Green Master Mix (Qiagen, Hilden, Germany) and 0.3 µl of LNA 

PCR primer set (Qiagen, Hilden, Germany) were added to 384 well PCR plates using 

an Echo 525 liquid handling system (Labcyte, San Jose, USA). All PCR reactions 

were duplicated and performed in a total volume of 3 µl. PCR amplifications and 

analyses were as described in section 2.2.9 through 2.2.11 of this chapter. 

 

2.3.8. Qubit 2.0 Fluorometer 

The Qubit 2.0 Fluorometer was used for quantitation of DNA and RNA (miRNA). 

This benchtop fluorometer used assays that contain dyes specific for DNA or RNA. A 

control miRNA standard was provided (Qubit miRNA Assay kit, ThermoFisher 

Scientific, San Jose, USA). Briefly, 10 μl of Standard 1 (0 ng/µl) and Standard 2 (10 

ng/µl) were mixed with 190 μl Qubit Working Solution respectively. A 1 μl volume 

of sample miRNA was mixed with 199 µl Qubit Working Solution. All solutions were 

incubated for 2 minutes at room temperature and read by the Qubit Fluorometer. A 

calibration curve was plotted against the two standard samples’ concentrations relative 
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to the fluorescence emitted. Concentration values in ng/μl were calculated and 

provided by the fluorometer.  

 

2.4. Lymphocyte activation gene 3 Sanger sequencing study 

2.4.1. Subjects 

The LAG3 gene Sanger sequencing study involved 41 T2DKD, 29 T2DNRF and 97 

NDNRF participants and their summary characteristics are presented (Table 2.3). 

 

Table 2.3 Summary characteristics of recruited patients in LAG3 gene Sanger 

sequencing study. 

 

Variables LAG3 gene Sanger sequencing study 

T2DKD 

(n = 41) 

T2DNRF 

(n = 29) 

NDNRF 

(n = 97) 

Age (years) 71 ± 8.4 65 ± 9.3 62 ± 8.6 

Gender (male/female) 26/15 22/7 50/47 

eGFR (ml/min/1.73 m2) 32.8 ± 12.6 82.6 ± 14.1 81.0 ± 12.1 

DKD: diabetic kidney disease; NDNRF: non-diabetic normal renal function controls; 

eGFR: estimated glomerular filtration rate. Data are shown as mean ± standard 

deviation (SD).  
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2.4.2. Buffy coat and red blood cell collection 

Peripheral blood was collected using the vacuette system in 4 ml EDTA tubes with 

gentle inversion to minimise the potential for clotting then samples were placed on 

ice. Samples were centrifuged (Beckman, Brea, CA, USA) at 3,000 g for 10 minutes 

at 4°C. The upper supernatant was removed and the remaining buffy coat was 

transferred immediately for DNA extraction. 

 

2.4.3. DNA Isolation  

The buffy coat was transferred into a 15 ml sterile tube (Sarstedt, Germany), followed 

by mixing through inversion with 10 ml of Cell Lysis Solution (Promega Wizard® 

Genomic DNA Purification Kit, Madison, USA). The mixture was left for 10 minutes 

at room temperature and the tube was inverted 2-3 times every 5 minutes to lyse the 

white blood cells. The mixture was then centrifuged at 5,000 g for 10 minutes at 4°C 

to remove the supernatant leaving approximately a 100 µl volume. The pellet that 

contained the white blood cells was re-suspended with the residual liquid and mixed 

with 4 ml of Nuclei Lysis Solution (Promega Wizard® Genomic DNA Purification 

Kit). A 1.3 ml volume of Protein Precipitation Solution (Promega Wizard® Genomic 

DNA Purification Kit) was added to the mixture and vortexed vigorously for 20 

seconds, followed by centrifugation at 5,000 g for 10 minutes at 4°C. The supernatant 

was then transferred to a fresh sterile 15 ml tube and mixed with 4 ml of isopropanol 

(Sigma-Aldrich, Deisenhofer, Germany) with gentle inversion until the DNA strands 

were visible. The mixture was then centrifuged at 5,000 g for 10 minutes at 4°C to 

remove the supernatant and enable collection of the DNA pellet. A 4 ml volume of 

70% ethanol (Sigma-Aldrich, Deisenhofer, Germany) was added to wash the DNA 

pellet, followed by centrifugation at 5,000 g for 10 minutes at 4°C. The liquid was 

then discarded and the lid of the tube left open for 10 minutes to allow the DNA pellet 

to air dry. A 500 μl volume of DNA Rehydration Solution (Promega Wizard® 

Genomic DNA Purification Kit) was added to the pellet with pipetting until the pellet 

had thoroughly dissolved. The dissolved solution was transferred into a sterile 

Eppendorf tube (Sigma-Aldrich, Deisenhofer, Germany) and placed in the fridge 

overnight at 4°C to allow the DNA to dissolve further. The purified DNA samples 
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were evaluated for concentration and purity using a Nanodrop One Microvolume UV-

Vis Spectrophotometer (ThermoFisher Scientific, San Jose, USA) and then frozen at 

-20°C until required.  

 

2.4.4. Dilution of DNA samples 

DNA was diluted using 1.0 Tris-EDTA (TE) buffer (10 mM Tris HCl, 1 mM EDTA, 

pH 8, Sigma-Aldrich, Deisenhofer, Germany) to obtain DNA at a concentration of 200 

ng/μl for storage and 10 ng/μl DNA aliquots as working stock solutions for PCR 

amplification. 

 

2.4.5. Oligonucleotide primer design and optimisation of polymerase chain 

reaction conditions  

Oligonucleotide primers were designed to PCR amplify the coding regions of the 

LAG3 gene, using Vector NTI software (ThermoFisher Scientific, San Jose, USA) and 

were supplied by Integrated DNA Technologies (IDT, Coralville, Iowa, USA). The 

primers were transported in a dried and desalted format. Dried oligonucleotides were 

reconstituted to 25 mM with an appropriate volume of ultrapure water (18.2 MΩ, 

MilliQ Ultrapure Water Purification System, Merck Millipore Corporation, 

Darmstadt, Germany), briefly centrifuged and mixed by vortexing. The 25 mM 

oligonucleotides were diluted to 10 μM and 2 μM primer stock solutions from 

ultrapure water for PCR amplification and stored at -20°C until required.  

 

A HotStarTaq DNA Polymerase kit (Qiagen, Hilden, Germany) was used for PCR 

amplification. A control DNA sample was used for amplification (CEPH 1347-02, 

ThermoFisher Scientific, San Jose, USA). All PCR products were analysed by 2% 

agarose gel electrophoresis and PCR fragments generated visualised with peqGREEN 

DNA dye (Peqlab, Darmstadt, Germany). The annealing temperature was 61.8°C for 

LAG3 primers for exons 1, 2, 3, 4, 5 and 7, and 63.4°C for primers for the LAG3 exons 

6 and 8. For exons with a high GC content (Exon 1, 2, and 3), the Q-Solution provided 
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was used to improve the specificity of the PCR products generated. Details for each 

primer are described (Table 2.4).  

 

2.4.6. Polymerase chain reaction amplification of DNA samples for DNA 

sequencing 

A PCR master mix solution included 2.26 µl of distilled water (ThermoFisher 

Scientific, San Jose, USA), 0.5 µl of 10 X PCR Buffer (HotStarTaq DNA Polymerase 

kit), 0.1 µl of dNTPs (10 mM, HotStarTaq DNA Polymerase kit), 0.05 µl of forward 

and reverse primers (IDT DNA) and 0.04 µl of HotStar Taq DNA Polymerase 

(HotStarTaq DNA Polymerase kit). For those reactions that required Q solution 

(exon1, 2 and 3), 1 µl of 5X Q solution (HotStarTaq DNA Polymerase kit) was added 

to the PCR master mix solution. A total volume of 3 µl of master mix solution was 

added to each well of a 96-well plate (AB-0800, ThermoFisher Scientific, San Jose, 

CA) followed by 2 µl of DNA at a concentration of 5 ng/µl. The plate was sealed with 

adhesive PCR film (AB-0558, ThermoFisher Scientific, San Jose, CA), briefly 

centrifuged (Eppendorf, Hamburg, Germany) and placed in a MJ Research Tetrad 

PTC-225 Thermal Cycler (MJ Research, Inc., Waltham, USA). The amplification 

conditions used were 95°C for 15 minutes; 35 cycles of 94°C for 45 seconds, 61.8°C 

(exon 1, 2, 3, 4, 5, 7) or 63.4°C (exon 6, 8) for 1 minute, 72°C for 1 minute, following 

by 72°C for 10 minutes with cooling at 4°C.  

 

2.4.7. Evaluation of polymerase chain reaction products by agarose gel 

electrophoresis 

A 2% agarose gel was made by dissolving 2 g of agarose powder (UltraPure Agarose, 

ThermoFisher Scientific, San Jose, USA) in 100 ml of 1X Tris-borate-EDTA (TBE) 

buffer (Invitrogen, Carlsbad, CA, USA). The solution was heated and allowed to cool, 

5 µl of 20,000X peqGREEN DNA dye was added. The agarose solution was poured 

into a casting tray with combs and left to solidify for 30 minutes before the combs 

were removed. A volume of 1 µl of PCR product and 2 µl of Loading Buffer 

(Invitrogen DNA Ladders, ThermoFisher Scientific, San Jose, USA) were added to 
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each well. A genomic DNA marker ladder was prepared using 1 µl of ФX174 DNA 

HaeIII (ThermoFisher Scientific, San Jose, USA), 7 µl of distilled water and 2 µl of 

loading buffer (Invitrogen DNA Ladders, ThermoFisher Scientific, San Jose, USA). 

Agarose gel electrophoresis was performed at 120 volts for 40 minutes. Gels were 

visualised using a BioSpectrum Imaging System (UVP, USA) and images captured 

using VisionWorksLS Imaging Acquisition and Analysis Software (UVP, USA). The 

size of each PCR product was estimated from the genomic ladder, an example of 

agarose gel electrophoresis is shown in Figure 2.3. 
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Table 2.4 Details of oligonucleotide primer pairs for the amplification of the LAG3 exons. 

 

Primer 

pair 

Product length 

(base pairs) 

Forward strand primer sequence 

 (5' to 3') 

Reverse strand primer sequence  

(5' to 3') 

Annealing 

temperature (°C) 

Q 

Solution 

Exon 1 551 ACCCCCTCAGACTTTCCACT CCTGTGGGGCTGGAGGTCAA 61.8 Yes 

Exon 2 654 GGCTCAGTTCCTGGGCTTGC GCGTGAGGGTCGCTGATTGC 61.8 Yes 

Exon 3 643 TGCCCTGAGGTGTCACTCCC GAGGCAGGGGATGGGGACC 61.8 Yes 

Exon 4 643 TCCAGGAGCTTCCGGCTTGG GGAGCAGAATAAGGTGATGAGCTG 61.8 No 

Exon 5 574 TCATTGCCGGCCTTCCCTCT CAGGGTGGGTTTGCCTAGTC 61.8 No 

Exon 6 526 CCAAGTGAGTGCAGGGTGAT AGGGACTTGTCCCAGGGTCATT 63.4 No 

Exon 7 602 TCCCAGCGCTTTTCTTTCCAGT GGGAAGCGGATGAGGAGGGA 61.8 No 

Exon 8 501 GGGGGTTGGGAGAAAGCCAG ACGAAGCAGCCAGAAACAGA 63.4 No 
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Figure 2.3 DNA gel electrophoresis demonstrating PCR products from LAG3 exons 

(ФX174 DNA HaeIII marker ladder). 
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2.4.8. Polymerase chain reaction amplicon clean-up 

The PCR plate was removed from the thermal cycler and briefly centrifuged. A 

volume of 2 µl of Exoprostar 1-Step Mix (GE Healthcare Life Sciences, 

Buckinghamshire, UK) was added to each sample. The plate was sealed (AB-0558, 

ThermoFisher Scientific, San Jose, USA), vortexed briefly and incubated at 37°C for 

15 minutes, followed by 80°C for 15 minutes and cooled at 4°C. The PCR plate was 

removed and a volume of 5 µl of distilled water was added to each well to dilute the 

PCR amplicon. 

 

2.4.9. Sanger sequencing 

A 3 µl volume of master mix was prepared including 1.875 µl of 1X BigDye 

Sequencing Buffer (ThermoFisher Scientific, San Jose, USA), 0.6 µl of distilled water, 

0.4 µl of 2 μM Sequencing Primer, and 0.125 µl of BigDye Terminator 

(BigDyeTerminator Cycle Sequencing Kits, ThermoFisher Scientific, San Jose, 

USA). The mixture was aliquoted into a 96 well barcoded DNA sequencing plate (ABI 

4306737, ThermoFisher Scientific, San Jose, USA). A 2 µl aliquot of diluted cleaned-

up PCR product was added to each well, the plate was sealed and pulse centrifuged to 

ensure the contents were displaced to the bottom of the well and to remove air bubbles. 

The following cycle sequencing reaction conditions were used. One cycle of 96°C for 

20 seconds, and 25 cycles of 96°C for 10 seconds, 50°C for 5 seconds and 60°C for 4 

minutes, and cooled to 4°C. Following cycle sequencing, a 5 µl volume of ultrapure 

water was added to each well. The diluted samples were sent to the Core Genomic 

Services, Queen’s University Belfast, UK for ethanol precipitation and DNA 

sequencing. 

 

2.4.10. Principles of Sanger sequencing 

Sanger sequencing is a method targeted to specific DNA regions using oligonucleotide 

primers, followed by comparison to a known or reference sequence. It is used for the 

discovery of sequence variants associated with a phenotypic change, or evolutionary 

changes, and/or biological identification.  
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The workflow of Sanger sequencing is shown in Figure 2.4. Note that prior to Sanger 

sequencing, specific DNA regions of interest, terminating with a labelled nucleotide 

should be amplified by PCR. The process first denatured the dsDNA, followed by 

annealing oligonucleotide primers to the single-stranded DNA with extension of the 

chain by the addition of deoxynucleotide triphosphates (dNTPs), which contain 

arginine (A), cytosine (C), tyrosine (T), and guanine (G) nucleotides to synthesise the 

new dsDNA structure. As the dNTPs and dideoxynucleotide triphosphates (ddNTPs) 

have an equal chance of attaching to the sequence, each sequence will terminate at 

different lengths. Each ddNTP also includes a fluorescent marker (A is marked by 

green fluorescence, T by red, G by black, and C by blue). Therefore, each terminal 

oligonucleotide is indicated by a different colour according to the associated ddNTP 

and the fluorescent intensity is captured. A DNA sequencing laser excites the 

oligonucleotide label at the end of each sequence and the light emitted by each excited 

nucleotide is identified and a chromatogram generated with a four-coloured 

fluorescent peak that corresponds the specific nucleotide for each base position. When 

a heterozygous variant is present, two different fluorescent dye with similar densities 

are captured, demonstrated by a double peak. An illustration of the chromatogram for 

a heterozygous and a homozygous variant are represented in Figure 2.5.  
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Figure 2.4 The workflow of Sanger sequencing (adapted from 

https://www.onlinebiologynotes.com/sangers-method-gene-sequencing/). 

 

 

 

Figure 2.5 The fluorescent peak of heterozygous variant and homozygous. 
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2.4.11. DNA sequence editing 

Sequencher 5.4 DNA editing software (GeneCodes, Ann Arbor, Michigan, USA) was 

used for evaluating electropherograms and editing Sanger sequencing data. The raw 

Sanger sequencing data was first trimmed to remove any low quality bases from either 

end. A reference sequence of LAG3 was obtained from EnsemblGenomes (available 

at http://www.ensembl.org/), Homo sapiens chromosome 12 GRCh38 partial 

sequence 6772012 to 6778955). Details of the sequence are provided in Appendix 3. 

All the reads were assembled and aligned to the reference sequence to enable SNP 

identification.  

 

2.4.12. NanoDrop One Microvolume UV-Vis Spectrophotometer for nucleic acid 

evaluation 

The NanoDrop One Microvolume UV-Vis Spectrophotometer was used to evaluate 

DNA and RNA samples. The solution used for reconstituting the DNA or RNA was 

used as a reference calibration control. A 1 μl sample volume was pipetted directly 

onto the measurement pedestal. DNA or RNA yield was recorded as ng/µl (calculated 

from absorbance at 260 nm), and 260/280 nm and 260/230 nm ratios were used for 

assessing the purity of the DNA or RNA. 
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2.5. Conclusions  

Chapter 2 provides a brief outline of the clinical characteristics of the subjects 

recruited, as well as describing in detail the materials and techniques used in the 

generation of data for the preceding chapters. Specifically, the urinary exosome 

miRNA profiling study will be described in Chapter 4. This unique study comprised 

discovery and validation cohorts, and applied qPCR based techniques to identify and 

quantify miRNA biomarkers associated with renal dysfunction. NGS-based analysis 

of plasma miRNAs is described in Chapter 5. This study applied cutting-edge miRNA 

NGS techniques that examined differential expression of miRNAs in plasma samples 

associated with renal dysfunction. Chapter 6 describes the Sanger sequencing of the 

LAG3 gene in an effort to identify genetic variants associated with DKD. LAG3 is a 

gene involved in inflammation, a characteristic hallmark of DKD.  
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Chapter 3.  A review of urinary miRNAs as 

biomarkers of diabetic kidney disease  
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3.1. Introduction 

Renal biopsy is one of the critical diagnostic tools used in the assessment of nephrotic 

syndrome and glomerular disease, including diabetic kidney disease (DKD). However, 

the clinical utility of renal biopsy is limited given the possible risk of blood vessel 

damage and resultant excessive bleeding during the process and the possibility of 

subsequent infection. As such, numerous studies have explored the feasibility of using 

bio fluids as biomarkers to identify the early stages of DKD (244,245). Urine, in 

particular, is considered as a potential opportunistic source of DKD biomarkers as it 

offers several advantages. Firstly, urine is the final product of metabolism and all renal 

function units are involved in the production of urine. Therefore, the composition and 

characteristics of urine change following the structural and functional alteration of the 

kidneys which results from DKD. Secondly, urine has greater potential to offer higher 

sensitivity in detecting the disease in the early stages, compared with other kinds of 

biofluids such as blood. During the early stage of the disease, there can be a lack of 

noticeable pathological symptoms as homeostasis is maintained. The harmful 

substances are usually cleared rapidly, as such, early occurrence of the disease is rarely 

detected from blood-based assays. In short, urinary biomarkers may facilitate an 

effective and early detection of DKD through simple and non-invasive monitoring.  

 

Over the past two decades, a better understanding of distinct functions of microRNAs 

(miRNAs) in gene regulation has increased interest in using miRNAs as biomarkers 

of disease (246,247). Consequently, numerous studies have shown that miRNAs are 

significantly enriched or decreased in tissue or body fluids under disease conditions 

(248–250). In addition, the presence and stability of miRNAs in human body fluids, 

including urine, have been confirmed (251,252), which has facilitated opportunities 

for the discovery of novel, simple, reliable and stable biomarkers. 

  



  Chapter 3.  

83 

 

3.2. Aims and objectives 

The purpose of this chapter was to identify studies that investigated urinary miRNAs 

involved in DKD pathogenesis and progression, with the objective of providing an 

overview of urinary miRNAs as potential biomarkers for DKD and identifying gaps in 

the literature to provide context and rationale for the research undertaken as part of 

this thesis.  

 

3.3. Method 

3.3.1. Search strategy 

A comprehensive search was conducted according to the PRISMA (Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, to identify 

the relevant publications on urinary miRNAs related to DKD. Electronic databases 

MEDLINE, EMBASE, Scopus and Web of Science, were used to search for relevant 

articles. The following medical subject headings (MeSH) and text terms were used: 

(‘Diabetic Nephropathy’ OR ‘Diabetic Kidney Disease’) AND (‘microRNA’ OR 

‘miRNA’ OR ‘miR’) AND (‘Urine’ OR ‘Urinary’). The search was originally 

completed in March 2016 and it was subsequently updated in January 2019.  

 

3.3.2. Selection criteria 

In this review, selected studies met the following criteria: 

 The study included miRNA expression profiling in DKD patients with either 

type 1 diabetes mellitus (T1DM) or type 2 diabetes mellitus (T2DM) 

 miRNAs were extracted from human urine specimens 

 A full-text research article was available in English 

 

There was no limitation on the technology used for miRNA profiling. Polymerase 

chain reaction (PCR), ribonucleic acid (RNA) sequencing or microarray analysis etc. 

were all included. Only human studies were included. If the study used urine samples 

from DKD patients, as well as serum, plasma or cell lines, it was still included. Articles 

were excluded based on the following criteria: review papers, meta-analysis, 

conference abstracts or non-English articles. 
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3.3.3. Data collection 

The full texts of selected articles were read and the following information extracted: 

author’s name, year of publication, subjects’ ethnicity, sample size, definition and 

selection criteria of subjects recruited for the study, type of diabetes mellitus (DM), 

type of specimen, methodology used for miRNA profiling, reference genes employed 

for miRNA expression normalisation, list of upregulated and downregulated miRNAs 

and their comparison group. 

 

3.4. Results 

A total of 190 eligible articles were identified based on the search terms used. As 

shown in Figure 3.1, after limiting the results to English, human studies, research 

articles and the removal of duplicates, the title and abstract of the remaining 29 articles 

were screened. Twelve articles were excluded as they did not meet the inclusion 

criteria. After reading the full text of the remaining papers, a further three papers were 

excluded as they had not involved the use of urine specimens. After these exclusions, 

fourteen articles remained and were included in this review (Figure 3.1).  

 

In 2013, Argyropoulos et al. (253) explored variation in urinary miRNA expression in 

individuals with T1DM with varying stages of albuminuria and in individuals with 

T1DM without albuminuria in a study with a case-control design. A secondary cross-

sectional analysis of the data was later published in 2015 (163), which analysed the 

miRNA expression profile in the same cohort to examine associations with subsequent 

development of microalbuminuria, over an eighteen year period. The latter analysis 

identified a group of miRNAs which were able to predict the development of 

microalbuminuria in T1DM. Barutta and colleagues then independently validated four 

of the miRNAs differentially expressed in urinary exosomes between T1DM with and 

without microalbuminuria (254).  
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Figure 3.1 Flowchart for the review.   

Online search of MEDLINE, 

EMBASE, Scopus and Web of 

Science: 

n = 191 

Eligible articles for screening 

title and abstract: 

n = 29 

Studies excluded because of  

non-English paper: n = 6 

Duplicates: n = 44 

non-human study: n = 47 

Review or conference 

abstract or book series: n = 65 

Included within the review: 

n = 14 

Studies excluded after 

reading title and abstract 

miRNAs were not extracted 

from urine: n = 12 

Studies excluded after 

reading full-text 

miRNAs were not extracted 

from urine: n = 3 

Eligible articles for full-text 

review: 

n = 17 
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The characteristics of the papers included are shown in Table 3.1. These articles were 

published between 2013 and 2018 and contained five studies from China, three studies 

from the US, two studies from Egypt and the remaining four studies from Italy, India, 

UK and Romania. There were ten studies which focused on T2DM only, two studies 

which focused on T1DM only and two studies which included participants with both 

T1DM and T2DM.  

 

Of note, the studies included used different diagnostic criteria for DKD classification. 

The majority of the articles (253–261) used only albumin-to-creatinine ratio (ACR) 

and/or albumin excretion rate (AER) or proteinuria (one study employed serum 

creatinine [SCr] as well), while three studies applied a combination of estimated 

glomerular filtration rate (eGFR) and ACR and/or AER (one study employed this 

criteria in the validation stage). Moreover, only one study classified patients based on 

kidney biopsies in the discovery profiling stage, and two studies included diabetic 

retinopathy as a classification criteria.  

 

The majority of included studies focused on miRNA expression in urinary 

exosomes/urinary extracellular vesicles (seven studies), while three studies used cell-

free urine, one study used urine debris, another study used both urine debris and 

exosomes and two studies did not specify the urinary origin. All studies used qPCR 

for amplification of the miRNAs. In addition, Delic and colleagues (262) and Xie and 

colleagues (259) used microarray analyses for global profiling of the miRNAs. There 

were two studies published by Eissa et al. in 2016 (256,261), which were both based 

on in silico retrieval (miro-Ontology database and miRWalk database) of novel 

miRNAs related to DKD followed by validation with clinical samples. All papers, 

except two, clearly specified the genes used for normalisation of miRNA qPCR data, 

with five studies using RNU6 (also referred to as U6 snRNA); and three studies using 

miR-197-5p, miR-191-5p and UniSP3 respectively. One study employed SNORD95 

and RNU6 together as reference genes. Three studies used cel-miR-39 spike-in rather 

than endogenous reference genes.  

 

In total, 38 miRNAs were identified as being significantly differentially expressed or 

validated/replicated in DKD samples. Of these miRNAs, seven miRNAs (Table 3.2, 
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miR-29, miR-126, miR-15b, miR-21, miR-155, miR-192 and miR-424-5p) were the 

most common differentially expressed miRNAs, in that they were identified in more 

than two independent cohorts. miR-15b, miR-155, miR-192 and miR-424-5p were 

validated by more than two separate studies with contradictory expression levels, 

possibly as a result of differences in specimen types, DKD classification criteria, or 

type of diabetes analysed. The remaining 31 miRNAs are described in Table 3.3.  
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Table 3.1 Characteristics of human urinary miRNA studies of DKD. 

 

First author, 

Year,  

Ethnicity (Ref) 

Specimen Subjects (n) Definition of subjects Inclusion criteria Exclusion criteria Method 

Discovery Validation Replication 

Argyropoulos, 

2013,  

United States  

(253) 

Cell free 

urine 

MADM = 

10 

impermanen

t MIDM = 

10 

persisting 

MIDM = 10 

NADC = 10 

 

n/a n/a Impermanent MIDM: T1DM with 

AER: 20-200 mg/min in at least two 

of three urine collections, 

subsequently reverting to norm 

albuminuria finally; 

Persisting MIDM: T1DM with AER: 

20-200 mg/min in at least two of three 

urine collections, persisting 

throughout further follow up; 

MADM: T1DM with AER > 200 

mg/min in at least two of three timed 

urine collections or a SCr > 2 mg/dl 

or renal failure; 

NADC: T1DM who never developed 

microalbuminuria or nephropathy 

after prolonged 25 years follow-up 

n/a n/a qPCR 
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First author, 

Year,  

Ethnicity (Ref) 

Specimen Subjects (n) Definition of subjects Inclusion criteria Exclusion criteria Method 

Discovery Validation Replication 

Barutta, 

2013, 

Italy  

(254) 

Urine 

exosomes 

n/a MIDM = 

12 

NADC = 

12 

HC = 10 

 

n/a MIDM: T1DM, either AER: 20-200 

μg/min or an ACR:  2.5-25 mg/mmol 

in males and ACR: 3.5- 35 mg/mmol 

in females in two out of three 

overnight urine collections; 

NADC: T1DM with normal renal 

function; 

HC: no diabetes 

n/a Patients with cardiovascular 

diseases, non-CKD, or renal 

tract pathological conditions 

qPCR 

Peng,  

2013, 

China  

(255) 

Cell-free 

urine 

n/a DKD = 42 

NADC = 

41 

n/a DKD: T2DM with ACR > 30 mg/g; 

NADC: T2DM with ACR < 30 mg/g 

n/a n/a qPCR 

Yang,  

2014, 

China  

(252) 

Cell free 

urine 

DKD = 92 

NADC = 86 

HC = 85 

n/a n/a DKD: T2DM more than 5 years with 

overt diabetic retinopathy and 

macroalbuminuria > 300 mg/d 

n/a n/a qPCR 
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First author, 

Year,  

Ethnicity (Ref) 

Specimen Subjects (n) Definition of subjects Inclusion criteria Exclusion criteria Method 

Discovery Validation Replication 

Eissa,  

2016,  

Egypt  

(256) 

 

Urine 

exosomes  

Retrieve 

from public 

database, 

miro-

Ontology 

database, 

miRWalk 

database 

MADM = 

44 

MIDM = 

66 

NADC = 

56 

HC = 54 

n/a In random collection of urine, 

MIDM: T2DM with ACR = 30-299 

mg/g; 

MADM: T2DM with ACR > 300 

mg/g; 

NADC: T2DM with ACR < 30 mg/g; 

HC: age and gender matched, no 

cardiovascular risk factor 

Age 35-60 years, 

T2DM diagnosis 

based on the 

American Diabetes 

Association 2010 

criteria, duration of 

T2DM more than 

10 years 

Any febrile illness during the 

last three months, chronic 

inflammatory or rheumatic 

disease, hepatitis, HIV, 

glucocorticoid treatment, 

liver-, renal- or cardiac 

failure, hereditary 

dyslipidaemia, inborn or 

acquired errors of metabolic 

disorder except DM 

qPCR 

 

Eissa,  

2016, 

Egypt  

(261) 

Urine 

exosomes 

and debris 

Retrieve 

from public 

database, 

miro-

Ontology 

database, 

miRWalk 

database 

 

MADM = 

9 

MIDM = 

17 

NADC = 

14 

HC = 12 

MADM = 

34 

MIDM = 56 

NADC = 46 

HC = 44 

In random collection of urine, 

MIDM: T2DM with ACR = 30-299 

mg/g; 

MADM: T2DM with ACR > 300 

mg/g; 

NADC: T2DM with ACR < 30 mg/g; 

HC: age and gender matched, no 

cardiovascular risk factor 

Age 35-65 years, 

T2DM diagnosis 

based on the 

American Diabetes 

Association 

2010 criteria, 

absence of systemic 

metabolic, disease 

other 

than T2DM and 

absence of infection 

within the previous 

month, 

and absence of 

medication that 

might interfere with 

ACR 

Cardiac, liver and 

haematological diseases, 

tumours, pregnancy, known 

renal diseases other than 

DKD, chronic inflammatory 

diseases, urinary tract 

disorders, and prostatic 

diseases (in men) 

qPCR 
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MADM: diabetes with macroalbuminuria, MIDM: diabetes with microalbuminuria, NADC: non albuminuria diabetes control, HC: health controls, NRDC: diabetes with normal 

renal function, ACR: albumin-to-creatinine ratio, AER: albumin excretion rate, qPCR: quantitative polymerase chain reaction, CKD: chronic kidney disease, DKD: diabetic 

kidney disease, eGFR: estimated glomerular filtration rate, DM: diabetes mellitus, T1DM: type 1 diabetes mellitus, T2DM: type 2 diabetes mellitus, SCr: serum creatinine, 

ACEi: angiotensin converting enzyme inhibitors, ARBs: angiotensin receptor blockers. Discovery refers to the stage were a subset of relevant/candidate miRNAs were identified; 

Validation refers to the stage where expression of each relevant/candidate miRNA was assessed; Replication refers to the stage where expression of each relevant/candidate 

miRNA was verified independently. 

 

First author, 

Year,  

Ethnicity (Ref) 

Specimen Subjects (n) Definition of subjects Inclusion criteria Exclusion criteria Method 

Discovery Validation Replication 

Delic,  

2016,  

United States  

(262) 

Urine 

exosomes 

MIDM = 5 

NADC =3 

NRDC = 8 

HC = 8 

MIDM = 

6 

NADC = 

6 

HC = 6 

n/a MIDM: T2DM with eGFR < 60 

ml/min/1.73 m2 and ACR: 30-299 

mg/g;  

NADC: T2DM, eGFR < 60 

ml/min/1.73 m2 and ACR < 30 mg/g; 

NRDC: T2DM and eGFR > 90 

ml/min/1.73 m2; 

HC: no diabetes, eGFR > 90 

ml/min/1.73 m2 

n/a n/a Microarray 

and qPCR 

Jia, 

2016, 

China 

(257) 

Urine 

exosomes 

n/a MADM = 

20 

MIDM = 

30 

NADC = 

30 

HC = 10 

n/a MADM: T2DM with ACR > 25 

mg/mmol; 

MIDM: T2DM with ACR: 2.5-25 

mg/mmol; 

NADC: T2DM with ACR < 2.5 

mg/mmol 

n/a Active urinary tract infection, 

nondiabetic kidney diseases, 

neoplastic disorders, severe 

liver disease, inflammatory 

disorders, pregnancy, and a 

recent history of acute 

myocardial infarction, stroke, 

or occlusive peripheral 

vascular disease, patients with 

an eGFR < 15 ml/min/1.73 m2 

and those with 

macroalbuminuria/microalbu

minuria who did not present 

with diabetic retinopathy  

qPCR 
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MADM: diabetes with macroalbuminuria, MIDM: diabetes with microalbuminuria, NADC: non albuminuria diabetes control, HC: health controls, NRDC: diabetes with normal 

renal function, ACR: albumin-to-creatinine ratio, AER: albumin excretion rate, qPCR: quantitative polymerase chain reaction, CKD: chronic kidney disease, DKD: diabetic 

kidney disease, eGFR: estimated glomerular filtration rate, DM: diabetes mellitus, T1DM: type 1 diabetes mellitus, T2DM: type 2 diabetes mellitus, SCr: serum creatinine, 

ACEi: angiotensin converting enzyme inhibitors, ARBs: angiotensin receptor blockers. Discovery refers to the stage were a subset of relevant/candidate miRNAs were identified; 

Validation refers to the stage where expression of each relevant/candidate miRNA was assessed; Replication refers to the stage where expression of each relevant/candidate 

miRNA was verified independently. 

 

First author, 

Year,  

Ethnicity (Ref) 

Specimen Subjects (n) Definition of subjects Inclusion criteria Exclusion criteria Method 

Discovery Validation Replication 

Cardenas, 

2017,  

United States 

(263) 

Urine 

exosomes 

DKD = 10 

HC = 10 

DKD = 58 

HC = 119 

DKD = 74 

HC = 30 

In discovery and validation phase 

DKD: kidney biopsy proven DKD; 

In replication phase 

DKD: Diabetes with ACR > 300 

mg/g or eGFR < 60 ml/min/1.73 m2 

and ACR ≥ 30 mg/g; 

NRDC: eGFR > 90 ml/min/1.73 m2 

and ACR < 300 mg/g after 

With more than 30 years of T1DM or 

more than 15 years of T2DM 

n/a n/a qPCR 

DKD = 74 

NRDC = 71 

HC = 30 

Yang,  

2017, 

China 

(258) 

Urine 

debris 

n/a MADM 

=51 

MIDM 

=87 

NADC 

=92 

HC=53 

n/a MADM: T2DM, 24h urinary 

microalbuminuria > 300 mg or 24h 

urinary protein > 0.5 g at least twice 

among three tests in the 6 months 

before admission; 

MIDM: T2DM, 24h urinary 

microalbuminuria 30-300 mg at least 

twice among three tests in the 6 

months before admission; 

NADC: T2DM, 24h urinary 

microalbuminuria < 30 mg, tested 

three times in the 6 months before 

admission; 

HC: no diabetes 

n/a special types of diabetes 

mellitus; secondary kidney 

diseases; acute cardiocerebral 

vascular disease; autoimmune 

disease; tumour; other 

diseases influencing glucose 

homeostasis; acute 

complications; stress status; 

dialysis status or kidney 

transplantation; mental 

illness; and other kidney 

diseases 

qPCR 
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renal function, ACR: albumin-to-creatinine ratio, AER: albumin excretion rate, qPCR: quantitative polymerase chain reaction, CKD: chronic kidney disease, DKD: diabetic 
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First author, 

Year,  

Ethnicity (Ref) 

Specimen Subjects (n) Definition of subjects Inclusion criteria Exclusion criteria Method 

Discovery Validation Replication 

Xie,  

2017, 

China 

(259) 

Urine 

exosomes 

MADM = 5 

NADC= 5 

MADM = 

20 

NADC = 

20 

n/a In discovery and validation phase 

MADM: T2DM, ACR > 25 mg/mmol 

or AER: 300-800 mg/24 h; 

NADC: T2DM, ACR < 2.5 mg/mmol 

and AER < 30 mg/24 h; 

In validation phase 

MADM: eGFR < 60 ml/min/1.73 m2 

with T2DM, ACR > 25 mg/mmol or 

AER > 300 g/24 h;  

NADC: eGFR < 60 ml/min/1.73 m2 

with ACR < 2.5 mg/mmol and AER < 

30 mg/24 h 

 

n/a T1DM; nondiabetic 

kidney disease; acute diabetic 

complications; diabetes 

mellitus complicated with 

severe heart, liver, or renal 

insufficiency; neoplastic 

disorders; urinary tract 

infection; rheumatic diseases; 

use of nephrotoxic drugs; 

hepatitis B; pregnancy; 

stroke; and occlusive 

peripheral vascular disease. 

Patients with an eGFR < 60 

ml/min/1.73 m2 

and those with 

macroalbuminuria or 

microalbuminuria who did not 

present with diabetic 

retinopathy 

Microarray 

qPCR 

 

Paramasivam, 

2018, 

India 

(260) 

Urine 

rxtracellul

ar vesicles 

MADM = 4 

MIDM = 4 

NADC = 4 

MADM = 

40 

MIDM = 

40 

NADC = 

40 

n/a MADM: T2DM, ACR > 300 mg/dl; 

MIDM: T2DM, ACR: 30-299 mg/dl 

n/a n/a qPCR 
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MADM: diabetes with macroalbuminuria, MIDM: diabetes with microalbuminuria, NADC: non albuminuria diabetes control, HC: health controls, NRDC: diabetes with normal 
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Validation refers to the stage where expression of each relevant/candidate miRNA was assessed; Replication refers to the stage where expression of each relevant/candidate 

miRNA was verified independently. 

 

First author, 

Year,  

Ethnicity (Ref) 

Specimen Subjects (n) Definition of subjects Inclusion criteria Exclusion criteria Method 

Discovery Validation Replication 

Cristina,  

2018, 

United 

Kingdom  

(264) 

Urine DKD = 20 

HC = 20 

DKD =  

89 

HC = 41 

NRDC = 

62 

 

n/a DKD: CKD attributable to diabetes in 

the presence of macroalbuminuria, in 

the absence of urinary infection), in 

the presence of microalbuminuria 

with concomitant diabetic 

retinopathy, or with T1DM at least 10 

years; 

HC: ACR < 3 mg/mmol; 

NRDC: diabetic patients without 

DKD 

n/a n/a qPCR 

Oana,  

2018, 

Romania 

(265) 

Urine MADM =  

18 

MIDM = 24 

NADC = 26 

HC = 11 

n/a n/a MADM: T2DM more than 5 years 

and ACR > 300 mg/g; 

MIDM: T2DM more than 5 years, 

ACR: 30-300 mg/g; 

NADC: with T2DM more than 

5 years, SCr < 30 mg/g. 

All patients were on 

ACEi and/or ARBs, 

other 

antihypertensive 

agents (including 

diuretics), statins 

and oral antidiabetic 

agents 

n/a qPCR 
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Figure 3.2 miRNAs identified in the studies included in this review. The darkness of 

the colour indicates the frequency with which the miRNA has been reported. 

miRNA DM type
Expression 

change

miR-29 1 1 3

2 1 3

3 2 3

miR-126 2 1 3

2 3 3

3 2 3

miR-192 2 4 3

2 3 3

2 2 2

miR-15b 2 3 4 3

2 4 2

miR-21 2 4 3

2 2 3

miR-155 1 4 2

3 4 3

miR-424-5p 1 1 3

1 4 2

miR-221-3p 1 1 2

miR-619 1 1 3

miR-486-3p 1 1 3

miR-335-5p 1 1 3

miR-552 1 1 3

miR-1912 1 1 3

miR-1224-3p 1 1 3

miR-141-3p 1 1 3

miR-145 1 4 3

miR-130a 1 4 3

miR-1915-3p 3 4 2

miR-2861 3 4 2

miR-4532 3 4 2

miR-4536 3 4 3

miR-6747-3p 3 4 3

miR-320c 2 4 3

miR-133b 2 4 3

miR-342 2 4 3

miR-30a 2 4 3

miR-34a 2 3 3

miR-636 2 3 3

miR-194 2 4 3

miR-215 2 4 3

miR-124 2 2 3

miR-27b-3p 2 4 2

miR-135b-5p 2 4 2

miR-197-3p 2 4 3

let-7i-5p 2 4 2

miR-24-3p 2 4 2

miR-210 2 4 3

miR-877-3p 2 4 3

Specimens type
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Table 3.2 The most common differentially expressed miRNAs identified in more than two independent cohorts.  

 

miRNA First author, year (Ref) DM type Specimens type Expression 

change 

Comparison group Reference 

control 

miR-29 Argyropoulos, 2013 

(253) 

T1DM Cell free urine Up DKD vs. NADC UniSP3 

 

Peng, 2013 (255) T2DM Cell free urine Up DKD vs. NADC cel-miR-39 
 

Cristina, 2018 (264) T1DM and 

T2DM 

Urine not specific Up DKD vs. NRDC and HC miR-191-

5p 

miR-126 Yang, 2014 (252) T2DM Cell free urine Up DKD vs. NADC n/a 
 

Yang, 2017 (258) T2DM Urine debris Up MADM and MIDM vs. NADC and HC RNU6 
 

Cristina, 2018 (264) T1DM and 

T2DM 

Urine not specific Up DKD vs. NRDC and HC miR-191-

5p 

miR-15b Eissa, 2016 (256) T2DM Urine exosomes and 

urine debris 

Up MADM and MIDM vs. NADC and HC SNORD95 

and RNU6 
 

Paramasivam, 2018 

(260) 

T2DM Urinary extracellular 

vesicles 

Down MADM and MIDM vs. NADC cel-miR-39 

miR-21 Paramasivam, 2018 

(260) 

T2DM urinary extracellular 

vesicles 

Up MADM and MIDM vs NADC cel-miR-39 
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miRNA First author, year (Ref) DM type Specimens type Expression 

change 

Comparison group Reference 

control 

 Oana, 2018 (265) T2DM Urine not specific Up MADM and MIDM vs NADC and HC RNU6 

miR-155 Barutta, 2013 (254) T1DM Urine exosomes Down MIDM vs NADC and HC RNU6 
 

Cristina, 2018 (264) T1DM and 

T2DM 

Urine not specific Up DKD vs NRDC and HC miR-191-

5p 

miR-192 Jia, 2016 (257) T2DM Urine exosomes Up MADM and MIDM vs. NADC and HC cel-miR-39 

 

 

Yang, 2017 (258) T2DM Urine debris Up MADM and MIDM vs. NADC and HC RNU6 

 Oana, 2018 (265) T2DM Urine not specific Down MADM and MIDM vs NADC and HC RNU6 

miR-424-

5p* 

Argyropoulos, 2013 

(253) 

T1DM Cell free urine Up DKD vs. NADC UniSP3 

 

Barutta, 2013 (254) T1DM Urine exosomes Down MIDM vs. NADC and HC RNU6 

 

MADM: diabetes with macro albuminuria, MIDM: diabetes with micro albuminuria, NADC: non albuminuria diabetes control, HC: health controls, 

NRDC: diabetes with normal renal function, DKD: diabetic kidney disease, T1DM: type 1 diabetes mellitus, T2DM: type 2 diabetes mellitus. If 

there was a validation/replication phase to a study, only significant dysregulated miRNAs were included after validation/replication. *miR-424 

was reported but the naming convention has changed to miR-424-5p since the 18th version of miRBase (266).
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Table 3.3 Differently expressed urinary miRNAs in a single study. 

 

miRNA First author, 

year (Ref) 

Diabetes 

type 

Urine type Expression 

change 

Comparison group Reference control 

miR-221-3p Argyropoulos, 

2013 (253) 

T1DM Cell free  Down DKD vs. NADC UniSP3 

miR-619 Up 

miR-486-3p Up 

miR-335-5p Up 

miR-552 Up 

miR-1912 Up 

miR-1224-3p Up 

miR-141-3p Up 

miR-145 Barutta, 2013 

(254) 

T1DM Exosomes Up MIDM vs. NADC and 

HC 

RNU6 

miR-130a Up 
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miRNA First author, 

year (Ref) 

Diabetes 

type 

Urine type Expression 

change 

Comparison group Reference control 

miR-1915-3p Cardenas, 2017 

(263) 

T1DM 

and 

T2DM 

Exosomes Down DKD vs. NRDC and HC  n/a 

miR-2861 Down 

miR-4532 Down 

miR-4536 Up 

miR-6747-3p Up 

miR-320c Delic, 2016 

(262) 

T2DM Exosomes Up MIDM vs. NADC and 

HC 

miR-197-5p 

miR-133b Eissa, 2016 

(261) 

T2DM Exosomes Up MADM and MIDM vs. 

NADC and HC 

RNU6 

miR-342 Up 

miR-30a Up 

miR-34a Eissa, 2016 

(256) 

T2DM Exosomes, 

debris 

Up MADM and MIDM vs. 

NADC 

SNORD95 and 

RNU6 
miR-636 Up 
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miRNA First author, 

year (Ref) 

Diabetes 

type 

Urine type Expression 

change 

Comparison group Reference control 

miR-194 Jia, 2016 (257) T2DM Exosomes Up MADM and MIDM vs. 

NADC and HC 

cel-miR-39 

miR-215 Up 

miR-124 Oana, 2018 

(265) 

T2DM Not specific Up MADM and MIDM vs. 

NADC and HC 

RNU6 

miR-27b-3p Paramasivam, 

2018 (260) 

T2DM Extracellular 

vesicles 

Down MADM and MIDM vs. 

NADC 

cel-miR-39 

 

 

 

 

 

miR-135b-5p Down 

miR-197-3p Up 

let-7i-5p Down 

miR-24-3p Down 

miR-210 Up 

miR-877-3p Xie, 2017 (259) T2DM Exosomes Up MADM vs. NADC RNU6 

 

MADM: diabetes with macro albuminuria, MIDM: diabetes with micro albuminuria, NADC: non albuminuria diabetes control, HC: health controls, 

NRDC: diabetes with normal renal function, DKD: diabetic kidney disease, T1DM: type 1 diabetes mellitus, T2DM: type 2 diabetic mellitus. If 

there was a validation/replication phase to a study, only significant dysregulated miRNAs were included after validation/replication. 



  Chapter 3.  

101 

 

3.5. Discussion 

Most of the DKD cases recruited in the articles were classified as proteinuria DKD 

(micro albuminuria/macro albuminuria/proteinuria with or without low eGFR). Indeed, 

proteinuria is the hallmark of progressive DKD. It was shown that microalbuminuria 

was associated with the development of overt proteinuria in T1DM, based on follow-

up studies since the early 1980s (267,268). However, more recently, the sensitivity 

and specificity of the prognostic value of albuminuria for progressive DKD has been 

challenged. More recently, studies have reported that the development of albuminuria 

in diabetes is a dynamic process which means that the albuminuria present in the early 

stage of DKD, is more likely to remit to normoalbuminuria than to progress to 

proteinuria (269–271). Accordingly, the limitations of using albuminuria as a 

definition criteria should be considered. Only a single study used kidney biopsy as 

diagnostic criteria, which suggests that kidney biopsy is rarely performed in clinical 

practice due to the potential risk of severe complications. Therefore, there is a need to 

consider a broader classification model for the identification of progressive DKD. 

Such a model could be improved through the inclusion of diabetes duration and the 

presence of diabetic retinopathy, as applied in two trials identified in this review, 

which may provide a more accurate prediction.  

 

Most of the studies in this review evaluated urine exosomes as a source of miRNAs. 

Three studies used cell-free urine. Argyropoulos et al. (253) reported that seven 

samples were excluded due to the insufficient amount of RNA. The other two studies 

did not report any data on the measurement of RNA quality or quantity. Although 

miRNAs were detected from cell-free urine, urine debris and urine exosomes, the latter 

may prove a better source given the release of exosomes by the renal cells (272). The 

miRNAs extracted from cell-free urine may originate from either apoptotic or necrotic 

cells of the urinary tract. In contrast, the urinary exosomal miRNAs likely originate 

from the nephron segments, which could indicate cellular changes associated with 

renal decline. As such, urinary exosomal miRNAs may prove more successful in DKD 

biomarker studies. Moreover, given they are remarkably stable, exosomes may protect 

the miRNAs from RNase activity. In the paper by Eissa and colleagues (261), they 

identified the same miRNAs from both urinary exosomes and urine debris with similar 
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expression levels, with suggestions that the exosomal miRNAs may be representative 

of miRNA expression in the urine. However, the possibility remains that urinary 

exosomes may also represent miRNAs that originate from the proximal tubules or 

mesangial cells. No studies have yet identified the original source for the miRNAs 

isolated.  

 

Interestingly, only three overlapping miRNAs differently expressed in DKD (miR-29, 

miR-126 and miR-21), were reported across the studies reviewed, perhaps as a 

consequence of the differences in specimens or DKD classification criteria or 

reference genes considered. There was inconsistent expression of miR-424-5p 

reported in two studies (253,254) with similar samples size and subjects’ selection 

criteria. The different specimens (cell-free urine and urine exosomes) may explain this 

discrepancy. We also cannot ignore the different reference genes (UniSP3 and RNU6) 

employed between both studies. Furthermore, other factors, such as ethnicity and 

sample size, may contribute to the low reproducibility of results between studies. This 

highlights the need to establish a uniform and stable method for evaluating urinary 

miRNAs to predict renal outcomes in people with diabetes.  

 

In addition, the lack of compatibility of results across the studies is possibly 

contributed by the different target miRNAs set up at the beginning of the study as 

shown in Table 3.4. Seven studies employed panels containing a group of miRNAs. 

The use of panels of miRNAs will be much more informative and can potentially 

identified some novel biomarkers of disease. For instance, Cardenas-Gonzalez and 

colleagues undertook the largest study across the 14 included papers in this review, 

they measured 2402 miRNAs’ expression with multiple validation cohorts (263), 

firstly identifying 5 exosomal miRNAs related to DKD. However, we could challenge 

that it would be difficult to compare the study results of this study with other studies, 

as it has an in-depth global miRNA expression profiling stage.  
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Table 3.4 Target miRNAs of the studies. 

 

Target miRNAs Reference 

miRNA qPCR panels 1 and 2 (version 1, Qiagen, Hilden, Germany), 

detecting 748 miRNAs. 

(253) 

Megaplex Primer Pool A, Human Pool A  (version 2.1, ThermoFisher 

Scientific, San Jose, USA), detecting 377 miRNAs 

(254) 

miR-29 family (255) 

miR-126 (252) 

miR-133b, miR-342, miR-30a (256) 

miR-15b, miR-34a, miR-636, miR-133, miR-342 and miR-30a (261) 

Comprehensive Biomarker Centre, (Heidelberg, Germany) custom 

content Agilent microarray slides which contain all miRNAs of 

miRBase version 19. 

(262) 

miR-192, miR-194, miR-215 (257) 

miRnome profiling measuring 2402 miRNAs on the latest miRbase 

version 21 

(263) 

miR-126, miR-192 (258) 

miRCURY LNA Array (version 19.0, Qiagen, Hilden, Germany) (259) 

human Urine Exosome Focus microRNA PCR Panel (Qiagen, Hilden, 

Germany) 

(260) 

MegaplexPrimer Pools (Human Pools A version 2.1 and B version 

3.0; ThermoFisher Scientific, San Jose, USA)  

(264) 

miR-21, miR-124 and miR-192 (265) 
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From review of the 14 articles included, the importance of urinary miRNAs as 

biomarkers for DKD has been highlighted. Ten studies carried out gene screenings, 

which were procedures using either global profiling through microarray scan and 

qPCR panels, such as in the study by Delic et al. (262), or through in silico design, as 

used by Eissa et al. (256,261). The miRNAs validated in the latter study were chosen 

based on their presence in public databases. Validation of potential miRNAs as 

biomarkers is essential. Around 80% of the studies included within the review 

conducted a validation stage, mostly using similar inclusion criteria in a larger cohort. 

Although these studies have highlighted the potential of individual miRNAs as 

biomarkers for the detection of DKD in combination with other clinical parameters 

(eGFR, ACR or AER), their specificity and utility still needs to be independently 

replicated and validated. Yang et al. (258) reported the discrepancy of miR-192 

expression in serum and urine, suggesting the necessity for optimal cut-off points for 

effective detection and monitoring of different stages of DKD. Evaluation of the 

clinical utility for including these potential biomarkers in risk prediction models is 

incumbent on the use of area under the curve (AUC) for receiver operating 

characteristic (ROC) analysis. Eissa et al. (261) reported the diagnostic value of the 

miRNAs identified using ROC analysis on sensitivity and specificity and found 

significant improvement for the inclusion of miRNAs, with 100% sensitivity in 

discriminating DKD from the healthy controls.  

 

The most commonly used reference gene was RNU6, common among six of the 14 

studies included (254,256,258,259,261,265), with four of these assessing urinary 

exosomes (254,256,259,261), one using urine debris (258) and the remaining study 

using whole urine (265). However, there were some technical challenges associated 

with the individual study protocols. As a small non-coding RNA, RNU6 was 

commonly used for normalisation and quantitative estimation of bio fluid miRNAs 

expression. However, the validity of using it as a reference gene in urine was 

challenged by Lange et al. (273) who were unable to detect RNU6 urinary exosome 

expression in individuals with CKD. Similarly, another study showed that RNU6 had 

low abundance in urine samples, making it hard to detect in qPCR with suggestions 

that it was unsuitable for normalisation (274). Two studies (262,264) used miR-197-



  Chapter 3.  

105 

 

5p and miR-191-5p as reference genes based on the NormFinder software, which uses 

an algorithm to calculate the most stably expressed and appropriate genes. This 

experimental approach is more reliable and robust for identifying the best combination 

of expressed miRNAs for normalisation purposes.  

 

This review highlights opportunities for improvement in genomic research. As 

mentioned ahead, due to incomplete annotation or specification of data processing and 

analyses, there is lack of compatibility of results across the studies. The diversity in 

study design and assessment, there is lack of compatibility of study design, data 

processing and analysis, which also easily leads to incompatibilities and lost 

opportunities for scientific advancement. Therefore, it is critical that primary data is 

made publicly available (i.e. Cq vales/raw sequence data/microarray intensities). In 

order to effectively compare the different studies you need to firstly determine what 

miRNAs are being detected and at what level. The data should be re-normalised, where 

possible, using a common strategy. In addition, sharing genomic data offers 

encouraging prospects to accelerate research by generating information-rich genome 

datasets. 
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3.6. Conclusions 

There has been a growing number of studies published exploring the role of urinary 

miRNAs as biomarkers for DKD. This chapter considers the available evidence by 

summarising the key findings. The fourteen articles included in this review support 

the potential use of urinary miRNAs as biomarkers of DKD by evaluating urinary 

miRNA expression levels between cases and controls using one or more cohorts, and 

specifically indicates the feasibility of using exosome derived miRNAs for this 

purpose. However, further studies are needed, with more standardised methods such 

as normalised miRNA profiling data using the geometrical mean of exogenous 

miRNAs or choice of an appropriate miRNA isolation kit, and in larger well-

characterised cohorts, to identify reproducible and stable biomarkers of DKD. In 

addition, the primary data should be made publicly available, which would prove 

beneficial for study reproducibility and increased impact.  

 

The following chapter describes the of investigation of urinary exosomal miRNAs in 

persons with renal dysfunction in T2DM. We employed a technique known as locked 

nucleic acid (LNA)-enhanced PCR system (Qiagen, Hilden, Germany), which is ideal 

for detecting low-abundance, short and highly similar miRNA. In addition we used 

Urine Exosome Focus miRNA PCR Panels (Qiagen, Hilden, Germany), which were 

selected based on a combination of experimental data and results previously published 

in peer-reviewed journals targeting those miRNAs typically found in urinary 

exosomes. In addition, we used NormFinder software to calculate the most stably 

expressed miRNAs as reference genes to normalise miRNA profiling which is an 

essential part of the normalisation strategy.  
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Chapter 4.  Evaluation of urinary exosomal 

microRNA profiles in type 2 diabetic kidney 

disease using a customised array panel  
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4.1. Introduction 

Chapter 1 considered the value of circulating microRNAs (miRNAs) as the ideal non-

invasive biomarkers of diabetic kidney disease (DKD) and this will be considered 

further in this chapter with regard to the potential for urinary exosomal miRNA 

biomarkers for the early detection of DKD.  

 

Serum creatinine-based estimated glomerular filtration rate (eGFR) and urinary 

albumin to creatinine ratio (ACR) measures currently represent the most common 

clinical practice for assessing kidney damage and evaluation of renal function. 

However, non-albuminuric renal impairment is not uncommon, especially in those 

with type 2 diabetes mellitus (T2DM) (275–277). In addition, the precision of 

creatinine-based GFR estimates is limited in those at extremes of body mass index and 

in individuals with glomerular hyperfiltration in the early stages of DKD (278). As 

such, albuminuria and eGFR are less reliable indicators of early-stage DKD 

highlighting the need for the discovery of more sensitive and novel biomarkers for the 

early detection of DKD. 

 

Detection of miRNAs in a variety of human body fluids (breast milk, colostrum, 

saliva, seminal fluid, tears, urine, amniotic fluid, cerebrospinal fluid, plasma, 

bronchial fluid, pleural fluid, and peritoneal fluid) has been reported by a number of 

research groups (251,279), raising interest in the use of circulating miRNAs as 

putative clinical biomarkers for disease detection (280–282).  

 

Urine is an ideal source for non-invasive miRNA profiling as it is produced in the 

kidneys and its constituents are known to reflect renal function, with proteins such as 

cystatin C increasing in individuals with renal impairment and kidney damage 

(209,210). Urinary miRNAs may offer potential as the ideal biomarkers of kidney 

function measurable in an easily accessible liquid biopsy. As outlined in Chapter 3, 

urinary miRNAs have become an emerging candidate biomarker for the detection of 

DKD (263). 
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Circulating miRNAs found in human body fluids are remarkably stable although it is 

unclear why they are so stable (283). Several hypotheses have been proposed; one 

prominent hypothesis suggests that these miRNAs are protected against RNase 

degradation by being encapsulated by membrane-derived extracellular 

vesicles/exosomes (284–286). Exosomes are vesicles which are between 30 and 

150 nm in size, and are involved in cell to cell communication and regulation of 

various biological or pathogenic processes such as immunology, cancer, coagulation, 

and many other aspects of human physiology (286,287). The rate of exosome secretion 

from diseased tissue/cells exceeds that from corresponding normal tissue/cells, as 

evidenced by increased concentrations of exosomes in injured epithelial cells observed 

by different research groups (288,289). As such, in comparison to other proteomic 

biomarkers that may go undetected following the removal of other high abundance 

proteins such as albumin in the circulation, exosomal miRNA biomarkers may be a 

more sensitive representation of the ongoing changes in diseased tissue (290,291). 

Miranda and colleagues identified the presence of miRNAs in urinary macrovesicles 

(292) which were subsequently confirmed and quantified in total urine and urinary 

extracellular vesicles (293).  

 

However, other explanations regarding the stability of circulating miRNAs have also 

been proposed by other researchers with suggestions that circulating miRNAs bind to 

protein or lipoprotein complexes to make them resistant to RNase activity (294–297). 

For instance, the circulating Argonaute (Ago) 2 complex was reported as a significant 

transporter of miRNA in plasma (294,295). In addition, a high-density lipoprotein 

cholesterol (HDL-C)-mediated miRNA delivery pathway was proposed by Vickers 

and colleagues who suggested circulating miRNAs were transported via HDL 

molecules from donor to recipient cells, altering gene expression (296). 

 

In addition, miRNA expression can be quantified using qPCR or emerging next 

generation sequencing technology, providing an improved degree of specificity and 

sensitivity to differentiate pathologies, offering new opportunities for early detection 

or monitoring of treatment efficacy in DKD.  



  Chapter 4.  

110 

 

4.2. Aims and objectives 

The objective of this chapter was to identify urinary exosomal miRNAs associated 

with renal dysfunction in patients with T2DM with independent replication and 

validation in a second cohort.  

 

4.3. Materials and methods 

4.3.1. Patient samples 

All study participants were recruited from renal clinics at Belfast City Hospital 

following written informed consent and all research was performed in accordance with 

relevant guidelines under ethical approval by the Office for Research Ethics 

Committees Northern Ireland (REC/14/NI/1132). All participants were white and of 

European ancestry. Participant information was collected upon enrolment including 

diabetes status, past history of cardiovascular events, current prescribed medications, 

together with clinical chemistry results including serum creatinine, urinary ACR, 

lipoproteins, and glycated haemoglobin A1c (HbA1c) measured in persons with 

diabetes. Spot urine samples were collected in 50 ml sterile centrifuge tubes and placed 

on ice prior to processing. Urine samples were rendered acellular following 

centrifugation at 2,000 g for 10 min at 4°C whereupon the supernatant was transferred 

to 5 x 2 ml aliquots in RNase/DNase-free tubes and frozen at -80°C. 

 

Renal function was estimated using the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation which provides improved accuracy over the earlier 

Modification of Diet in Renal Disease (MDRD) equation (298), particularly for eGFR 

values > 60 ml/min/1.73 m2 (13). CKD was categorised on the basis of multiple serum 

creatinine measurements using a renal function cut-off value of 60 ml/min/1.73 m2 for 

3 months or more in the absence of persistent albuminuria, or any eGFR in the 

presence of persistent albuminuria of ≥ 3 mg/mmol in line with the clinical definition 

of CKD (28). T2DM was diagnosed according to the American Diabetes Association 

2010 criteria (299). Participants with current infection or history of infection in the 

previous month were not recruited. Participants with known inflammatory diseases 
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e.g. rheumatoid arthritis, systemic lupus erythematosus, Crohn’s disease were 

excluded from the study.  

 

Participants in the discovery cohort were categorised into the following groups (i) 

T2DKD (T2DM and eGFR < 60 ml/min/1.73 m2), (ii) age and gender matched 

T2DNRF (T2DM and eGFR > 60 ml/min/1.73 m2). The validation cohort comprised 

three groups: (i) T2DKD, (ii) T2DNRF, (iii) CCKD (no diabetes and CKD).  

 

4.3.2. Isolation of urinary exosomes and total RNA  

Exosomes were isolated from 1.1 ml of urine supernatant thawed on ice and 

centrifuged at 10,000 g (Eppendorf, Hamburg, Germany) at room temperature to 

remove cellular debris in accordance with the protocol for the miRCURY™ Exosome 

Isolation Kit (Qiagen, Hilden, Germany). Total RNA was extracted from the exosomes 

following the protocol of the Cell and Plant miRCURY™ RNA Isolation Kit (Qiagen, 

Hilden, Germany). RNA quality and concentration were determined using NanoDrop 

One (ThermoFisher Scientific, San Jose, CA, USA).  

 

4.3.3. microRNA profiling using polymerase chain reaction panels in the 

discovery cohort 

Reverse transcription of RNA to complementary deoxyribonucleic acid (cDNA) was 

performed according to the miRCURY Locked Nucleic Acids (LNA) Universal RT 

kit (Qiagen, Hilden, Germany). An estimated 20 ng of total RNA is recommended; 

reagents included 2 µl of 5X Reaction Buffer, 3.5 µl of nuclease-free water, 1 µl of 

Reverse Transcriptase Enzyme Mix, 0.5 µl of synthetic RNA spike-in control 

(UniSp6) and 3 µl of RNA template. Reactions were performed at 42°C for 60 minutes 

and then 95°C for 5 minutes. Ten µl of cDNA was diluted 1:100 and added to 1000 µl 

of ExiLENT SYBR Green Master Mix (Qiagen, Hilden, Germany), to give a final 

reaction volume of 10 µl in each of the 384 wells, which included four replicate primer 

sets of 87 miRNAs (miRCURY LNA miRNA urine focus PCR Panel (Qiagen, Hilden, 
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Germany). Quality control inter-plate calibrator UniSp3 and spike-in UniSp6 primers 

were also included. Amplification was performed on a LightCycler 480 Real-Time 

PCR system (Roche Diagnostics GmbH, Mannheim, Germany) under the following 

conditions: 95°C for 10 minutes, 45 cycles of 95°C for 10 seconds and 60°C for 1 

minute, with melt curve analysis using Roche LC software (Roche Diagnostics 

GmbH). Each sample was replicated for each miRNA. Raw quantification cycles (Cq) 

were obtained for further analysis.  

 

4.3.4. microRNA profiling using individual polymerase chain reaction assays in 

the validation cohort  

Significant differentially expressed miRNAs from the Qiagen discovery panel with at 

least a 1.5-fold expression change, were independently validated. Individual miRNA-

specific oligonucleotide primers were purchased (miR-21-5p, let-7e-5p, miR-23b-3p, 

miR-30b-5p and miR-125b-5p) together with three reference miRNA primer sets 

(miR-200b-3p, miR-30c-5p and miR-27b-3p) (Qiagen, Hilden, Germany). Diluted 

cDNA samples (1.2 µl from a 1:40 dilution), 1.5 µl of PCR ExiLENT SYBR Green 

Master Mix (Qiagen, Hilden, Germany) and 0.3 µl of LNA PCR primer set (Qiagen, 

Hilden, Germany) were added to 384 well PCR plates using an Echo 525 liquid 

handling system (Labcyte, San Jose, USA). All PCR reactions were duplicated and 

performed in a total volume of 3 µl PCR amplification conditions and analyses were 

as described for the discovery cohort.  

 

4.3.5. Pre-processing of polymerase chain reaction data 

Cq values were imported to GenEx PCR analysis software (MultiD Analyses AB, 

Goteborg, Sweden) for pre-processing. The workflow included normalisation of Cq 

values using inter-plate calibration (UniSp3) and those miRNAs most stably expressed 

between groups as determined by the NormFinder software (GenEx, MultiD Analyses, 

Goteborg, Sweden). The miRNA Cq values (Cq [miRNA]) were normalised (ΔCq) 

using the following formula: ΔCq = average Cq (miRNA) − average Cq (reference 

miRNAs).  Results were represented as an expression fold change (FC) of T2DKD 
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compared to T2DM control samples or alternatively CCKD according to the 2−ΔΔCq 

method. 

 

4.3.6. Bioinformatic analyses of differently expressed microRNAs 

Identification of differently expressed miRNAs’ target genes was performed using 

TargetScan7.1 (available at http://www.targetscan.org/vert_72 (300)). Gene set 

enrichment for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, Gene 

Ontology and other annotations were performed using the Database for Annotation, 

Visualization and Integrated Discovery (DAVID) tool (available at 

https://david.ncifcrf.gov (301)). A false discovery rate (FDR) corrected p value < 0.05, 

was considered statistically significant. 

 

4.3.7. Statistical analysis 

The normality of distributions of all key variables were assessed. Student’s t-test and 

one-way analysis of variance were used for continuous values with normal 

distribution. Categorical values were assessed using a Chi-square test. Correlation 

coefficients (r) were estimated using Spearman’s rank tests and Pearson’s correlation 

analysis for non-parametric and parametric analyses respectively. In addition, receiver 

operating characteristic (ROC) were used to assess the specificity and sensitivity of 

the regression models with inclusion of the associated miRNAs. All tests were 

performed using SPSS version 22.0 (SPSSInc, Chicago, IL, USA). A p value < 0.05 

was considered significant. Correction for multiple testing was undertaken according 

to the Benjamini-Hochberg approach (302).  
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4.4. Results 

4.4.1. Study cohort characteristics 

Summary statistics of the sample characteristics in the discovery and validation 

cohorts are provided in Table 4.1. With the exception of renal function, diastolic blood 

pressure (DBP) and prescription of insulin and diuretics, there were no significant 

differences between cases and controls in the discovery cohort for age, gender, systolic 

blood pressure (SBP), low-density lipoprotein cholesterol (LDL-C), HDL-C, 

glycosylated haemoglobin (HbA1c) and total cholesterol. Likewise, there were no 

significant differences in gender, SBP, DBP, LDL-C, HDL-C, HbA1c and total 

cholesterol in the validation cohort. The mean age of T2DKD (72 years) in the 

validation cohort was significantly higher than participants in both the T2DNRF (63.3 

years) and the CCKD (60.1 years). The mean eGFR was significantly lower in the 

T2DKD group (p < 0.001; 26.7 ml/min/1.73 m2) than the T2DNRF (87.5 ml/min/1.73 

m2) and CCKD (35 ml/min/1.73 m2). There was a difference in the distribution of 

ACR between groups, with 70% of those in the discovery cohort having an ACR > 30 

mg/mmol compared to 60% in the validation cohort. In the discovery cohort, 70% 

(10/14) of those with T2DKD had an ACR > 30 mg/mmol compared to 64% in the 

validation cohort (13/22).  
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Table 4.1 Study cohort characteristics. 

 

 Discovery Validation 

Variable T2DKD 

(n = 14) 

T2DNRF  

(n = 15) 

p value T2DKD  

(n = 22) 

T2DNRF 

(n = 15) 

CCKD 

(n = 18) 

p value 

Age (years) 66.7 ± 9.6 67.3 ± 10.2 0.867 72.0 ± 9.0 63.3 ± 5.7 60.1 ± 17.0 0.006 

Gender (male) 9 10 0.893 12 12 9 0.172 

SBP (mmHg) 138 ± 19 128 ± 18 0.157 141 ± 21 134 ± 26 139 ± 21 0.639 

DBP (mmHg) 67 ± 7 78 ± 9 0.002 76 ± 11 83 ± 15 76 ± 9 0.124 

LDL-C (mmol/l) 2.05 ± 0.96 2.06 ± 0.80 0.989 1.81 ± 0.74 1.69 ± 0.61 2.49 ± 1.50 0.083 

HDL-C (mmol/l) 1.12 ± 0.30 1.26 ± 0.31 0.538 1.21 ± 0.42 1.20 ± 0.27 1.45 ± 0.36 0.126 

Total cholesterol (mmol/l) 4.28 ± 1.33 3.63 ± 1.22 0.201 3.98 ± 0.81 3.12 ± 0.70 4.83 ± 1.80 0.001 

HbA1c (mmol/mol) 70.5 ± 15.8 62.8 ± 20.0 0.259 57.4 ± 15.8 58.4 ± 15.9 39.0 ± 4.6 0.142 

Serum creatinine (µmol/l) 196 ± 69 77 ± 138 < 0.001 198.6 ± 43.6 77.9 ± 14.9 185.7 ± 103.4 < 0.001 

eGFR (ml/min/1.73 m2) 31 ± 14 82 ± 14 < 0.001 26.7 ± 8.4 87.5 ± 15.0 34.6 ± 12.5 < 0.001 
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 Discovery Validation 

Variable T2DKD 

(n = 14) 

T2DNRF  

(n = 15) 

p value T2DKD  

(n = 22) 

T2DNRF 

(n = 15) 

CCKD 

(n = 18) 

p value 

ACR (mg/mmol)       

     < 3 0 8 < 0.001 5 14 4 < 0.001 

     3-30 4 7* 3 1* 7 

     > 30 10 0 14 0 7 

Smoking Status        

     Never (n) 7 9 0.812 15 3 16 0.001 

     Ex-smoker (n) 4 4  2 6 0  

     Current smoker (n) 3 2  5 6 2  

Medications        

     Insulin (n) 9 0 < 0.001 3 0 0 0.093 

     ACEi /ARBs (n) 5 4 0.599 12 6 10 0.611 

     Beta-blockers (n) 8 8 0.573 9 12 13 0.030 
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 Discovery Validation 

Variable T2DKD 

(n = 14) 

T2DNRF  

(n = 15) 

p value T2DKD  

(n = 22) 

T2DNRF 

(n = 15) 

CCKD 

(n = 18) 

p value 

     Calcium channel blockers (n) 5 6 0.812 8 5 10 0.348 

     Statins (n) 11 10 0.474 19 12 12 0.318 

     Diuretics (n) 10 4 0.016 13 4 5 0.062 

     Hypoglycaemic agents (n) 7 9 0.610 2 9 0 < 0.001 

 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes normal renal function. CCKD: control chronic kidney disease. Data are 

shown as mean ± standard deviation (SD). SBP: systolic blood pressure; DBP: diastolic blood pressure; LDL-C: low-density lipoprotein 

cholesterol; HDL-C: high-density lipoprotein cholesterol; HbA1c: glycosylated haemoglobin; eGFR: estimated glomerular filtration rate; ACR: 

urinary albumin-to-creatinine ratios; ACE: angiotensin-converting-enzyme. Student’s t-test and one-way analysis of variance were used for 

continuous values with normal distribution. Categorical values were assessed using a Chi-square test. * Note those patients in the T2DNRF 

group with ACR > 3 mg/mmol were not excluded  as they did not have persistent albuminuria or any markes of kidney damage. The ACR range 

displayed indicates the value at the first measurement point.
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4.4.2. Discovery cohort identification of differentially expressed urinary 

exosomal miRNAs in participants with renal dysfunction  

A heat map of the relative expression values for the 87 miRNAs in the discovery 

cohort is shown (Figure 4.1). Of the 87 miRNAs assayed in the discovery cohort, 77 

produced consistent measurements with Cq values < 35 in more than 60% of samples. 

Expression profiles between T2DKD and age and gender matched T2DNRF were 

compared. The three miRNAs most stably expressed between groups were selected as 

candidate reference genes for normalisation purposes (miR-200b-3p, miR-30c-5p and 

miR-27b-3p). The miRNA expression profiles are represented as a volcano plot 

(Figure 4.2). T2DKD patients had higher levels of miR-21-5p (FC: 2.00, 95% 

confidence interval [CI]: 1.13-3.53, p = 0.018), let-7e-5p (FC: 1.95, 95% CI: 1.04-

3.65, p = 0.041) and miR-23b-3p (FC: 1.63, 95% CI: 1.01-2.64, p = 0.047) compared 

to the control group and decreased levels of miR-30b-5p (FC: 0.63, 95% CI: 0.40-

0.98, p = 0.037), and miR-125b-5p (FC: 0.54, 95% CI: 0.30-0.97, p = 0.037). Of note, 

p values no longer remain significant following correction for multiple testing. 

Although the expression of miR-126-3p was 2.65-fold higher in T2DKD compared to 

the discovery control group, the signal intensities were low and not detected in several 

samples leading to broad confidence intervals. As such, we did not include miR-126-

3p for further validation. Variation in the relative expression profiles of these miRNAs 

between T2DKD and T2DNRF in the discovery cohort are presented (Figure 4.3). 
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Figure 4.1 Heat map of discovery cohort miRNA expression profiles. 
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Figure 4.2 A volcano plot representing differential miRNA expression between 

T2DKD and T2DNRF. It plots the negative log of the p value against the log of the 

fold change on the y and x axis respectively. Those points located above the horizontal 

line display p values < 0.05. Those points distant to the left- or right-hand of the centre 

represnt a larger magnitude fold change. The annotated miRNAs were significantly 

dysregulated in T2DKD. The expression of miR-23b-3p, let-7e-5p, miR-21-5p and 

miR-126-3p in T2DKD group was significantly higher than the T2DNRF group, while 

expression of miR-125b-5p and miR-30b-5p was significantly lower in T2DKD versus 

T2DNRF. miR-126-3p was not selected for further validation due to the significant 

deviation in its expression profile (FC: 2.65, 95% CI: 1.04-6.74, p = 0.042). T2DKD: 

type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal renal 

function; FC: fold change; CI: confidence interval. 
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Figure 4.3 Relative expression in the discovery cohort of six miRNAs (miR-21-5p 

[A], let-7e-5p [B], miR-23b-3p [C], miR-30b-5p [D], miR-125b-5p [E] and miR-126-

3p [F]) significantly dysregulated between T2DKD and T2DNRF. T2DKD: type 2 

diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal renal function; 

* p < 0.05. Note that the box displays the data distribution through their quartiles, the 

whiskers indicates variability outside the upper and lower quartiles and the X symbols 

represents the mean value of the data. 
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4.4.3. Validation cohort of urinary exosomal miR-21-5p and miR-30b-5p in 

participants with renal dysfunction  

Similar to the discovery cohort, the three most stably expressed miRNAs were miR-

200b-3p, miR-30c-5p and miR-27b-3p which were used as reference genes for 

normalisation purposes. The expression profiles in T2DKD relative to T2DNRF in the 

validation cohort are presented for the miRNAs differentially expressed in the 

discovery cohort (Figure 4.3). Only miR-21-5p (FC: 2.13, 95% CI: 1.29-3.52, p = 

0.006) and miR-30b-5p levels (FC: 0.82, 95% CI: 0.54-1.26, p = 0.006) remained 

significantly differentially expressed between T2DKD and T2DNRF. Both miRNAs 

were also similarly differentially expressed in comparisons between CCKD and 

T2DNRF respectively: (miR-21-5p; FC: 1.73, 95% CI: 1.07-2.79, p = 0.024 and miR-

30b-5p; FC: 0.66, 95% CI: 0.33-0.79, p = 0.002). There was no significant difference 

in the expression profile of either miR-21-5p or miR-30b-5p between T2DKD and 

CCKD. The relative expression profiles across all three groups of both significantly 

differentially expressed miRNAs are shown in Figure 4.4. 

 

  

 

Figure 4.4 Normalised relative expression of both validated miRNAs (miR-21-5p [A] 

and miR-30b-5p [B]) in T2DKD, T2DNRF and CCKD. T2DKD: type 2 diabetic 

kidney disease; T2DNRF: type 2 diabetes mellitus and normal renal function; CCKD: 

controls with chronic kidney disease, * p < 0.01; ** p < 0.05; *** p < 0.005. 
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4.4.4. Correlations between serum creatinine and miR-21-5p and miR-30b-5p  

Correlations were evaluated between miR-21-5p and miR-30b-5p and clinical 

parameters in all samples of the validation cohort. A significant positive correlation 

was observed between miR-21-5p and serum creatinine (r2 = 0.517; p < 0.001) and a 

corresponding negative correlation with eGFR (r2 = -0.334; p = 0.035; Table 4.2 and 

Figure 4.5). Conversely, a negative correlation was observed between miR-30b-5p 

and serum creatinine (r2 = -0.43; p = 0.006) and a positive correlation with eGFR (r2 

= 0.299; p = 0.06). In addition, miR-30b-5p was found to be significantly correlated 

with HDL-C (r2 = 0.427; p = 0.012). Correlations between let-7e-5p, miR-23b-3p, 

miR-125b-5p and clinical characteristics in the validation cohort were also considered 

(Table 4.2 and Figure 4.5). 
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Table 4.2 Correlations analysis of urinary exosomal miRNAs expression and clinical parameters in the validation cohort. 

 

 

Parameter 

miR-21-5p miR-30b-5p let-7e-5p miR-23b-3p miR-125b-5p 

r p value r p value r p value r p value r p value 

Age 0.180 0.267 -0.148 0.362 0.209 0.195 0.196 0.226 -0.110 0.498 

Gender Ɨ -0.041 0.801 <0.001 1.000 0.063 0.700 0.017 0.915 0.022 0.894 

SBP -0.013 0.936 -0.075 0.652 -0.036 0.827 0.001 0.994 0.187 0.254 

DBP -0.231 0.158 0.202 0.217 -0.275 0.090 -0.316 0.050 0.180 0.274 

HDL-C -0.298 0.087 0.427 0.012 -0.289 0.097 -0.247 0.159 0.059 0.742 

LDL-C 0.020 0.913 -0.045 0.802 -0.020 0.910 0.005 0.978 0.132 0.464 

Total cholesterol -0.117 0.504 -0.041 0.813 -0.100 0.570 -0.052 0.768 -0.049 0.782 

Serum creatinine 0.517 <0.001 -0.430 0.006 0.392 0.012 0.298 0.062 -0.092 0.574 

HbA1c 0.111 0.633 -0.191 0.406 0.030 0.896 0.106 0.647 -0.007 0.978 

eGFR -0.334 0.035 0.299 0.060 -0.224 0.164 -0.164 0.311 0.093 0.566 

ACR 0.039 0.811 -0.071 0. 664 0.055 0.738 0.027 0.868 0.391 0.013 

CVD Ɨ 0.035 0.831 -0.157 0.334 0.096 0.557 0.150 0.355 -0.024 0.883 

SBP: systolic blood pressure; DBP: diastolic blood pressure; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density lipoprotein 

cholesterol; HbA1c: glycosylated haemoglobin; eGFR: estimated glomerular filtration rate; ACR: urinary albumin-to-creatinine ratios; CVD: 

cardiovascular disease. ƗSpearman’s correlation analysis. 
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Figure 4.5 Significant correlations between urinary exosomal miR-21-5p, miR-30b-

5p and clinical parameters in the validation cohort. Correlations betwenn miR-21-5p 

and serum creatinine (A) and eGFR (B). Correlations between miR-30b-5p and serum 

creatinine (C), eGFR (D) and HDL-C (F).   
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4.4.5. Evaluation of miR-21-5p and miR-30b-5p as potential biomarkers of renal 

dysfunction  

ROC analyses were performed to evaluate the potential of differentially expressed 

miRNAs to discriminate between individuals with good and poor renal function using 

samples from the discovery cohort (T2DNRF and T2DKD). When considered with 

age, gender and HDL-C, miR-21-5p gave an area under the curve (AUC) of 0.830 

(95%CI: 0.673-0.986; p = 0.004) which was reduced when combined with miR-30b-

5p (AUC: 0.813; 95%CI: 0.652-0.974; p = 0.006) in the discovery cohort ( 

Figure 4.6). Evaluation of miR-21-5p in the validation cohort composed of both 

T2DKD and CCKD gave an AUC = 0.895 (95%CI: 0.793-0.996; p < 0.001) which 

increased further when combined with miR-30b-5p (AUC: 0.932; 95%CI: 0.853-

1.000; p < 0.001). 

 

4.4.6. Bioinformatic analyses of miR-21-5p and miR-30b-5p 

TargetScan7.1 (available at http://www.targetscan.org/vert_72) (300) was used to 

predict conserved targets and to increase the specificity of the 102 genes targeted by 

both miRNAs for further analysis. The most significant term is ‘phosphoprotein’, 

which is also significantly enriched in the independent targets of both miR-21-5p and 

miR-30b-5p. The ‘Metabolic’ Class from the Genetic Association Database (GAD) 

was significantly enriched even after Benjamini-Hochberg (302) correction. 

Consistent with a role in DKD, the 10th most enriched group within the predicted 

targets of miR-21 and miR-30 was ‘GAD_DISEASE Type 2 

Diabetes/Edema/Rosiglitazone’. The predicted functional annotations are provided in 

Appendix 4 . 
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Covariates AUC 95% CI p value 

Age, gender, HDL-C 0.833 0.699-0.967 0.001 

miR-21-5p 0.864 0.745-0.983 <0.001 

miR-30b-5p 0.820 0.681-0.958 0.002 

Age, gender, HDL-C and miR-21-5p 0.990 0.965-1.000 < 0.001 

Age, gender, HDL-C and miR-30b-5p 0.891 0.786-0.996 < 0.001 

Age, gender, HDL-C, miR-21-5p and miR-

30b-5p 

0.990 0.965-1.000 < 0.001 

 

Figure 4.6 ROC analysis of miR-21-5p and miR-30b-5p to discriminate between 

T2DNRF and T2DKD using samples from the validation cohort. T2DNRF: type 2 

diabetes mellitus and normal renal function; T2DKD: type 2 diabetic kidney disease; 

HDL-C: high-density lipoprotein cholesterol; AUC: area under the curve; CI: 

confidence interval; ROC: receiver operating characteristic.  
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4.5. Discussion 

The incidence of DKD is rising worldwide, with associated increased morbidity and 

premature mortality. Early identification of at risk individuals is crucial for the 

provision of appropriate and efficient clinical intervention and improved prognosis. 

Diagnosis of DKD is commonly made using measurements of serum creatinine and 

urinary albumin excretion. Nevertheless, there is increasing evidence that these 

biomarkers are of insufficient sensitivity to detect DKD in its early stages (303) with 

identification of novel biomarkers, such as miRNAs, considered a priority.  

 

miRNAs are commonly found within extracellular vesicles, and specifically 

exosomes, that are released from many cell types (294,304). There is increasing 

evidence of the potential of both circulating and urinary exosomal miRNAs to act as 

biomarkers for various renal diseases, including DKD (305), acute kidney injury 

(306), and hypertensive nephropathy (307), and also provide insights into disease 

pathogenesis. Given that exosomes within the urine supernatant originate from cells 

within the various nephron segments (215), altered miRNA profiles may be indicative 

of changes in kidney function. 

 

A recent systematic review identified two urinary exosomal miRNAs (miR-342-3p 

and miR-192-5p) to be differentially regulated in individuals with T2DKD (308). Of 

these, only miR-342-3p was represented on the discovery panel in the current study 

but was not found to be differentially expressed (FC: 1.33, 95% CI: 0.66-2.68, p = 

0.408). Sixteen urinary exosomal miRNAs were reported to be differentially regulated 

in a small cohort of T2DKD compared to healthy controls, although only two miRNAs 

were validated in subsequent replication (miR-320c and miR-6068) (262). Of the 

sixteen miRNAs reported, only miR-30d-5p and miR-30e-5p were present on the 

Qiagen discovery panel, but there were no significant variation in the levels detected 

(miR-30d-5p: FC: 0.81, 95% CI: 0.56-1.17, p = 0.25; miR-30e-5p: FC: 1.32, 95% CI: 

0.78-2.40, p = 0.27) (262). In addition, another study has implicated three urinary 

miRNAs, miR-126-3p, miR-155-5p and miR-29b-3p, as potential biomarkers of DKD 

(264). Two of the three miRNAs were present on the discovery panel: miR-126-3p 
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had similar increased expression in the DKD samples (FC: 2.65. 95% CI: 1.04-6.74, 

p = 0.042), although we chose not to evaluate it in the validation cohort due to the 

large deviation in its expression profile. We detected no significant variation in 

expression of miR-29b-3p (FC: 0.87. 95% CI: 0.37-2.08, p = 0.752) in our discovery 

cohort. The lack of replication of these findings may arise because of clinical 

heterogeneity of the patients enrolled, specimen collection and experimental methods, 

in addition to ethnicity, population structure, disease heterogeneity and classification, 

study power and effect size. As such, interpretation of miRNA expression reported in 

association with DKD requires caution and careful consideration of potential 

confounders. 

 

In the validation cohort, an elevated level of miR-21-5p was detected in individuals 

with poor renal dysfunction, in support of findings reported previously (309–311). A 

significant correlation between miR-21-5p and serum creatinine (and eGFR) in the 

current study strengthens previous associations with renal sclerosis in multiple 

experimental models and fibrosis in other organs, including heart and lung (196–199).  

 

Although dysregulation of miR-21-5p is not specific to T2DKD, the results reported 

in this study and by others, suggest miR-21-5p may offer potential as a marker of 

declining renal function. A recent study has shown miR-21-5p to be significantly 

elevated in the renal cortex of insulin-dependent diabetic mice, suppressing 

phosphatase and tensin homolog (PTEN) protein and increasing fibronectin content, 

during DKD pathogenesis (200). In addition, miR-21-5p has been identified as a 

potential therapeutic target in DKD mouse models, given its pathological role in renal 

fibrosis (176). Upregulation of miR-21-5p and a negative correlation with eGFR has 

been previously reported in both glomeruli and proximal tubules from patients with 

DKD, focal segmental glomerulosclerosis, or membranoproliferative 

glomerulonephritis (312). Wang and colleagues demonstrated that overexpression of 

miR-21-5p could lead to transforming growth factor beta (TGF-β) induced epithelial-

mesenchymal transition (EMT) by inhibiting smad7, and that miR-21-5p may provide 

an alternative target to directly suppress TGF-β-mediated renal fibrosis in DKD (175). 

In addition, miR-21-5p has been shown to target tissue inhibitor of metalloproteinases 
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(TIMPs) which are significantly up-regulated in kidneys from diabetic mice and 

mesangial cells grown under high glucose conditions (174,202). Furthermore, the 

same study also showed up-regulation of miR-21-5p in kidney biopsy samples from 

diabetic patients compared to healthy controls (174). 

 

While several candidate miRNAs have been proposed previously as potential T2DKD 

biomarkers, the association with miR-30b-5p is a novel finding. It has been reported 

as a general miRNA biomarker in several human cancers with reduced expression 

reported in hepatocellular carcinoma, breast and gastric cancer (313–316). In addition, 

urinary miR-30b-5p was shown to be abundant in prostate cancer patients (317).  

Moreover, Liu et al. suggested that miR-30b-5p can suppress EMT using human renal 

cell carcinoma cell lines (318), and of note, EMT is a characteristic hallmark of 

interstitial matrix deposition in DKD (319), and subsequent renal fibrosis (320). 

 

Other members of the miR-30 family were included on the Qiagen discovery panel, 

but no significant variation in their expression profile was observed, including miR-

30c-5p, which was used for normalisation given its consistent expression profile 

across all samples. Although, members of the miR-30 family share common seed 

motifs, variability that exists particularly at the 3´of the sequence permits targeting of 

different genes and pathways that influence various biological functions. The qPCR 

assays employed in this study were able to discriminate between miR-30 family 

members and miR-30c-5p was shown to be stably expressed and therefore suitable as 

a reference gene. Patients with renal impairment typically exhibit disturbances of 

lipoprotein metabolism that results in dyslipidaemia, including dysfunctional HDL-C 

(321), which was positively correlated with miR-30b-5p in our data. To our 

knowledge, this is the first study to demonstrate an association between miR-30b-5p 

and impaired renal function. 

 

Patients in the T2DKD, T2DNRF and CCKD groups were prescribed medications 

such as angiotensin converting enzyme inhibitors (ACEi) or angiotensin II receptor 

blockers (ARBs), statins, oral hypoglycaemic drugs and/or insulin to manage 
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hypertension, dyslipidaemia and diabetes respectively. There is emerging evidence 

that drugs influence miRNA levels in vitro and in vivo (322–324). For instance, 

Macconi and colleagues demonstrated that treatment of rats with renal fibrosis using 

ACEi suppressed interstitial collagen deposition in the kidneys and reduced miR-324-

3p expression in the tubular epithelia (325). However, to date, there is limited data 

available discussing the effect of medication on miRNA expression in T2DKD. 

 

4.6. Strengths and limitations 

4.6.1. Strengths 

The panel employed in the discovery cohort was designed to include 87 miRNAs 

typically found in urinary exosomes based on the combined results of experimental 

data and published papers, which enhances the chance of identifying exosomal 

miRNA biomarker in a fast and cost-effective way. 

 

4.6.2. Limitations 

Classification of T2DKD was not defined by kidney biopsy and as such, associations 

with DKD could not be confirmed histologically. In addition, the cross-sectional 

nature of the study lacks an ability to examine causality and changes in miRNA 

profiles over time as disease progresses or the function of the candidate miRNAs 

identified. Further prospective evaluation of miRNA profiles, using emerging miRNA 

sequencing technologies, could determine how miRNAs change over time and in 

response to different treatment regimens as chronic kidney disease progresses.  

Analysis of miRNAs is limited to those retained on the array panel and therefore using 

this approach will not identify novel miRNAs associated with DKD but will merely 

evaluate those previously published and included on the panel in the context of our 

populations. 
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4.7. Conclusions 

Our data suggests that the expression profiles of miR-21-5p and miR-30b-5p are 

altered as a consequence of renal dysfunction and not specifically associated with 

DKD. The current findings indicate that increased urinary exosomal expression of 

miR-21-5p and decreased miR-30b-5p are collectively better able to differentiate 

individuals with impaired renal function. Urinary miRNAs may prove useful in the 

detection of early kidney damage and future monitoring of response to treatment. 

Earlier and longitudinal evaluation of at risk individuals may better inform the utility 

of these markers before the manifestation of early symptoms.  
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Chapter 5.  Investigation of next generation 

sequencing plasma microRNA profiles in type 2 

diabetic kidney disease
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5.1. Introduction 

Chapter 4 described a study using quantitative polymerase chain reaction (qPCR) 

based techniques to quantify exosome-derived urinary microRNA (miRNA) 

biomarkers associated with renal dysfunction. This provided new evidence for use of 

exosome-derived miRNAs as biomarkers in renal disease. However, both miRNAs 

identified were not specific to renal dysfunction in diabetes. Therefore another study 

was undertaken in an effort to discover novel miRNA biomarkers that would improve 

the specificity and sensitivity for the identification of type 2 diabetic kidney disease 

(T2DKD).  

 

Recently, the rapidly developing high-throughput sequencing technologies, also 

known as next-generation sequencing (NGS), have been widely used in a range of 

scientific areas (326–328). Specifically, miRNA sequencing (miRNA-seq), 

employing NGS technology, has been used in research for different diseases (329–

331). This has opened up new opportunities for characterising, quantifying and 

assessing the differential expression profiles of miRNAs. The principle of miRNA-

seq has been described in Chapter 2 (section 2.3.4). Briefly, 5′ and 3′ universal 

adaptors were ligated to the miRNA extracted from the sample and reverse 

transcription performed. The DNA libraries were then constructed by polymerase 

chain reaction (PCR) amplification of the cDNA.  Through sequencing of the DNA 

libraries, we can capture comprehensive miRNA features and profile the levels of 

miRNA expression.  

 

As a ‘discovery’ approach, NGS technology can identify both known and novel 

transcripts. Compared to traditional microarrays or qPCR technologies which are 

‘candidate’ gene-based approaches relying on prior knowledge of target sequences, 

NGS technology does not require predesign of probes, thus enabling the identification 

of novel variants. In addition, instead of producing relative expression levels, NGS 

technology quantifies the individual sequence reads aligned to a reference sequence, 

producing the absolute read number. Beyond quantification gene expression, NGS is 

able to sequence millions of nucleotides in a single run, which is broader than Sanger 
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sequencing read length of ∼750 bp in a run (332). Additionally, NGS technology could 

provide a broader dynamic range of expression values through continuing parallel 

amplification and eventually measure the expression of every transcript while 

microarray technology lack sensitivity for measuring genes expressed either at low or 

very high levels and therefore have a much smaller dynamic range (333,334).  

 

On top of that, there is increasing evidence suggesting that mature miRNAs known as 

isomiRs are heterogeneous in length and sequence (335), and which may have 

additions or truncations of one or more nucleotides at the 5′ and/or 3′ end, or internal 

single-base nucleotide substitutions (336). However, isomiRs which contain highly 

similar sequences are not efficiently detected by microarray or qPCR approaches with 

limited prior knowledge of variant sequences and low throughput features. The 

availability of high throughput miRNA-seq provides an opportunity for the 

identification of different types of isomiRs. A number of isomiRs have been identified 

recently and found to be of physiological importance (336–338), although the 

mechanisms underlying isomiR formation are not completely understood. One 

hypothesis is that they may originate from imprecise cleavage of the mature miRNA’s 

precursor by Drosha or Dicer, resulting in sequences of different lengths (339). 

Furthermore, a number of studies showed that the isomiR patterns were not randomly 

distributed and correlate with biological function (340,341). For instance, Wang and 

collaborators found that 5' isomiRs could effectively classify 32 different tumour types 

with an average sensitivity of 92% (342). Muiwo and colleagues observed the profiles 

of some oncogenic isomiRs altered after tumour promoting treatment, suggesting that 

miRNA precursors are processed into isomiRs in a deterministic manner (343). 

 

There is growing interest in the application of NGS technology for biomarker 

discovery in various diseases, including diabetic kidney disease (DKD). For instance, 

using a ribonucleic acid (RNA) sequencing approach, Rubin et al. (344) identified a 

panel of genes including 5 alpha reductase (Srd5a2), allograft inflammatory factor 1 

(Aif1) and angiopoietin-related protein 7 (Angptl7) that are dysregulated in diabetic 

mice with renal dysfunction. They also observed greatest expression changes of miR-
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1247, miR-142b, miR-190-5p, miR-196a-1 and miR-27a in the DKD mice kidneys 

compared to wild-type controls after pigment epithelium-derived factor treatment, 

which implies a possible role for these miRNAs in the pathobiology of DKD. Ghai 

and colleagues (345) identified a set of miRNAs enriched in urinary extracellular 

vesicles of type 1 diabetes mellitus (T1DM) patients using small RNA library 

sequencing. They identified 77 miRNAs differentially expressed in T1DM 

extracellular vesicles and their predicted target pathways include transforming growth 

factor beta (TGF-β) signalling pathway and phosphatase and tension homolog (PTEN) 

signalling pathway. Both of them associated with renal fibrosis (185,346), which is 

one of the major contributors to the pathology of DKD.  

 

5.2. Aims and objectives 

In order to identify T2DKD specific biomarkers, extensive miRNA profiling of 

T2DKD patients (n = 9) and age and gender-matched controls (type 2 diabetes mellitus 

and normal renal function [T2DNRF], n = 13; non diabetes mellitus and normal renal 

function [NDNRF], n = 11) was performed using miRNA-seq. Differentially 

expressed miRNAs from the discovery cohort were reassessed in a second cohort with 

T2DKD (n = 10) and two control groups: T2DNRF (n = 10) and NDNRF (n = 10). 

miRNAs were extracted from plasma specimens which showed remarkable stability 

of miRNAs in plasma (283,347), highlighting the possibility of using plasma miRNAs 

as non-invasive biomarkers.  
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5.3. Materials and methods 

5.3.1. Patient samples 

As described in Chapter 2 (section 2.1), the participants in this study were recruited 

from renal and cardiovascular clinics at Belfast City Hospital and Royal Victoria 

Hospital following informed consent and ethical approval by the Office for Research 

Ethics Committees Northern Ireland (REC/14/NI/1132). All participants were of white 

European ethnicity. Participant information was collected upon enrolment including 

diabetes status, past history of cardiovascular events, current prescribed medications, 

together with clinical chemistry results including serum creatinine, albumin-to-

creatinine ratio (ACR), lipoproteins and glycated haemoglobin A1c (HbA1c) as 

measured in persons with diabetes. Whole blood was collected using a vacuette needle 

into an ethylenediaminetetraacetic acid (EDTA) collection tube for plasma isolation, 

following centrifugation at 3,000 g for 10 minutes at 4°C. The supernatant was 

pipetted into 3 x 1 ml aliquots in RNase/DNase-free tubes and frozen at -80°C. 

 

Renal function was estimated using the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation which provides improved accuracy over the earlier 

Modification of Diet in Renal Disease (MDRD) equation (298), particularly for 

estimated glomerular filtration (eGFR) values > 60 ml/min/1.73 m2 (13). CKD was 

categorised on the basis of multiple serum creatinine measurements using a renal 

function cut-off value of 60 ml/min/1.73 m2 for three months or more in the absence 

of persistent albuminuria, or any eGFR in the presence of persistent albuminuria of ≥ 

3 mg/mmol in line with the clinical definition of CKD (28). T2DM was diagnosed 

according to the American Diabetes Association 2010 criteria (299). Patients with 

systemic metabolic disease other than T2DM, or who had experienced infection within 

the previous month, were excluded from the study.  

 

Participants were categorised into the following groups (i) T2DKD (T2DM and eGFR 

< 60 ml/min/1.73m2), (ii) age and gender matched T2DNRF (T2DM and eGFR > 60 

ml/min/1.73m2), (iii) age and gender matched NDNRF (no diabetes nor CKD).  
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5.3.2. Isolation of RNA from plasma and library preparation 

The details of isolation of RNA from plasma and library preparation have been 

described in Chapter 2 (section 2.3.3 and 2.3.5). Briefly, RNA was isolated from 600 

μl plasma using MagnaZol-SP kit (Bioo Scientific Corp, Texas, USA) according to 

the manufacturer’s protocol. The purified RNA was eluted with 16 μl of RNA Elution 

Solution (MagnaZol-SP kit) and quantified using a Qubit miRNA Assay Kit 

(ThermoFisher Scientific, San Jose, USA). Five microliters RNA was used as a 

template for library construction. QIAseq miRNA library kit (Qiagen, Hilden, 

Germany) was used for library construction. Adapter dilution and cycle parameters 

were set according to the user manual and are listed in Chapter 2 (2.3.5). Individual 

library concentrations and quality were measured using a Qubit dsDNA HS Assay Kit 

(ThermoFisher Scientific, San Jose, USA) for concentration measurement and a High 

Sensitivity NGS Fragment Analysis Kit (1 base pair [bp]-6000 bp) (Advanced 

Analytical Technologies, Inc., Ames, USA) on an Agilent Bioanalyzer (Advanced 

Analytical Technologies, Inc., Ames, USA) by the Genomic Core Technology Unit, 

Queen’s University Belfast. To keep sequencing cost- and time- effective, the libraries 

were pooled together before sequencing. To ensure even read distribution for all the 

samples, the NGS libraries were pooled based on the molarity (in nM), calculated 

based on the miRNA-sized library peak and Qubit concentration of appropriately 

constructed miRNA library using the following equation: 

Library concentration (ng/µl) = % peak miRNA-sized library * concentration of the 

library determined by a Qubit Fluorometer.  

 

Molarity (nM) = (1000000 * (1/peak size [bp]) * (1/650) * Qubit concentration (ng/µl) 

 

Each sample was diluted to the same 4 nM molarity using nuclease-free water and run 

using a NextSeq 500 System High-Output Kit (Illumina, San Diego, CA, USA), 

providing a read length of 75 bp and approximately 400 million reads per run. These 

assays were performed by the Genomic Core Technology Unit, Queen’s University 

Belfast. 
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5.3.3. microRNA profiling using individual polymerase chain reaction assays 

Significant differentially expressed miRNAs from the miRNA-seq with more than fold 

expression change, were independently validated. Individual miRNA-specific 

oligonucleotide primers were purchased (miR-144-3p and miR-107) together with two 

reference miRNA primer sets (miR-942-5p and miR-27b-3p) (Qiagen, Hilden, 

Germany). Diluted cDNA samples (1.2 µl from a 1:40 dilution), 1.5 µl of PCR 

ExiLENT SYBR Green Master Mix (Qiagen, Hilden, Germany) and 0.3 µl of LNA 

PCR primer set (Qiagen, Hilden, Germany) were added to 384 well PCR plates using 

an Echo 525 liquid handling system (Labcyte, San Jose, USA). All PCR reactions 

were duplicated and performed in a total volume of 3 µl. PCR amplifications were 

carried out under the following conditions: 95°C for 10 minutes, 45 cycles of 95°C for 

10 seconds and 60°C for 1 minute, with melt curve analysis using Roche LC software 

(Roche Diagnostics GmbH). Each sample was replicated for each miRNA. Raw 

quantification cycles (Cq) were obtained for further analysis.  

 

5.3.4. Bioinformatics analyses of the differently expressed microRNAs 

Prediction of the target genes of differently expressed miRNAs was performed using 

TargetScan7.1 (available at http://www.targetscan.org/vert_72 (300).) Gene set 

enrichment for the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, 

Gene Ontology and other annotations were performed using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID) tool (available at 

https://david.ncifcrf.gov) (301). Multiple testing was done for corrected-p value using 

the Benjamini and Hochberg procedure (302) and a corrected-p value < 0.05 was 

considered statistically significant.  

 

5.3.5. Data analyses 

In order to reduce the non-biological differences and bias (e.g. unequal library size 

due to separate processing) across samples, reads mapping to miRNAs were extracted, 

down-sampled to 1,000,000 reads and the minimum number of reads for each miRNA 
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was limited to two per sample. Read counts for a miRNA were expressed as number 

of counts for that miRNA/million miRNA reads, which is referred to as reads per 

million (RPM). Specifically, a proportions-based statistical test called Baggerly’s Test 

was applied (242). The p value was corrected for multiple tests using Bonferroni 

correction. In addition, a software package called empirical analysis of Digital Gene 

Expression Data in R (edgeR) (243) which uses R (Version 1.1.463, (348)) coding 

language was used to analyse the differential expression profiles of miRNAs among 

the groups. Heatmaps were generated to visualise the hierarchical clustering of the 

samples using heatmap3 version 1.1.1 (available at https://CRAN.R-

project.org/package=heatmap3) (349). Cq values obtained from PCR were imported 

to GenEx PCR analysis software (MultiD Analyses AB, Goteborg, Sweden) for 

analysis. The miRNA Cq values (Cq [miRNA]) were normalised (ΔCq) using the 

following formula: ΔCq = average Cq (miRNA) − average Cq (reference miRNAs). 

Results were represented as an expression fold change (FC) of T2DKD compared to 

T2DNRF control samples or alternatively NDNRF according to the 2−ΔΔCq method. 

 

The normality of distribution for all key variables were assessed by Shapiro-Wilk test. 

One-way analysis of variance was used for continuous values with normal distribution. 

A Kruskal-Wallis test was employed for continuous values without normal 

distribution. Categorical values were assessed using a Chi-square test. For 

determination of linear correlation between miRNAs and eGFR levels, correlation 

coefficients (r) were estimated using Spearman’s rank tests and Pearson’s correlation 

analysis. In addition, receiver operating characteristics (ROC) were used to assess the 

specificity and sensitivity of the regression models with inclusion of the associated 

miRNAs. All tests were performed using SPSS version 22.0 (SPSSInc, Chicago, IL, 

USA). A p value < 0.05 was considered significant. 
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5.4. Results 

5.4.1. Study cohort characteristics 

Summary statistics of the sample characteristics are provided in Table 5.1. With the 

exception of diastolic blood pressure (DBP), glycosylated haemoglobin (HbA1c), 

serum creatinine and eGFR, there were no significant differences in age, gender, 

systolic blood pressure (SBP), low-density lipoprotein cholesterol (LDL-C), high-

density lipoprotein cholesterol (HDL-C) and total cholesterol between the three 

groups. As expected, the mean eGFR was significantly lower in the T2DKD group 

(30.8 ml/min/1.73 m2, p < 0.001) compared to the two control groups (T2DNRF: 76.9 

ml/min/1.73 m2, NDNRF: 77.6 ml/min/1.73 m2). In addition, the mean DBP of 

T2DKD participants (68 mmHg) was significantly lower than participants in both the 

T2DNRF (78 mmHg) and the NDNRF control groups (82 mmHg). Likewise, there 

were no significant differences in age, SBP, DBP, HDL-C, HbA1c, total cholesterol 

in the validation cohort. Nevertheless, there were more female (90%) participants in 

the NDNRF group (p < 0.001). LDL-C was significant higher in the NDNRF group 

(2.8 mmol/l, p = 0.001) compared to the other two groups (T2DKD: 1.3 mmol/l, 

NDNRF: 2.2 mmol/l). Similar to discovery cohort, the mean eGFR was significantly 

lower in the T2DKD group (28.5 ml/min/1.73 m2, p < 0.001) compared to the two 

control groups (T2DNRF: 87.8 ml/min/1.73 m2, NDNRF: 85.6 ml/min/1.73 m2) in the 

validation cohort. 
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Table 5.1 Cohort summary statistics. 

 

Variable Discovery Validation 

 T2DKD 

(n = 9) 

T2DNRF  

(n = 13) 

NDNRF 

 (n = 11) 

p value T2DKD 

(n = 10) 

T2DNRF  

(n = 10) 

NDNRF 

 (n = 10) 

p value 

Age (years) 72.7 ± 7.0 69.1 ± 6.9 70.7 ± 7.1 0.503 69.7 ± 9.2 63.5 ± 9.9 62.8 ± 6.2 0.160 

Gender (male/female) 7/2 8/5 7/4 0.705 8/2 9/1 1/9 < 0.001 

SBP (mmHg) 123 ± 10 133 ± 17 138 ± 27 0.244 141 ± 26 136 ± 26 125 ± 20 0.325 

DBP (mmHg) 68 ± 4 78 ± 10 82 ± 17 0.049 76 ± 10 77 ± 10 82 ± 8 0.354 

LDL-C (mmol/l) 2.0 ± 0.7 2.0 ± 0.6 2.3 ± 0.9 0.687 1.3 ± 0.3 2.2 ± 0.7 2.8 ± 0.8 0.001 

HDL-C (mmol/l) 1.2 ± 0.3 1.2 ± 0.3 1.4 ± 0.3 0.343 1.0 ± 0.2 1.3 ± 0.3 1.3 ± 0.3 0.071 

Serum creatinine (µmol/l) 181.1 ± 34.3 80.0 ± 16.1 80.2 ± 15.3 < 0.001 219.2 ± 66.5 78.2 ± 13.0 67.0 ± 12.7 < 0.001 

HbA1c (mmol/mol) 61.7 ± 14.2 64.3 ± 18.0 39.5 ± 2.9 0.031 66.7 ± 14.7 60.1 ± 21.1 40.3 ± 8.9 0.182 

Total cholesterol (mmol/l) 4.0 ± 1.2 3.3 ± 1.0 3.6 ± 1.0 0.264 3.5 ± 1.0 3.7 ± 1.0 4.0 ± 1.4 0.632 

eGFR (ml/min/1.73 m2) 30.8 ± 7.3 76.9 ± 15.0 77.6 ± 10.1 < 0.001 28.5 ± 17.0 87.8 ± 10.6 85.6 ± 12.3 < 0.001 
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Variable Discovery Validation 

 T2DKD 

(n = 9) 

T2DNRF  

(n = 13) 

NDNRF 

 (n = 11) 

p value T2DKD 

(n = 10) 

T2DNRF  

(n = 10) 

NDNRF 

 (n = 10) 

p value 

Smoking Status    0.527    0.710 

     Never (n) 3 5 6 5 5 5  

     Ex-smoker (n) 4 5 5 3 1 3  

     Current smoker (n) 2 3 0 2 4 2  

Medications         

     Insulin (n) 3 0 0 0.012 7 0 0 < 0.001 

     ACEi/ARBs (n) 2 4 6 0.283 2 4 1 0.271 

     Beta-blockers (n) 3 3 5 0.511 6 2 4 0.189 

     Calcium channel 

blockers (n) 

0 5 3 0.113 4 6 0 0.015 

     Statins (n) 8 9 8 0.548 8 7 5 0.350 

     Diuretics (n) 4 3 3 0.543 6 3 2 0.155 
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Variable Discovery Validation 

 T2DKD 

(n = 9) 

T2DNRF  

(n = 13) 

NDNRF 

 (n = 11) 

p value T2DKD 

(n = 10) 

T2DNRF  

(n = 10) 

NDNRF 

 (n = 10) 

p value 

     Hypoglycaemic agents 

(n) 

6 8 0 0.002 9 6 0 < 0.001 

 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal renal function. NDNRF: non diabetes mellitus and normal 

renal function. Data are shown as mean ± standard deviation (SD). SBP: systolic blood pressure; DBP: diastolic blood pressure; LDL-C: low-

density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; HbA1c: glycosylated haemoglobin A1c; eGFR: estimated glomerular 

filtration rate; ACR: albumin-to-creatinine ratio; ACEi: angiotensin converting enzyme inhibitors; ARBs: angiotensin receptor blockers. Student’s 

t-test and one-way analysis of variance were used for continuous values with normal distribution. Categorical values were assessed using a Chi-

square test. 
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5.4.2. Quality control of the microRNA library 

The quality of the library was checked using a Bioanalyzer and a High Sensitivity 

DNA Kit (ThermoFisher Scientific, San Jose, USA) according to the manufacturer’s 

instructions. The expected size of the miRNA library is approximately 180 bp. Adapter 

dimer is suspected to be present if a large peak (greater than 25% of the miRNA peak) 

is observed at approximately 157 bp. Products of sizes other than 157 and 180 bp are 

likely to represent other primer dimer. The results were visualised as peak maps as 

shown in Figure 5.1. A large peak in Figure 5.1(A) was observed at 179 bp, which 

suggests successful construction of the expected miRNA-sized library. The small peak 

at 138 bp most likely represents primer dimer. Figure 5.1(B) illustrates an example of 

poor library generation and, therefore, was not selected for subsequent NGS analysis. 

Two peaks are observed at 137 bp and 164 bp, which suggest primer dimers, and the 

peak at 154 bp likely represents adapter dimer. The small peak at 177 bp indicates the 

likely presence of a small amount of miRNA library. Despite several attempts at 

repeating samples that generated poor quality libraries, several samples from each 

group were not included for these reasons. The Fragment Analyser traces allowed the 

identification of libraries that passed quality control which were subsequently 

sequenced. 

 

Before miRNA library construction, quantification of purified miRNA samples was 

performed using a Qubit 2.0 Fluorometer with a miRNA Assay Kit (ThermoFisher 

Scientific, San Jose, USA). The miRNA concentrations of the samples are summarised 

in Table 5.2. The mean concentration of the T2DKD group was 1.68 ng/µl. The mean 

miRNA concentrations of the T2DNRF and NDNRF groups were 7.24 ng/µl and 2.50 

ng/µl respectively. 
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Figure 5.1 Bioanalyser trace of miRNA-sized library from samples NDNRF_3 (A) 

and NDNRF_14 (B). NDNRF: non diabetes mellitus and normal renal function. A: a 

large peak was observed at 179 bp, which indicates successful construction of a 

miRNA-sized library. The small peak at 138 bp is probably adapter dimer. B: Peaks 

observed at 137 bp and 164 bp likely represent other primer dimers; the peak at 154 

bp likely represents adapter dimer. The small peak at 177 bp represents the presence 

of a small amount of miRNAs. This sample was not selected for NGS analysis. 
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Table 5.2 The miRNA concentration of samples 

 

Sample Concentration(ng/µl) Sample Concentration(ng/µl) Sample Concentration(ng/µl) 

T2DKD_1 1.87 T2DNRF_1 10.10 NDNRF_1 1.40 

T2DKD_2 1.46 T2DNRF_2 19.90 NDNRF_2 2.00 

T2DKD_3 0.70 T2DNRF_3 1.52 NDNRF_3 1.67 

T2DKD_4 0.54 T2DNRF_4 9.60 NDNRF_4 2.24 

T2DKD_5 2.84 T2DNRF_5 1.48 NDNRF_5 1.00 

T2DKD_6 1.50 T2DNRF_6 4.08 NDNRF_6 6.50 

T2DKD_7 1.31 T2DNRF_7 1.84 NDNRF_7 1.24 

T2DKD_8 1.15 T2DNRF_8 6.60 NDNRF_8 7.80 

T2DKD_9 1.43 T2DNRF_9 16.20 NDNRF_9 1.30 

T2DKD_10 4.50 T2DNRF_10 3.32 NDNRF_10 1.48 

T2DKD_11 1.40 T2DNRF_11 2.76 NDNRF_11 2.10 
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Sample Concentration(ng/µl) Sample Concentration(ng/µl) Sample Concentration(ng/µl) 

T2DKD_12 1.88 T2DNRF_12 15.20 NDNRF_12 1.64 

T2DKD_13 2.84 T2DNRF_13 1.52 NDNRF_13 2.10 

 

T2DKD: type 2 diabetic kidney disease, T2DNRF: type 2 diabetes mellitus and normal renal function, NDNRF: non diabetes mellitus and normal 

renal function, m: mean.  
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5.4.3. Challenges in library construction 

There were some challenges in library construction from samples with a low miRNA 

concentration in this study. Not all the libraries could be successfully prepared in a 

single preparation. We presumed that the quantity of miRNA may be associated with 

the subsequent quality of the library. To verify this hypothesis, we tried to analyse 

miRNA using fragment analysis (as shown in Figure 5.2) with eight miRNA samples, 

for visualisation of the miRNA and accurate measurement of miRNA concentration. 

However, as shown in Figure 5.3, the miRNA concentration estimated from the 

Fragment analysis was not a consistent predictor of library quality. Consequently, 

miRNA fragment analysis was not performed with all of the samples (which would 

have been prohibitively costly). This had the advantage that the sample volume 

retained for further experiments was maximised. A second attempt at the library 

construction was performed for some patient samples if the first attempt failed. 

Unfortunately, it was still not possible to construct a high quality library for some of 

the patient samples (Sample ID: T2DKD_10, 11, 12, 13, NDNRF_12, 13). Therefore, 

from the 39 patients recruited only 33 NGS libraries were prepared from their 

respective plasma samples.  
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Figure 5.2 Fragment Analyser trace and the concentration of miRNA. (Sample: 

NDNRF_ 1). NDNRF: non diabetes mellitus and normal renal function. The trace 

between 15 nt and 25 nt, indicated the presence of miRNA.  

 

 

 

Figure 5.3 Association between small RNA concentration and library concentration 

for 8 samples. No relationship was observed between miRNA concentration and 

successful library construction. 
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5.4.4. Analysis of next generation sequencing data 

In total, 353.7 million sequence reads were obtained in the form of FASTQ files and 

imported into CLC Genomics Workbench 10 (Qiagen, Hilden, Germany) for 

identification and comparison of miRNA levels between groups. The data was 

visualised as nucleotide sequences with the corresponding quality scores as shown in 

Figure 5.4. The imported reads were trimmed to remove QIAseq miRNA NGS 3′ 

adapter sequence ([5′-3′] AACTGTAGGCACCATCAAT, Figure 5.5, highlighted in 

black), Unique molecular identifier (UMI) sequence and a reverse transcription (RT) 

primer ([5'-3'] AGATCGGAAGAGCACACGTCTGA, as highlighted in green in 

Figure 5.5) prior to annotation. As discussed in Chapter 2 (section 2.3.4), in addition 

to the adaptors, miRNAs were combined with 12 bp random UMI sequences during 

RT, (highlighted in yellow in Figure 5.5), providing a unique identity for each miRNA 

molecule. During library construction, each individual miRNA molecule was tagged 

with a UMI, allowing for true quantification of the miRNAs by eliminating library 

amplification and sequencing bias. An example of the sequencing read after trimming 

is shown in Figure 5.5. If two reads align to the same location and have the same UMI 

as shown in Figure 5.5 (A), it is highly likely that these two regions are PCR 

duplicates originating from the same miRNA (miR-665) prior to amplification. 

Therefore, these reads were classified as a single read. As shown in Figure 5.5 (B), 

different UMI was assigned to miR-486, miR-21 and miR-16. Of the remaining reads, 

those less than 15 bp or more than 55 bp in length were discarded as they fell beyond 

the expected read length for miRNAs. Counting and annotation of the remaining 

sequences were based on miRBase version 22 from Homo sapiens (available at 

http://mirbase.org/. (241)), with the alignment algorithm allowing two mismatches and 

within two nucleotides length difference of the mature sequence. 5' and 3' strands of 

the mature miRNAs were treated independently in the analyses. 
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Figure 5.4 FASTQ files were visualised as nucleotide sequences with corresponding 

quality scores (Sample: NDNRF_1). Quality scores were visualised as blocks beneath 

each nucleotide.  
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Figure 5.5 Sequencing read of miR-665, miR-486, miR-21 and miR-16 with the trim 

annotation (Sample: NDNRF_1). The nucleotide sequence was trimmed of 19 bp 

Qiagen adapter sequences (black), a 12 bp unique molecular identifier (UMI) (yellow), 

a 25 bp reverse transcription (RT) primer (green). The remaining sequence was aligned 

with miRBase version 22 following and identified as (A): miR-665 (purple), (B): miR-

486 (dark blue), miR-21(light blue) and miR-16 (red).  
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Two mature miRNAs, originating from opposite arms of the same pre-miRNA, are 

commonly referred to as mature miRNA-5p and miRNA-3p, and were annotated using 

reference miRBase sequences. In the CLC Genomics Workbench 10, we could define 

the ‘IsomiRs’ parameters in the ‘specify match parameters’ wizard step. In this study, 

this parameter was set to two which means that reads that are at most two bases longer 

or shorter relative to the annotated mature region are all considered mature hits. 

Therefore, following mapping, the reads were classified into different categories 

according to the degree to which the sequencing reads matched the reference precursor 

sequences from miRBase version 22 (241). This comprised a perfect match, one 

mismatch, two mismatches etc. to the annotated area. The sequences with length 

variation relative to the annotated mature regions are referred to as isomiRs. For 

instance, Figure 5.6 demonstrates the sequences aligned to the miR-21, which are 

attributed to 5' and 3' of mature miR-21. The first classification is mature 5' sub which 

indicates that 16,379 observed sequences have one base shorter than the annotated 

sequence. The classification of mature 5' indicates that 14,670 observed sequences 

exactly match the reference sequence. 2,869 sequence reads are one base longer than 

the reference sequences, therefore, they are classified as mature 5' super. To be noted, 

CLC named the sequence with one or two base longer/shorter relative to the reference 

sequence as the same as mature 5' super/sub). Precursor indicates the tag matches the 

mirBase sequence, but not within the extended annotated mature region. These 

sequences were more than three bases shorter than the reference region. Classifications 

with ‘variants’ meant the observed sequences had one or two mismatch(s) relative to 

the mature region. The quantity of miRNA is represented by the number of read 

counts, which are the sum of the number of reads of mature miRNA and the reads of 

all the isomiR forms of a mature miRNA.  
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Figure 5.6 Alignment of miR-21 and different categories of length variants. The first 

classification was mature 5' sub which indicated that 16,379 observed sequences had 

one base shorter than the annotated sequence. The classification of mature 5' indicates 

that 14,670 observed sequences exactly matched the reference. 2,869 sequence reads 

were one bases longer than the reference sequence, therefore, it was named as mature 

5' super. Precursor means that the tag matched on a mirBase sequence, but not within 

the extended annotated mature region. These sequences are more than three bases 

shorter than the reference region. Classifications with ‘variants’ indicate that the 

observed sequences have one or two mismatch(s) relative to the reference sequence. 

  



  Chapter 5.  

156 

 

5.4.5. Descriptive statistics of next generation sequencing and differentially 

expressed microRNAs 

In total, 111.1 million reads mapped to the reference miRBase version 22 (241), of 

which 17.2 million, 58.7 million and 35.2 million reads represented the T2DKD, 

T2DNRF and NDNRF groups respectively. The proportion of mapped reads is 

demonstrated in Figure 5.7. As the sequencing depth was quite different between the 

groups, down-sampling was performed so that a representative one million reads for 

each sample was obtained, with a total of 1,416 mature human miRNAs detected.  

 

 

 

Figure 5.7 The proportion of mapped reads for each sample to miRNAs from 

miRBase version 22 (blue), other small RNA species (red), trimmed adapter (green) 

and discarded sequences for being too long, short or adapter dimer (purple). 
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Unsupervised hierarchical clustering of all samples was performed based on the top 

200 differentially expressed miRNAs. There was a clear separation of the T2DKD 

samples and samples with normal renal function (T2DNRF and NDNRF), suggesting 

miRNA expression may differentiate between individuals with DKD and normal renal 

function (Figure 5.8). The clustering process also suggested that samples were 

differentiated by the relative expression profile of a common set of miRNAs. Four out 

of eight samples which clustered with T2DKD samples, NDNRF_9, NDNRF_1, 

T2DNRF_7 and T2DNRF_11, had eGFR values of 66.37 ml/min/1.73 m2, 66.42, 

65.96 ml/min/1.73 m2 and 60.87 ml/min/1.73 m2 respectively. This puts these samples 

at the boundary between mild reduction to normal range (60-89 ml/min/1.73 m2) and 

mild to moderate reduction in renal function (45-59 ml/min/1.73 m2). 

 

 

 

Figure 5.8 Unsupervised hierarchical clustering based on the top 200 differentially 

expressed miRNAs across the samples. 
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Using T2DNRF and NDNRF as normal renal function controls, T2DKD samples were 

compared to identify the miRNAs with increased or reduced expression. In the 

discovery cohort, two miRNAs were differentially expressed between the T2DKD and 

the T2DNRF groups (corrected-p < 0.05). These miRNAs were reduced in T2DKD, 

identified as miR-144-3p (FC = 0.25, 95% confidence interval [CI]: 0.12-0.48, p = 

2.15 x 10-5, corrected-p = 0.01) and miR-190a-5p (FC = 0.17, 95% CI: 0.05-0.33, p = 

3.24 x 10-5, corrected-p = 0.03) as shown in Figure 5.9, with the read count 

distributions for both miRNAs are shown as well. In the validation cohort, miR-190a-

5p was shown to be downregulated in T2DKD compared to T2DNRF (FC = 0.53, 95% 

CI: 0.05-0.33, p = 0.002, Figure 5.10). There were no significant changes between 

groups for miR-144-3p.  
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miRNA 

 

Average read counts 

(RPM) 

Fold change 

(95% CI) 

 

p value 

 

Corrected-

p value 

 
T2DKD T2DNRF 

miR-144-3p 179 705 0.25 

(0.12-0.48) 

2.15 x 10-5 0.01 

miR-190a-5p 33 195 0.17 

(0.05-0.33) 

3.24 x 10-5 0.03 

 

Figure 5.9 Read counts for miR-144-3p (A) and miR-190a-5p (B) for T2DKD and 

T2DNRF in the discovery cohort. The significance in the expression of each was 

determined by applying the Baggerly’s test. T2DKD versus T2DNRF, corrected p < 

0.05. T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and 

normal renal function, RPM: reads per million; RPM: reads per million, CI: 

confidence interval.  

 



  Chapter 5.  

160 

 

   

miRNA Fold change (95% CI) p value 

miR-144-3p 0.98 

(0.27-3.55) 

0.96 

miR-190a-5p 0.53 

(0.36-0.77) 

0.002 

 

Figure 5.10 Relative expression for miR-144-3p (A) and miR-190a-5p (B) for 

T2DKD, T2DNRF and NDNRF in the validation cohort. The significance in the 

expression of each was determined by comparing T2DKD versus T2DNRF, p < 0.05. 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal 

renal function, CI: confidence interval. 
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Correlations between miR-144-3p and miR-190a-5p and clinical parameters were 

evaluated. A significant negative correlation was observed between miR-190a-5p and 

serum creatinine (r2 = -0.533; p = 0.002, Table 5.3 and Figure 5.11) and a 

corresponding positive correlation with eGFR (r2 = 0.543; p = 0.002). No significant 

correlation was observed between miR-144-3p and eGFR. In addition, miR-190a-5p 

was found to be significantly correlated to LDL-C (r2 = 0.582; p = 0.002). 

 

Table 5.3 Correlation analysis between miR-144-3p and miR-190a-5p expression and 

clinical parameters in the validation cohort. 

 

Parameter miR-144-3p miR-190a-5p 

r p value r p value 

Age 0.113 0.554 -0.258 0.169 

GenderƗ 0.039 0.698 -0.322 0.082 

SBP 0.057 0.765 -0.269 0.150 

DBP 0.195 0.303 0.142 0.456 

HDL-C 0.006 0.978 0.359 0.061 

LDL-C -0.018 0.931 0.582* 0.002 

Serum 

creatinine 

-0.057 0.766 -0.533* 0.002 

HbA1c -0.032 0.888 -0.373 0.087 

Total 

cholesterol 

-0.018 0.927 0.220 0.261 

eGFR -0.067 0.725 0.543* 0.002 

 

SBP: systolic blood pressure; DBP: diastolic blood pressure; HDL-C: high-density 

lipoprotein cholesterol; LDL-C: low-density lipoprotein cholesterol; HbA1c: 

glycosylated haemoglobin; eGFR: estimated glomerular filtration rate; ƗSpearman’s 

correlation analysis, remaining using Pearson’s correlation analysis. *p < 0.05. 
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Figure 5.11 Significant correlations between urinary miR-190a-5p and clinical 

parameters in the validation cohort. Correlations between miR-190a-5p and serum 

creatinine (A) and eGFR (B) and LDL-C (C). 
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ROC analyses were performed to evaluate the potential of differentially expressed 

miR-190a-5p to discriminate between individuals with good and poor renal function 

using samples from the T2DM in the validation cohort (T2DNRF and T2DKD). When 

considered with age, gender and LDL-C or miR-190a-5p alone, gave an area under 

the curve (AUC) of 0.944 (95%CI: 0.828-1.000; p = 0.002) and 0.917 (95%CI: 0.782-

1.000; p = 0.004) respectively, which was improved when combined with miR-190a-

5p (AUC: 0.972; 95%CI: 0.903-1.000; p = 0.001) in the validation cohort (Figure 

5.12).  

 

 

Covariates AUC 95% CI p value 

Age, gender, LDL-C 0.944 0.828-1.000 0.002 

miR-190a-5p 0.917 0.782-1.000 0.004 

Age, gender, LDL-C, miR-190a-5p 0.972 0.903-1.000 0.001 

 

Figure 5.12 ROC analysis of miR-190a-5p to discriminate between T2DKD and 

T2DNRF. ROC: receiver operating characteristic; T2DKD: type 2 diabetic kidney 

disease; T2DNRF: type 2 diabetes mellitus and normal renal function; AUC: area 

under the curve; CI: confidence interval; ROC: receiver operating characteristics.   
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5.4.6. microRNA target prediction 

TargetScan7.1 (available at http://www.targetscan.org/vert_72/) (300) was used to 

identify conserved targets for the two significantly differentially expressed miRNAs.  

96 and 219 genes were identified with conserved sites for miR-144-3p and miR-190a-

5p respectively and four genes (MYEF2, PTHLH, MED4 and MEF2A) targeted by 

both miRNAs (Figure 5.13). In the pathway enrichment analyses, three classes 

(nucleoplasm, nucleus and transcription) were predicted to be significantly enriched 

in predicted targets of both miR-144-3p and miR-190a-5p.The most significant term 

was ‘nucleoplasm’, which was significantly enriched even after correction for multiple 

testing using the Benjamini-Hochberg (302) correction in the independent targets of 

miR-190a-5p, but not miR-144-3p. The ‘Transcription’ and ‘Phosphoprotein’ terms 

were the most significantly enriched class of independent target for miR-144-3p and 

miR-190a-5p respectively. We did not identify any pathway related to T2DKD. The 

predicted functional annotations are provided in Appendix 5. 

 

 

Figure 5.13 Common and independent predicted target genes of miR-144-3p and 

miR-190a-5p. 
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5.5. Discussion 

miR-144-3p has been widely reported to be involved in the suppression of cancer by 

inhibiting cell proliferation (350). Here, we found that the expression of miR-144-3p 

was reduced in the plasma of T2DKD in the discovery cohort. This finding is 

consistent with a previous study, which observed reduced expression of urinary 

extracellular vesicle miR-144-5p in T1DM with microalbuminuria, compared with 

T1DM without microalbuminuria (345). Additionally, Zhou and colleagues have 

showed that exosomal miR-144 derived from bone marrow mediated the protective 

effect of erythropoietin on renal tubular basement membrane using a mouse model 

(351), providing an evidence of the potential role of miR-144 in renal fibrosis. 

However, the functional roles of miR-144-3p remains unclear and it will be interesting 

to do future investigations. 

 

In addition, miR-144 has been reported to play an important role in T2DM in several 

studies. Karolina and colleagues (2011) observed the upregulation of miR-144 in 

blood and tissue of T2DM rats, compared with normal controls, through regulation of 

insulin signalling (352). Similarly, plasma miR-144 has been shown to be 

overexpressed in T2DM patients with ischaemic stroke compared to stroke-free 

individuals with T2DM, especially in those with elevated blood glucose (353). It has 

also been shown to be upregulated in patients with T2DM, compared to healthy 

controls in Chinese populations (354). In addition, it has been observed that the 

silencing of miR-144 increases plasma HDL-C levels in animal models, suggesting a 

role in lipid metabolism (355). However, we did not observe a significant increased 

expression of miR-144-3p in T2DNRF compared to non-diabetic controls.  

 

Of note, miR-144 was reported as a regulator in the process of erythropoiesis and is 

required for erythroid homeostasis (356,357). Moreover, this miRNA has been 

reported to involve in the erythroid hypoxia, and nitric oxide related signalling 

pathways in response to hypoxia (358) Interestingly, it has been known that anaemia 

may present in patients with DKD (359). And this symptom was correlated with the 
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deficiency of a glycoprotein hormone called erythropoietin (EPO), which is 

considered vital for erythropoiesis. We did not assess the dysregulated expression of 

miR-144-3p in the subsequent validation cohort, which maybe contributed by the 

effect of existing anaemia in the patients with T2DKD in discovery cohort.  

 

As shown in Table 5.1, patients in the T2DKD and T2DNRF were prescribed 

medications such as angiotensin converting enzyme inhibitors (ACEi) or insulin to 

manage renal conditions and diabetes. There is recent evidence to suggest that drugs 

influence miRNA levels in vitro and in vivo (322–324). However, to date, there has 

been limited data available discussing the effect of medication on miRNA expression 

in T2DKD.  

 

We observed lower expression of miR-190a-5p in T2DKD and validated its depleted 

expression in T2DKD using an independent validation cohort. Moreover, the 

expression levels miR-190a-5p were found to be significantly correlated with serum 

creatinine levels and eGFR in our data, in support of previous reports of reduced miR-

190a-5p expression in renal biopsies of patients with progressive CKD compared to 

those with poor but stable renal function (360). miR-190a-5p has been implicated in 

several pathways including inflammation, cell adhesion, apoptosis and intracellular 

signalling (360). In addition, downregulation of miR-190a-5p has been linked to 

diabetic neuropathic pain possibly through an increased inflammatory response and 

regulation of the expression of solute carrier family 17 member 6 (SLC17A6) (361). 

Xu and colleagues showed that miR-190a contributed to prostate cancer cell growth 

through androgen receptor-dependent signalling (362). Additionally, according to 

FANTOM5 integrated expression Atlas of miRNAs and their promoters (available at 

http://fantom.gsc.riken.jp/5/suppl/De_Rie_et_al_2017/ (363)). miR-190a-5p has been 

reported enriched in fat cell, cell of skeletal muscle and neurectodermal cell. 

Knowledge of the functional roles of circulating miR-190a-5p is limited and therefore 

it will be interesting to do future investigation. Nevertheless, miR-190a-5p makes 

significantly adds to the ROC T2DKD prediction model. The AUC ROC improved 
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further when miR-190a-5p was combined with age, gender and LDL-C, suggesting 

that decreased miR-190a-5p are collectively better able to identify individuals with 

T2DKD. It is interesting that LDL-C was positively related with miR-190a-5p in our 

data, which is consistent with Du and co-workers (364), who observed that miR-190a-

5p exhibited significantly decreased expression in patients in the early stage of 

coronary artery disease However, we should notice that LDL-C levels of individuals 

within the NDNRF control group was significantly higher compared to the other two 

groups, which may contribute to this correlation. 

 

5.6. Strengths and limitations 

5.6.1. Strengths 

This study carried out a comprehensive analysis of plasma miRNAs in T2DKD and 

controls in a discovery cohort. The study took advantage of the high-throughput 

capability of NGS platforms to assess miRNA expression patterns with 353.7 million 

sequence reads obtained and 1416 miRNAs annotated. This addresses a limitation of 

the study reported in Chapter 4, which only detected 87 miRNAs in the discovery 

cohort. We confirmed significantly different expression of miR-190a-5p in plasma 

specimens of T2DKD patients compared to T2DNRF groups in a validation cohort, 

demonstrating the potential utility of using plasma miR-190a-5p as a minimally non-

invasive biomarker in T2DKD. 
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5.6.2. Limitations 

Compared with the miRNA qPCR approach used in Chapter 4, miRNA-seq remains 

very expensive. As shown in Figure 5.14, qPCR approach is easy to apply and can be 

run on many samples (high sample throughput) with a lower cost. In contrast, a NGS 

approach is difficult and expensive to carry out, whereas it yields information on a 

large or the entire set of transcripts in each sample. For instance, the QIAseq miRNA 

Library Kit (Qiagen, Hilden, Germany) purchased cost ~£100 per sample, whereas the 

panel and reagents purchased for qPCR based miRNA amplification was less 

expensive. 

 

 

Figure 5.14 The amount of data obtained and the costs involved in different methods 

(from Schirmer et al. (365)) 
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This study investigated variation of miRNA expression in individuals with T2DKD, 

T2DNRF and NDNRF. As indicated in Chapter 2, T2DKD was not confirmed by 

kidney biopsy that would be ethically unacceptable and although participants showed 

the characteristic hallmarks of DKD as determined by a clinical nephrologist, the 

possibility of phenotypic heterogeneity across the T2DKD group remains.  

Furthermore, the cross-sectional nature of the study does not allow for the examination 

of causality or changes in miRNA profiles over time as disease progresses. Further 

prospective evaluation of miRNA profiles and their change in response to different 

treatment regimens is warranted. Furthermore, as a result of the potential 

heterogeneity of the clinical samples, the miRNA concentration and library 

sequencing read depths achieved were variable. The data was normalised to account 

for this across all samples, which may attenuate some of the variance recorded by the 

varied read depths. With an increasing number of methodologies for the preparation 

of small RNA libraries for miRNA sequencing in development, there has been 

insufficient evaluation to compare the different methodologies for their efficacy and 

precision in addressing the technical challenges associated with the requirement to 

size-select small RNA species and the low RNA input that is common among bio fliud 

samples. In summary, this study successfully generated libraries from low yields of 

plasma derived RNA, although the number of miRNAs reads varied considerably 

across samples. 
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5.7. Conclusions 

Emerging evidence supports a crucial role for miRNAs in regulating gene expression 

during the development and progression of DKD (264,308,366), suggesting that they 

may provide early indicators of renal decline in patients with diabetes. In this study, 

the expression profiles of plasma-based miRNAs from T2DKD patients and control 

individuals with normal renal function were compared. Novel technology facilitates 

miRNA-seq which is a platform that captures the complete range of small RNA and 

miRNA species without prior knowledge, which is critical for the identification of 

novel biomarkers. The analysis undertaken identified reduced expression of miR-

190a-5p in individuals with T2DKD compared with T2DNRF, indicating the potential 

role of this miRNA in the development of T2DKD. However, potential confounding 

factors that influence profiles of miR-190a-5p, technology limitations associated with 

tracing the miRNA origin and a lack of reliable methods for extraction, quantification 

and validation of exosomal miRNAs remains. Therefore, further validation studies are 

required to confirm the role of miR-190a-5p in the pathology T2DKD. In addition, 

earlier and longitudinal evaluation of at risk individuals of T2DKD with standardised 

methods may better confirm the utility of this miRNA in the prediction and risk 

stratification of DKD.  
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Chapter 6.  Association analysis of lymphocyte 

activation gene 3 protein levels and genetic 

variation in type 2 diabetic kidney disease
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6.1. Introduction 

As discussed in Chapter 1 section 1.5.2, the elevated levels of serum antibodies, 

inflammatory cytokines such as tumour necrosis factor alpha (TNF-α) in patients with 

diabetic kidney disease (DKD) implicates chronic low-grade inflammation and 

activation of the innate immune system in the development of DKD (79,80). 

Furthermore, evidence suggests that in type 1 diabetes mellitus (T1DM), early diabetic 

renal injury develops in association with significant T-cell lymphocyte infiltration into 

juxtaglomerular tissue with parallel increased glomerular volume and filtration surface 

area (239). Moon and co-workers showed an aberrant increase of T cells (cluster of 

differentiation [CD] 4+ and CD8+) in the interstitium, and the numbers of CD4+ and 

CD20+ T cells were correlated with the amount of proteinuria in patients with type 2 

diabetes mellitus (T2DM) (367). In addition, enrichment of circulating CD8+ T cells 

was also reported in association with albuminuria in T2DM (368). However, the role 

of T lymphocytes in diabetic renal injury is still unclear. One hypothesis is that T 

lymphocytes contribute to the progression of diabetic renal injury through the 

recruitment and activation of neighbouring macrophages (369), which are the major 

inflammatory cells found in the kidneys of diabetic individuals and their enrichment 

was confirmed in both human biopsies and animal models (370–372).  

 

Several studies have indicated that the lymphocyte activation gene 3 (LAG3) proteins 

and programmed cell death 1 (PD-1) proteins are co-expressed on tumour-infiltrating 

lymphocytes (TILs), suggesting LAG3 could contribute to tumour-mediated immune 

suppression (373,374) and may exhibit cancer immunotherapeutic properties (225). In 

addition, LAG3 was reported to bind to the major histocompatibility complex (MHC) 

(375), acting as a negative regulator of T cell activation (376,377). Workman and 

colleagues confirmed the contribution of LAG3 in regulating both the expansion of 

activated primary T cells and the development of memory T cell pools in vitro and in 

vivo murine studies (223,378). In addition, Bettini and colleagues reported that genetic 

deletion or blockade of Lag3 substantially accelerated the incidence and onset of 

diabetes through stimulating antigen-reactive T cell infiltration into the pancreatic 

islets using non-obese diabetic (NOD) mice as a model of TIDM. They also suggested 
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that the absence of LAG3 may have a greater effect on the more pathogenic T cell 

clones which would lead to the destruction of insulin-secreting β cells and drive 

development of diabetes (379). However, the physiological role of LAG3 in T cell 

biology and diabetes has not been fully elucidated. As such, it may be possible that 

LAG3 plays a role in the pathology of DKD, as a CD4 homolog, through regulating T 

cell activity. LAG3 was previously known as CD223 and is located on chromosome 

12p13.31 in humans. The sequence data, exon/intron organisation, and chromosomal 

localisation of LAG3 are shown in Figure 6.1.  

 

 

 

Figure 6.1 Region containing the LAG3 gene viewed in UCSC genome browser. 

LAG3: lymphocyte activation gene 3 
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Figure 6.2 Structural similarities between LAG3 and CD4 (adapted from Goldberg et 

al. and Mak et al. (380,381)). LAG3 and CD4 are both transmembrane proteins 

containing four similar extracellular immunoglobulin (IgG) superfamily-like domains 

(D1-D4). The intracellular domain of LAG3 contains a unique amino acid sequence 

(KIEELE) which enables LAG3 to negatively affect T cell immune response. There is 

a unique extra loop at the end of the IgG domain of LAG3. The LAG3 transmembrane 

domain can be cleaved at the connecting peptide (CP) to produce a soluble form. 

LAG3: lymphocyte-activation gene 3, CD4: cluster of differentiation 4. 
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As highlighted in Chapter 1 section 1.5.5.4.4, development of DKD is associated 

with a high degree of familial aggregation (103–105), suggesting a role for common 

genetic factors in the susceptibility to renal dysfunction in diabetic patients. Genetic 

association studies using single-nucleotide polymorphisms (SNPs) as genetic markers 

of disease have successfully identified susceptibility genes in a number of complex 

diseases including DKD (382). Recently, a list of the polymorphisms in 34 genes, 

predicted by genome-wide association studies (GWAS) studies to be associated with 

susceptibility or resistance to DKD, were summarised by Gu (383), including the 

carnosine dipeptidase 1 (CNDP1) gene, the engulfment and cell motility 1(ELMO) 

gene and the FERM domain containing (FRMD) 3 gene etc.. CNDP1 resides in 

chromosome 18q22.3 and encodes a secreted serum carnosinase that degrades 

carnosine, promoting the anti-glycation effects (384). CNDP1 is found to be 

associated with DKD in both European population (385) and European Americans 

population (386). Furthermore, two SNPs of CNDP1 were associated with 

susceptibility to end-stage renal disease in T2DM in African-Americans (387). 

ELMO1 is located on chromosome p14.1 and several SNPs in this gene are found to 

be associated with DKD in both T1DM and T2DM (121,388,389). How ELMO1 

contributes to renal pathology is unknown. The FRMD3 gene is located at 

chromosome 9q21.32. Decreased Frmd3 expression was found in T1DM DKD mouse 

model (127). Genetic polymorphisms in FRMD3 are associated with susceptibility to 

end-stage renal disease in T1DM and T2DM (390,391).  

 

Several SNPs in the protein-coding region of the LAG3 gene have been shown to be 

associated with high-density lipoprotein cholesterol (HDL-C) levels, coronary artery 

disease (228) and multiple myeloma risk (392). According to the single nucleotide 

polymorphism database (dbSNP) (393), 23 LAG3 gene polymorphisms have been 

identified in humans with a minor allele frequency > 5% (Figure 6.3). Four of these 

SNPs cause protein-coding changes, including rs199694393 (exon 5, A>C), 

rs61731925 (exon 6, G>A), rs870849 (exon 7, C>T) and rs575197243 (exon 8, 

del(CGAGCC)2/delCGAGCC/dupCGAGCC/dup(CGAGCC)2). However, no SNPs 

within the LAG3 gene have been shown to be associated with DKD. Nevertheless, 

given the role of inflammatory molecules and pathways in the development of DKD, 
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we hypothesised genetic variants within the LAG3 gene may contribute to the 

aetiology of DKD. 

 

6.2. Aims and objectives 

To investigate the association of LAG3 gene SNPs with DKD, a case-control study 

was carried out in white participants of European ancestry. Screenings of LAG3 exons 

for genetic variation was carried out in individuals with type 2 diabetic kidney disease 

(T2DKD) cases (n = 41), controls with type 2 diabetes mellitus and normal renal 

function (T2DNRF) (n = 29) and non-diabetes mellitus and normal renal function 

NDNRF (n = 97). 
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Figure 6.3 Region containing the 23 LAG3 gene polymorphisms identified with a minor allele frequency > 5% in humans viewed in UCSC genome 

browser. Four SNPs with red colour potentially lead to protein-coding changes. LAG3: lymphocyte-activation gene 3, SNPs: single-nucleotide 

polymorphisms
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6.3. Materials and methods 

As described in Chapter 2, section 2.1, the participants in this study were recruited 

from Belfast City Hospital and Royal Victoria Hospital renal and cardiology clinics 

following favourable ethical opinion from the Office for Research Ethics Committees 

Northern Ireland (REC/14/NI/1132). All participants provided written informed 

consent and were white and of European ancestry. Participant information was 

collected upon enrolment regarding diabetes status, and clinical chemistry including 

serum creatinine, albumin-to-creatinine ratio (ACR), lipoproteins, glycated 

haemoglobin A1c (HbA1c) and estimated glomerular filtration rate (eGFR) was 

measured in persons with diabetes. Additional medication information and smoking 

status of the patients involved in this study are summarised in Table 6.1. Whole blood 

was collected for plasma isolation. Following centrifugation at 3,000 g for 10 minutes 

at 4°C, the supernatant was collected and pipetted into 3 x 1 ml aliquots in 

RNase/DNase-free tubes and frozen at -80°C.  

 

T2DM was diagnosed according to the American Diabetes Association 2010 criteria 

(299). Renal function was estimated using the Chronic Kidney Disease Epidemiology 

Collaboration (CKD-EPI) equation (298). Chronic kidney disease (CKD) was 

categorised on the basis of multiple serum creatinine measurements using an eGFR 

cut-off value of 60 ml/min/1.73 m2 for 3 months or more in the absence of persistent 

albuminuria, or any eGFR in the presence of persistent albuminuria ≥ 3 mg/mmol, in 

line with the clinical definition of CKD (28). Participants in this study were 

categorised into T2DKD cases (T2DM and CKD), T2DNRF controls (T2DM without 

CKD) and NDNRF controls (non-diabetes without CKD). Patients with a current 

infection or history of infection in the previous month were not recruited. Patients with 

known inflammatory diseases e.g. rheumatoid arthritis, systemic lupus erythematosus, 

Crohn’s disease were also excluded from the study. 

 

As this was the first study to evaluate LAG3 variants in association with renal function 

and diabetes, all 8 exons of the LAG3 gene, including ∼100 base pair (bp) of intronic 

sequence either side of each exon, and the 5' and 3' untranslated regions were screened 
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for deoxyribonucleic acid (DNA) polymorphisms. This was achieved through Sanger 

sequencing of 41 T2DKD, 29 T2DNRF and 97 NDNRF controls samples on an ABI 

3730 DNA sequencer (Applied Biosystems, Foster City, CA, USA). DNA was 

isolated from the buffy coat as described in Chapter 2,section 2.4.3. Sanger 

sequencing was performed as described in Chapter 2, section 2.4.3-2.4.12. Analysis 

of plasma LAG3 levels was carried out by a team in the US (228), using the 

commercially available enzyme-linked immunosorbent assay (ELISA) procedure 

(Human LAG3, RayBiotech, Inc., Norcross, GA, USA) according to the 

manufacturer’s instructions. Information regarding previously characterized SNPs 

genotyped in this study was accessed via UCSC Genome Browser (available at 

http://genome.ucsc.edu/ (394)). Sequencher 5.4 DNA editing software (GeneCodes, 

Ann Arbor, Michigan, USA) was used for visualising electropherograms generated 

from the sequencing data to identify SNPs. A reference sequence of LAG3 was 

obtained from EnsemblGenomes (available at http://www.ensembl.org/, Homo 

sapiens chromosome 12 GRCh38 partial sequence 6772012 to 6778955). Details of 

the reference sequences are provided in Appendix 3. All reads were assembled and 

aligned to the reference sequence to enable SNP identification.  

 

Statistical analyses were undertaken using SPSS (SPSS, version 22, SPSS, Inc., 

Chicago, IL). One-way ANOVA, Kruskal-Wallis H test, Chi-square test and Fisher’s 

exact test were employed for testing group differences. Binary logistic analysis and 

Pearson’s correlations analysis were performed. A p value less than 0.05 was 

identified as of significance. Multivariate logistic regression was carried out to analyse 

the association between LAG3 rs870849 genotypes and T2DKD after adjustment for 

age, gender in the dominant, recessive and additive genetic models respectively. T is 

the minor allele of LAG3 rs870849. For the dominant model, T/T and C/T were coded 

as 1 and C/C was coded as 0. For the recessive model, T/T was coded as 1 and C/T 

and C/C were coded as 0. For the additive model, C/C, C/T, and TT were coded as 0, 

1, and 2, respectively.  
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6.4. Results 

6.4.1. Study cohort characteristics 

Overall, 70 T2DM patients were recruited into the study, among them 41 patients were 

identified with T2DKD. As shown in Table 6.1 , the mean age of T2DKD, T2DNRF, 

and NDNRF controls were 71, 65 and 62 years respectively. Compared to patients in 

control groups, patients in the T2DKD group were older (p < 0.001). Other 

characteristics that significantly differed across the groups included diastolic blood 

pressure (DBP, T2DKD = 75.8 ± 12.2 mmHg; T2DNRF = 79.6 ± 8.9 mmHg; NDNRF 

= 85.6 ± 13.1 mmHg, p < 0.001), low-density lipoprotein cholesterol (LDL-C, T2DKD 

= 1.7 ± 0.7 mmol/l; T2DNRF = 1.9 ± 0.7 mmol/l; NDNRF = 2.7 ± 1.0 mmol/l, p < 

0.001), and HDL-C (T2DKD = 1.2 ± 0.3 mmol/l; T2DNRF = 1.2 ± 0.4 mmol/l; 

NDNRF = 1.4 ± 0.4 mmol/l, p = 0.002).  

 

As expected, serum creatinine was highest in T2DKD (T2DKD = 183.0 ± 66.4 µmol/l; 

T2DNRF = 79.4 ± 15.6 µmol/l; NDNRF = 79.0 ± 15.2 µmol/l, p < 0.001). The eGFR 

was lowest in T2DKD; eGFR (T2DKD = 32.8 ± 12.6 ml/min/1.73 m2; T2DNRF = 

83.6 ± 14.1 ml/min/1.73 m2; NDNRF = 81.0 ± 12.1 ml/min/1.73 m2, p < 0.001). 

HbA1c levels were similar in T2DKD and T2DNRF; HbA1c (T2DKD = 62.4 ± 17.1 

mmol/mol; T2DNRF = 61.7 ± 17.6 mmol/mol; NDNRF = 39.86 ± 9.3 mmol/mol, p < 

0.001).  

 

Plasma LAG3 levels were lowest in T2DNRF; plasma LAG3 (T2DKD = 912.2 ± 

609.6 pg/ml; T2DNRF = 514.9 ± 401.9 pg/ml; NDNRF = 908.0 ± 787.6 pg/ml, p = 

0.017). The average level of systolic blood pressure (SBP) and total cholesterol were 

similar across the groups. Fifteen participants within the T2DKD group were taking 

insulin compared to one in the T2DNRF group.
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Table 6.1 Demographic characteristics of the population recruited 

 

Variable T2DKD  

(n = 41) 

T2DNRF 

 (n = 29) 

NDNRF  

(n =97) 

p value 

Age (years) 71 ± 8.4 65 ± 9.3 62 ± 8.6 < 0.001 

Gender (male/female) 26/15 22/7 50/47 0.051 

SBP (mmHg) 135.2 ± 19.9 134.6 ± 21.0 137.1 ± 21.7 0.809 

DBP (mmHg) 75.8 ± 12.2 79.6 ± 8.9 85.6 ± 13.1 < 0.001 

LDL-C (mmol/l) 1.7 ± 0.7 1.9 ± 0.7 2.7 ± 1.0 < 0.001 

HDL-C (mmol/l) 1.2 ± 0.3 1.2 ± 0.4 1.4 ± 0.4 0.002 

Serum creatinine (µmol/l) 183.0 ± 66.4 79.4 ± 15.6 79.0 ± 15.2 < 0.001 

HbA1c (mmol/mol) 62.4 ± 17.1 61.7 ± 17.6 39.86 ± 9.3 < 0.001 

Total cholesterol (mmol/l) 3.9 ± 0.9 3.6 ± 1.0 4.1 ± 1.2 0.08 

eGFR (ml/min/1.73 m2) 32.8 ± 12.6 83.6 ± 14.1 81.0 ± 12.1 < 0.001 

Plasma LAG3 (pg/ml) 912.2 ± 609.6 514.9 ± 401.9 908.0 ± 787.6 0.017 
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Variable T2DKD  

(n = 41) 

T2DNRF 

 (n = 29) 

NDNRF  

(n =97) 

p value 

ACR (mg/mmol) 

    

     < 3 8 17 n/a 0.472 

     3-30 5 7 n/a 

 

     > 30 2 1 n/a 

 

 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal renal function. NDNRF: non-diabetes mellitus and normal 

renal function. Data are shown as mean ± standard deviation (SD). SBP: systolic blood pressure; DBP: diastolic blood pressure; LDL-C: low-

density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; HbA1c: glycosylated haemoglobin A1c; eGFR: estimated glomerular 

filtration rate; LAG3: lymphocyte-activation gene 3; ACR: albumin-to-creatinine ratio; n/a: not available. One-way analysis of variance was used 

for continuous values with normal distribution, Kruskal-Wallis H test was carried out with data which didn’t followed normal distribution. 

Categorical values were assessed using a Chi-square test. 
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As shown in Table 6.2, there were no significant differences in the smoking status 

across the groups. Fifteen participants with T2DKD were taking insulin, which is 

significantly more than participants with T2DNRF (n = 1, p < 0.001). In addition, 56 

participants with NDNRF were taking statins, which is s significantly more than 

participants within the other two groups (T2DKD = 33; T2DNRF = 21, p = 0.013). 

Nineteen participants within T2DKD and NDNRF respectively received diuretics, 

which is significantly more than T2DNRF (n = 7, p = 0.003). There were also 29 

individuals with T2DKD and 19 individuals with T2DNRF prescribed hypoglycaemic 

agents. Surprisingly, there are no differences in the number of patients who received 

ACEi/ARBs therapy which is possibly due to the similar high SBP observed across 

the groups (T2DKD = 135.2 ± 19.9 mmHg; T2DNRF = 134.6 ± 21.0 mmHg, NDNRF 

= 137.1 ± 21.7 mmHg, p = 0.809, Table 6.1).  
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Table 6.2 Smoking status and medications of the population recruited 

 

Variable T2DKD  T2DNRF NDNRF p value 

 (n = 41) (n = 29) (n = 97)  

Smoking status 

   

0.411 

     Never (n) 18 13 50 

 

     Ex-smoker (n) 18 9 36 

 

     Current smoker (n) 5 7 11 

 

Medications 

    

     Insulin (n) 15 1 0 < 0.001 

     ACEi/ARBs (n) 12 13 30 0.391 

     Beta-blockers (n) 17 8 34 0.397 

     Calcium channel blockers (n) 9 11 19 0.139 

     Statins (n) 33 21 56 0.013 

     Diuretics (n) 19 7 19 0.003 

     Hypoglycaemic agents (n) 29 19 0 < 0.001 

 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal 

renal function. NDNRF: non-diabetes mellitus and normal renal function; ACEi: 

angiotensin converting enzyme inhibitors; ARBs: angiotensin receptor blockers; n: 

number. P values were assessed using a Chi-square test. 
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6.4.2. Genotype and allele distributions of lymphocyte activation gene 3 single-

nucleotide polymorphism, rs870849  

Among the four common SNPs (with a minor allele frequency) > 5% that lead to 

protein-coding changes, only one LAG3 SNP, rs870849, a missense variant with C/T 

transition was identified as shown in Figure 6.4. The frequencies of genotypes and 

alleles of LAG3 SNP, rs870849 are shown in Table 6.3. There was no significant 

differences in the genotype and allele frequencies of the LAG3 SNP, rs870849 across 

the groups C/T genotype: odds ratio (OR) = 1.29, p = 0.619; T/T genotype: OR = 1.23, 

p = 0.811; T allele: OR = 1.16, p = 0.687 (using C allele as reference).  

 

 

 

Figure 6.4 Chromatograms showing sequence variation of LAG3 SNP rs870849. 

Three genotypes were observed: A: homozygote C/C genotype, B: heterozygous C/T 

genotype, C: homozygote T/T genotype. LAG3: lymphocyte-activation gene 3; SNP: 

single-nucleotide polymorphism. 
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6.4.3. Association of lymphocyte activation gene 3 single-nucleotide 

polymorphism, rs870849 with type 2 diabetic kidney disease 

Different genetic models were applied to verify the associations of LAG3 SNP, 

rs870849 with T2DKD (Table 6.4). We assumed that the minor allele T of LAG3 

rs870849 was the risk factor compared to the common allele C. In the dominant model, 

multivariate logistic regression analysis revealed that there was no significant 

association between LAG3 rs870849 and the risk of T2DKD under these genetic 

models, which remained similar after adjustment for age and gender (Table 6.4). 

 

6.4.4. Association of lymphocyte activation gene 3 single-nucleotide 

polymorphism, rs870849 with plasma lymphocyte activation gene 3 levels and 

estimated glomerular filtration  

As LAG3 levels were not normally distributed, analyses were performed on log-

transformed values; data in this table shows anti-logged values. There was no 

significant difference in plasma LAG3 levels by rs870849 genotype (reference C/C 

genotype = 741.7 ± 605.6 pg/ml; C/T genotype = 720.1 ± 557.4 pg/ml; T/T genotype 

= 695.3 ± 390.4 pg/ml) (Figure 6.5). In addition, there was no significant difference 

in eGFR between the rs870849 reference C/C genotype eGFR = 69.7 ± 24.0 

ml/min/1.73 m2; C/T genotype eGFR = 69.1 ± 24.6 ml/min/1.73 m2; and T/T genotype 

eGFR = 69.4 ± 24.4 ml/min/1.73 m2 (Figure 6.6).  
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Table 6.3 Genotype and allele frequencies for LAG3 SNP rs870849. 

 

LAG3 

rs870849 

genotype 

T2DKD 

n (%)  

T2DNRF 

n (%) 

NDNRF  

n (%) 

OR 

(T2DKD vs. 

T2DNRF, 95% CI) 

p value  OR 

(T2DKD vs. 

NDNRF, 95% CI) 

p value OR 

(T2DNRF vs. 

NDNRF, 95% CI) 

p value 

C/C 18 (43.9%) 11 (37.9%) 44 (45.4%) 1.00 (reference) - 1.00 (reference) - 1.00 (reference) - 

C/T 19 (46.3%) 15 (51.7%) 41 (42.3%) 1.29 (0.47-3.55） 0.62 0.88 (0.41-1.91) 0.75 1.46 (0.60-3.56) 0.40 

T/T 4 (9.8%) 3 (10.3%) 12 (12.4%) 1.23 (0.23-6.55） 0.81 1.23 (0.35-4.32) 0.75 1.00 (0.24-4.17) 1.00 

C allele 55 (67.1%) 37 (63.8%) 129 (66.5%) 1.00 (reference) - 1.00 (reference) - 1.00 (reference) - 

T allele 27 (32.9%) 21 (36.2%) 65 (33.5%) 1.16 (0.57-2.34) 0.69 1.03 (0.59-1.78) 0.93 0.89 (0.48-1.64) 0.70 

 

LAG3: lymphocyte-activation gene 3; T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal renal function; OR: 

odds ratio; CI: confidence interval. NDNRF: non-diabetes mellitus and normal renal function.   
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Table 6.4 Genetic model analyses of the association between LAG3 SNP rs870849 and T2DKD with adjustment for age and gender. 

 

Genetic models Genotypes T2DKD T2DNRF Without adjustment 

OR (95% CI) 

p value With adjustment 

OR (95% CI) 

p value 

Additive C/C 18 11 1.00 

 (reference) 

- 1.00 

 (reference) 

 

 C/T 19 15 0.77 (0.28-2.13) 0.619 0.71 (0.24-2.09) 0.527 

 T/T 4 3 3.08 (0.15-4.35) 0.811 0.75 (0.13-4.22) 0.741 

Dominant C/C 18 11 1.00 

 (reference) 

- 1.00 

 (reference) 

 

 C/T and T/T 23 18 0.78 (0.30-2.06) 0.618 0.71 (0.25-2.01) 0.522 

Recessive C/T and C/C 37 26 1.00 

 (reference) 

- 1.00 

 (reference) 

- 

 T/T 4 3 0.94 (0.19-4.54) 0.936 0.90 (0.18-4.59) 0.902 

 

T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes mellitus and normal renal function; OR: odds ratio; CI: confidence interval.  



  Chapter 6.  

189 

 

 

 

Figure 6.5. Association of LAG3 rs870849 genotypes with plasma LAG3 levels in 

T2DM individuals (combined T2DKD and T2DNRF). As LAG3 levels were not 

normally distributed, analyses were performed on log-transformed values; data in this 

table shows anti-logged values. There was no significant difference in plasma LAG3 

levels by rs870849 genotype (reference C/C genotype = 741.7 ± 605.6 pg/ml; C/T 

genotype = 720.1 ± 557.4 pg/ml; T/T genotype = 695.3 ± 390.4 pg/ml). Data are shown 

as mean ± standard deviation (SD). Analyses were undertaken using one-way 

ANOVA, F = 0.058, p = 0.94. LAG3: lymphocyte activation gene 3; T2DM: type 2 

diabetes mellitus; T2DKD: type 2 diabetic kidney disease; T2DNRF: type 2 diabetes 

mellitus and normal renal function.  

 

 

 

Figure 6.6 Association of LAG3 rs870849 genotypes with eGFR levels in the whole 

cohort. There was no significant difference in eGFR levels between the rs870849 

reference C/C genotype eGFR = 69.7 ± 24.0 ml/min/1.73 m2; C/T genotype eGFR = 

69.1 ± 24.6 ml/min/1.73 m2; and T/T genotype eGFR = 69.4 ± 24.4 ml/min/1.73 m2. 

Data are shown as mean ± standard deviation (SD). Analyses were undertaken using 

one-way ANOVA, F = 0.012, p = 0.99. LAG3: lymphocyte activation gene 3; eGFR: 

estimated glomerular filtration rate. 
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6.4.5. Plasma lymphocyte activation gene 3 levels between groups 

There was a significant difference in plasma LAG3 levels across the study groups: 

T2DKD (912.2 ± 609.6 pg/ml), T2DNRF (514.9 ± 401.9 pg/ml) and NDNRF (908.0 

± 787.6 pg/ml) (Figure 6.7). Fisher's Least LSD Post Hoc test identified a significant 

difference between T2DKD and T2DNRF (p = 0.006), as well as between T2DNRF 

and NDNRF (p = 0.015). 

 

 

 

Figure 6.7 Plasma LAG3 levels across the samples. There was a significant difference 

in plasma LAG3 levels (given LAG3 levels were not normally distributed, analysis 

was carried out using the log-transformed values, data in the figure shows anti-logged 

values) across T2DKD (912.2 ± 609.6 pg/ml), T2DNRF (514.9 ± 401.9 pg/ml) and 

NDNRF (908.0 ± 787.6 pg/ml). Data shown represents a mean ± standard deviation 

(SD). Analyses were done using one-way ANOVA, F = 4.23, p = 0.017. Fisher's Least 

Significant Difference (LSD) Post Hoc test further showed significant differences 

between T2DKD and T2DNRF (p = 0.006), and between T2DNRF and NDNRF (p = 

0.015). LAG3: lymphocyte activation gene 3; T2DKD: type 2 diabetic kidney disease; 

T2DNRF: type 2 diabetes mellitus and normal renal function; NDNRF: non-diabetes 

mellitus and normal renal function. 
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6.4.6. Correlation of plasma lymphocyte activation gene 3 with estimated 

glomerular filtration  

Plasma LAG3 levels were significantly correlated with eGFR (r = -0.347, p = 0.017, 

Table 6.5) in the T2DM cohort, although there was no significant correlation between 

LAG3 rs870849 genotype and these variables. Plasma LAG3 levels were found to be 

the independent predictors (p = 0.016, Table 6.6) of eGFR adjusted for age (p = 0.007) 

and gender (p = 0.272). 

 

Table 6.5 Pearson’s correlations analyses of plasma LAG3 levels, LAG3 rs870849 

genotype and eGFR in individuals with T2DM.  

 

Variables Plasma LAG3 levels LAG3 rs870849 genotype 

 

 r p value r p value 

eGFR -0.347 0.017 0.035 0.773 

LAG3: lymphocyte activation gene 3; eGFR: estimated glomerular filtration rate; 

T2DM: type 2 diabetes mellitus.  

 

Table 6.6 Multivariable regression analysis of independent predictors for eGFR in 

individuals with T2DKD and T2DNRF 

 

 Beta SEM p value 

Adjusted for age and gender    

LAG3 (log scale) -24.57 9.78 0.016 

LAG3: lymphocyte activation gene 3; SEM: standard error of the mean.  
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6.5. Discussion 

Emerging evidence has shown systemic and local immune responses contribute to the 

pathophysiology of DKD (395). For instance, elevated levels of inflammatory and 

immune mediators including monocyte chemoattractant protein 1 (MCP-1), fibroblast 

growth factor (FGF)-2 and vascular endothelial growth factor (VEGF) were observed 

in T2DKD compared to controls (396–398). It has been suggested that LAG3 and CD4 

have the same principal ligand, MHC class II. Previous studies have identified 

upregulation of both LAG3 and MHC class II during inflammation, and their 

interaction may also play a role in the activation of antigen-presenting dendritic cells 

(399). Workman et al. proposed that LAG3 inhibits T cell activation by outcompeting 

CD4 for MHC class II binding (400). Therefore, we hypothesise that LAG3 has a 

potential pathophysiological role in development of T2DKD through an immune 

mechanism.  

 

We identified that plasma LAG3 levels were higher in individuals of T2DKD 

compared to T2DNRF group. In addition, LAG3 levels were significantly associated 

with eGFR in individuals with T2DKD. In line with this, in multivariable regression 

models, plasma LAG3 was also significantly associated with eGFR (p = 0.016), 

adjusted for age and gender. All the evidence suggests a potential role of LAG3 in 

renal dysfunction of T2DM. Recently, several studies have implicated immune cells 

and inflammatory processes in the progression of T2DKD (237). For instance, Chow 

and co-workers observed an accumulation of glomerular and interstitial macrophages 

in diabetic db/db mice. They also identified a significant reduction in the numbers of 

kidney macrophages, in parallel with significant ameliorated albuminuria, and fibrosis 

related pathologic changes such as glomerular hypertrophy and hypercellularity in the 

intercellular adhesion molecule (ICAM)-1-deficient db/db mice compared to diabetic 

db/db mice. Their findings implied that macrophages are likely to be key mediators of 

renal damage in T2DKD through diminishing ICAM-1 expression (401). Another 

study observed that urinary ACR and glomerular diameter were significantly 

decreased in regulatory T cells (Treg)-treated db/db mice compared with respective 

controls after uninephrectomy, suggesting that Tregs were critically involved in the 
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pathogenesis of DKD. LAG3 has been shown to suppress T cells via binding  to MHC 

class II selectively (375) and LAG3 plays a inhibitory role on the function of Treg 

cells (377). Blockade of LAG3 was also reported to reduce cellular proliferation, 

activation, and homeostasis of T cells, and facilitate the maintenance of CD8+ T cells, 

improving virus clearance following acute and chronic virus infection (402). Previous 

reports have also suggested the co-expression of CD49b and LAG3 enables the 

tracking of the suppressive type 1 regulatory T cell (Tr1) cells in tolerant subjects who 

received regulatory T cell-based therapies of immune-mediated diseases (403). 

However, the mechanisms responsible for the immune role of LAG3 in kidney disease 

have not been defined. Of interest, we also found that LAG3 levels in persons with 

NDNRF were similar to T2DKD. One possible confounding factor is that LAG3 

protein has been associated with HDL-C levels. And the HDL-C levels of persons in 

NDNRF were significant higher than the other two groups (Table 6.1).  

 

LAG3 rs870849 is a missense C/T transition located in exon 7 of the human gene 

which manifests as an amino acid substitution of isoleucine (Ile) for threonine (Thr). 

According to the 1000 Genomes Project Consortium (404), the reported global allelic 

frequencies of rs870849 are C: 0.669 and T: 0.331, with genotype frequencies for T/T, 

C/T and C/C at 0.12, 0.42 and 0.46 respectively. In close agreement with this, The C 

allele was detected at a frequency of 0.66 in our cohort with genotype frequencies for 

T/T, C/T and C/C genotype of 0.11, 0.45 and 0.43 respectively.  

 

Previously, a report has indicated significant associations between the homozygous 

(T/T) genotype of rs870849 in multiple sclerosis compared to controls (405) with 

suggestions that the change of Ile to Thr may decrease the binding affinity of the LAG3 

protein and consequently enhance T cells clonal expansion and lead to multiple 

sclerosis lesions (406). To our knowledge, this is the first study undertaken to examine 

associations between LAG3 SNPs, T2DM and T2DKD. However, we did not detect 

any allelic or genotypic association between LAG3 rs870849 and renal function in 

T2DM, which is not surprising. Since the genetic variants may change binding 

affinities rather than absolute circulating levels of the protein. In addition, the kidney-



  Chapter 6.  

194 

 

injury effect of the LAG3 rs870849 may be masked by the use of medications across 

the samples. Alternatively, it is also possible that LAG3 rs870849 is not an independent 

risk factor of T2DKD. It may in linkage disequilibrium with the true causal alleles at 

adjacent loci. The genetic and phenotypic heterogeneity that underpins DKD may 

confound our findings.  

 

Notably, LAG3 gene is located adjacent to CD4 on the distal part of the short arm of 

chromosome 12, and both genes contain exons that encode IgG superfamily-like 

domains (as shown in Figure 6.2) (219). Multiple studies have revealed that adjacent 

genes tend to coordinate each other and exhibit a higher degree of transcriptional co-

regulation (407). As such, CD4 gene may co-expressed with LAG3 gene.  
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6.6. Strengths and limitations 

6.6.1. Strengths 

To our knowledge, this is the first study performed to evaluate associations between 

T2DKD and genetic variants in LAG3 using Sanger sequencing, which is a fast, cost-

effective sequencing technology. We focused specifically on detecting SNPs in the 

coding region of LAG3, which might lead to a change in the translated amino acids, 

enabling detection of potentially functional SNPs, enhancing the chance of 

interpreting variants in a meaningful way. 

 

6.6.2. Limitations 

We chose LAG3 as an individual candidate gene and tried to identify the effects of 

LAG3 on the T2DKD phenotype. Single candidate gene association studies are 

challenging to interpret because they neglect the influence of other gene variants on 

the phenotype of interest e.g. T2DKD. Notably, the low statistical power of this study 

also reduced the chance of detecting a true effect. Under the case-control study design, 

to test an association between a single SNP and disease under the recessive model 

required, the smallest sample size to achieve 80% statistical power of 1,536 cases 

(estimated using Genetic Power Calculator, available at 

http://zzz.bwh.harvard.edu/gpc/ (408), under the assumption of 5% disease 

prevalence, 5% minor allele frequency, complete linkage disequilibrium, 1:1 case-to-

control ratio, and 5% type I error rate. Due to the limited number of samples available 

for this study, it is difficult to detect a diease allele that follows any genetic model. 

Additionally, we only screened the exonic region of LAG3 and rs870849 was the only 

SNP identified that lead to a change in the translated amino acid. Of note, the 

functional role of SNPs located in intronic regions of genes are also relevant given 

their potential role on regulating RNA transcriptional efficiency, gene expression and 

mRNA splicing (409,410). In particular, several intronic variants were reported to 

contribute to the onset and development of DKD, e.g. intronic SNPs rs741301 of 

ELMO1 gene was identified in association with the development of proteinuria and/or 

end-stage renal disease (ESRD) in individuals with DKD in African Americans (411), 
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Japanese (412) and Chinese (413). There may be other genetic or epigenetic variations 

within LAG3 that were not tested for association with kidney disease in this study. In 

addition, we did not undertake expression  analysis of LAG3 rs870849 through 

measuring LAG3 protein expression.  
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6.7. Conclusions 

We identified a significant association between plasma LAG3 levels and renal 

function in patients with T2DM implicating LAG3 and the immune pathway in the 

disease aetiology of T2DKD. Nevertheless, we were unable to identify any genetic 

variants within the coding regions of the LAG3 gene that may be responsible for the 

variation in expression levels. Further analysis of LAG3 in other T2DKD cohorts, 

including functional analyses may help substantiate the findings observed in this 

instance. In addition, high-throughput enabling technologies such as the next 

generation sequencing (discussed in Chapter 5) would  facilitate screening of the 

entire genome to help elucidate the complex mechanisms of T2DKD through the 

detection of T2DKD associated variants.  
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Chapter 7.  Concluding remarks and future 

work
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7.1. Introduction 

In 2018, there were approximately 3.8 million people diagnosed with diabetes in the 

UK, a number that has more than doubled since 1998 (414). Despite the National 

Health Service (NHS) spending ~£10 billion annually on treatment of diabetes and its 

complications (50), it is estimated that more than 500 people with diabetes die 

prematurely each week (415). The increasing prevalence of diabetes is accompanied 

by a significant growth in diabetes-associated complications such as diabetic kidney 

disease (DKD), retinopathy, neuropathy and macrovascular problems such as 

coronary artery disease and peripheral vascular disease. In the UK, it is estimated that 

approximately 10,350 people have end-stage renal disease (ESRD) as a result of 

diabetes (416). 

 

As discussed in Chapter 1 (section 1.5.4.1), serum creatinine-based estimated 

glomerular filtration rate (eGFR) and albumin-to-creatinine ratio (ACR) 

measurements represent the best practice for assessing glomerular damage and 

evaluation of renal function. However, evidence suggests that the pathophysiology of 

DKD is multifactorial and early diagnosis of DKD based solely on albuminuria and/or 

decreased eGFR is challenging.  

 

Kidney biopsy samples are not routinely obtained from patients with early stage DKD 

and this has hindered the discovery of novel indicators of kidney disease. However, 

some novel biomarkers have been identified in body fluids in association with DKD 

in the last decade, improving our understanding of the disease aetiology. microRNAs 

(miRNA) have emerged as potential promising biomarkers for DKD. miRNAs are 

involved in multiple biological processes including proliferation, apoptosis, 

differentiation, metabolism and homeostasis (417–419) and it is therefore likely that 

they will be modified during disease. Additionally, good stability of miRNAs, in most 

body fluids, has been shown in several studies (251,420) and these molecules might 

prove useful as indicators of early disease and/or risk of progression (421–423). 
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Multiple studies have been published demonstrating the role of urinary miRNAs as 

biomarkers for DKD and are discussed in Chapter 3. However, the limited number of 

miRNAs independently validated in separate studies suggests that a more robust 

approach for identification and standardisation of miRNA detection is needed to 

improve the reproducibility and applicability of these biomarkers for the identification 

and monitoring of DKD progression.  

 

Additionally, it is widely accepted that DKD is a progressive and long-term 

complication of diabetes, triggering epigenetic changes in response to the underlying 

hyperglycaemic milieu that lead to the inflammatory processes that underpin the 

condition. Additionally, individual genetic architecture also contributes to DKD 

susceptibility (383,424). Although, there is little conclusive evidence that identifies a 

specific gene or variant that makes a significant contribution to the disease process in 

terms of the effect size exerted. As such, further investigation of genetic variation 

associated with DKD susceptibility in the context of the underlying miRNAs and 

epigenetic modifications would be informative.  

 

The research approaches described in this thesis used three different laboratory 

techniques to investigate potential genetic biomarkers associated with type 2 diabetic 

kidney disease (T2DKD) in white European individuals in an effort to identify 

potentially novel biomarkers for the early detection of T2DKD. A summary of the 

main findings, the study limitations and potential future work are presented in this 

chapter.  
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7.2. Differential expression of urinary exosomal microRNAs, miR-21-5p and 

miR-30b-5p, in individuals with type 2 diabetic kidney disease 

The first study described in Chapter 4 comprised discovery and validation cohorts, 

applying quantitative polymerase chain reaction (qPCR) based techniques to identify 

and quantify miRNA biomarkers associated with renal dysfunction.  

 

Higher levels of miR-21-5p reported in Chapter 4 in patients with impaired renal 

function, support similar findings reported previously in animal models of kidney 

disease (425), IgA nephropathy (309) and DKD (426). Of note, elevated miR-21-5p 

expression has been observed in serum, plasma, kidney tissue and urinary exosomes 

derived from individuals with both type 1 diabetes mellitus (T1DM) and T2DM and 

different stages of DKD (312,345,427,428). Levels of miR-21-5p have been reported 

to be inversely correlated with eGFR, and as expected positively correlated with serum 

creatinine, and the severity of tubulointerstitial fibrosis and glomerulosclerotic injury 

and proteinuria levels (312,428,429). Similarly, we found a significant positive 

correlation between miR-21-5p and serum creatinine and a corresponding negative 

correlation with eGFR. Additionally, prospective cohort studies identified an 

increased expression of miR-21-5p was correlated with a greater risk of DKD 

progression, indicating its potential for the monitoring of DKD progression (345,427). 

Unfortunately, given the cross-sectional nature of the studies reported in this thesis, 

we do not have prospective follow up data available and therefore temporal changes 

over time cannot be considered.  

 

Several lines of evidence support increased expression of circulating miR-21 in 

association with renal fibrosis and related kidney disease. For instance, increased 

expression of urinary miR-21 was reported in hypertensive kidney injury and fibrosis 

mice models (430). Serum miR-21 was also found to be upregulated in renal 

transplantation patients with significant kidney fibrosis (431). In particular, Wang and 

colleagues reported that serum miR-21 expression was significantly increased in DKD 

mouse models (432), highlighting the functional role of circulating miR-21. miR-21-
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5p has an important role in the transforming growth factor beta 1 (TGF-β1) signalling 

pathway, a characteristic hallmark of renal fibrosis (197,433). Wang and co-workers 

demonstrated that expression of miR-21-5p was enriched by TGF-β1 using an in vitro 

DKD model (175). The same study also showed that miR-21 overexpression could 

lead to TGF-β-induced epithelial-to-mesenchymal transition (EMT) by inhibiting 

suppressor of mothers against decapentaplegic (SMAD) 7, and that miR-21 may 

provide an alternative target to directly suppress TGF-β-mediated renal fibrosis in 

DKD. miR-21-5p was also found to enhance expression of TGF-β1 in proximal tubule 

epithelial cells under high glucose conditions, through targeting Smad 7 and 

phosphatase and tensin homolog (Pten) (429). Kolling and co-workers showed that 

silencing miR-21-5p could promote protein levels of Pten in podocytes (428). It has 

been shown that miR-21-5p inhibitors are effective in modifying DKD and reducing 

fibrosis in mice, suggesting that this miRNA is a potential therapeutic target to prevent 

DKD progression. For instance, miR-21-5p inhibitors were reported to contribute to 

the anti-fibrotic actions of pioglitazone in kidney injury models such as using TGF-

β1-stimulated human proximal tubular cells and unilateral ureteric obstruction in mice 

(426). However, the cellular origin of circulating miRNAs remains unclear (434). 

Although, there is a strong possibility that increased expression of circulating miR-

21-5p observed in patients with poor renal function are released in urinary exosomes 

from diseased cells and tissues, direct evidence is still lacking. 

 

In contrast to the extensive literature describing the association of miR-21-5p with 

DKD, the decreased expression of miR-30b-5p reported in this thesis in patients with 

renal disease was novel. Dysregulation of miR-30b-5p has been reported in a number 

of inflammatory disorders and diseases, including neuromyelitis optical spectrum 

disorders, multiple sclerosis and osteoporosis (435–438). Previously, decreased 

expression of miR-30b-5p has been reported to positively regulate the expression of 

interleukin (IL)-10 and toll-like receptor (TLR)-4 using in an in vitro autoimmune 

uveitis model (439). IL-10 and TLR-4 are factors involved in renal fibrosis in DKD 

(440–442),  and therefore, decreased expression may lead to increased IL-10 and TLR-

4 expression and subsequent renal fibrosis. As such, it would be interesting to 

investigate the role of miR-30b-5p in the regulation of IL-10 and TLR-4 and the 
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subsequent influence in the pathogenesis of DKD. miR-30b-5p has not been 

implicated previously in DKD and our in silico analysis of its predicted target genes 

did not identify any significant functional pathway associated with kidney disease. 

miR-30b-5p has been reported to be down-regulated in human renal cell carcinoma 

and its over expression may lead to suppression of EMT in human renal cell carcinoma 

(313, 436). It has also been reported that EMT contributes significantly to interstitial 

matrix deposition in DKD, partially induced by PTEN (346). Accordingly, miR-30b-

5p may associated with PTEN in regards to its pathological role in renal lesions, 

together with miR-21-5p. However, we did not identify any significant term related to 

PTEN in the functional groups of the pathway analysis, which are the most enriched 

within the predicted targets of miR-21-5p and miR-30b-5p. It would be interesting to 

investigate the functional roles of miR-21-5p and miR-30b-5p in DKD models to 

improve understanding of their interplay and their roles, if any, in DKD pathogenesis.  

The panel employed in the discovery cohort was designed to include 87 miRNAs 

previously reported in urinary exosomes based on the combined results of 

experimental data and published papers. As such, we were unable to detect miRNAs 

that had not previously been implicated in urinary exosomal miRNA studies. This 

limitation is addressed by employing whole genome miRNA screens such as the 

sequencing approach outlined in Chapter 5, which may enable the identification of 

novel pathways associated with DKD pathogenesis.  

 

The exosome isolation kit (miRCURY™ RNA Isolation Kit-Cell & Plant, Qiagen, 

Hilden, Germany) employed membrane affinity spin columns. It is believed that the 

column-based method offers a promising, faster and easier approach for isolating 

urinary exosomes (444). However, it should be noted that exosome isolation remains 

challenging as some components of body fluids, such as lipoprotein, chylomicrons, 

and microvesicles are of a similar size to exosomes and may therefore lead to potential 

contamination (445). Currently, several commercial exosome isolation kits are 

available and have been developed on the basis of different principles such as 

ultracentrifugation, immune affinity capture or target precipitation (446). The utility 

of using exosomal miRNAs as biomarkers is highly dependent on the development of 

a standard reproducible method for the isolation of exosomes to provide maximum 
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yield and purity. Additionally, to what extent exosomal miRNAs can regulate gene 

expression in DKD remains to be determined. It may be possible to directly image and 

track exosomal miRNAs in living cells to help explore the role of exosomal miRNA 

in receipt cells (447,448). Large scale validation of miRNA biomarkers derived from 

urinary exosomes is still necessary. However, it is apparent that comprehensive 

understanding of the role of urinary exosomes, both their surface proteome and 

internal cargo molecules and respective their roles in cell-to-cell communication and 

downstream locations, are warranted along with a need for careful optimisation and 

standardisation of protocols.  
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7.3. Differential expression of plasma microRNAs miR-144-3p and miR-190a-5p, 

in individuals with type 2 diabetic kidney disease 

The second study described in Chapter 5 applied cutting-edge miRNA next 

generation sequencing (NGS) techniques to examine differential expression of 

miRNAs within plasma samples from individuals with T2DKD.  

 

Our observation of lower expression of miR-190a-5p in T2DKD is in line with 

previously reported reduced miR-190a-5p expression in renal biopsies of patients with 

progressive CKD compared to those with poor but stable renal function (360). 

However, there is evidence of an inverse trend in expression between circulating 

miRNAs and tissue miRNAs. For example, Wulfken and colleagues identified 109 

miRNAs upregulated in the serum of patients with renal cell carcinoma, while only 36 

miRNAs were upregulated in parallel in the corresponding tissue samples (449). 

Notably, human blood contains a complex mixture of miRNAs and the origin of these 

circulating miRNAs remains unclear. Whether they originate from apoptotic or lytic 

cell death or whether they are actively secreted by other cells in response to a diseased 

microenvironment (i.e. immunocyte), remains uncertain (450). In addition, cell-free 

miRNAs circulating in the bloodstream may also be enclosed in extracellular vesicles 

(451), or exist in non-membrane-bound ribonucleoprotein complexes (i.e. Argonaute 

[Ago] 2 (295)). Expression of miR-190a-5p has been reported to be altered in fat, 

skeletal muscle and neuroectoderm cells (361,452,453). Despite limited knowledge of 

the origin of circulating miR-190a-5p, understanding their role within a DKD milieu 

is limited, and their diagnostic potential is worthy of further investigation. 

Conceptually, their expression profile in the blood mirrors changes in cells involved 

in a particular disease process, and these might define a population of miRNAs 

through one of the aforementioned secretion methods. Therefore future investigation 

could assess the similarities and differences in the expression of miR-190a-5p in 

matched tissue and plasma samples during DKD progression. 
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miR-190a-5p has been reported to be an enhancer of hypoxia-inducible factors (HIFs) 

in vivo by directly targeting the hypoxia related Fatiga/Sima pathway (454). Recently, 

HIFs have been widely demonstrated to play an important protective role in the 

development and progression of DKD (455). Bohuslavova and colleagues showed that 

there were more prominent changes in glomerular injury, increased podocyte damage 

and loss in HIF-1-α deficient streptozotocin-induced diabetic mice compared to wild-

type mice after 6 weeks of diabetes (46). Hif-1-α deficiency may contribute to diabetic 

glomerular injury and reduces podocyte survival in the early phase of DKD (456). 

Similarly, Nordquist and colleagues have shown that cobalt chloride induced 

activation of HIFs protected the diabetic kidney from altered oxygen metabolism, 

preserved kidney function, and limited histological damage (457). As such, the 

decreased expression of miR-190a-5p observed in this study is likely to direct 

degradation of HIFs, which is consistent with worse renal pathology observed in HIFs 

deficiency model of diabetes. It would be interesting to investigate the role of miR-

190a-5p in HIFs in DKD pathogenesis. Knowledge of the functional roles of miR-

190a-5p is still limited. Nevertheless, the predicted targets of miR-190a-5p include 

calcium voltage-gated channel auxiliary subunit beta 2 (CACNB2), SMAD2 and 

neuronal differentiation 1 (NEUROD1). The SMAD signalling system is involved in 

regulation of TGF-β1 that plays a key role in progressive renal injury and 

inflammation (185,458) and it has been reported that Smad2 plays a protective role in 

both patients and animal models with DKD (459,460).  

 

Our study highlights the importance and utility of using human biofluids without the 

limitation or confines of pre-specified hypotheses for maximising the opportunities for 

identifying T2DKD biomarkers. However, candidate miRNAs identified from plasma 

in this study may be secreted or shed from the kidney or alternatively non-renal tissue 

and cells. As such, it is possible that the only a small proportion of the miRNA detected 

originated from cells secreted from the kidney, which increases the challenge of 

finding true novel biomarkers that are truly specific and representative of the ongoing 

disease processes in the kidney.  
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It is important to note that these results represent associations between miRNAs and 

DKD and cannot determine causation, given the cross-sectional nature of the studies 

undertaken. Further studies are needed to investigate the potential mechanisms 

through which miRNAs influence the pathogenesis of T2DKD. For instance, 

functional studies in cell lines or animal models are needed to investigate the role of 

miRNAs in the pathological process related to T2DKD (461–463). There are a range 

of animal models available for elucidating the pathophysiology of DKD (464). It is 

noticeable, however, that the utility of animal models in DKD research has been 

restricted by the fact that most models fail to exhibit all the pathological features of 

human DKD, with recommendations that researchers use publicly available 

transcriptomic data to select the most appropriate model (465,466).  

 

Nevertheless, the studies outlined in this thesis demonstrate the utility of non-invasive 

sampling and the comprehensiveness of the sequencing data collected. Further studies 

are required to better understand the signature miRNA profiles that are representative 

of disease processes that underpin DKD. Furthermore, DKD patients are prescribed 

medications such as angiotensin converting enzyme inhibitors (ACEi) or angiotensin 

II receptor blockers (ARBs), statins, oral hypoglycaemic drugs and/or insulin to 

manage hypertension, dyslipidaemia and diabetes respectively. There is emerging 

evidence that drugs influence miRNA profiles in vitro and in vivo (322). Prospective 

evaluation of miRNA profiles using animal models may reduce the risk of medication 

bias and facilitate analyses of changes in miRNAs over time as kidney disease 

progresses and in response to different treatment regimens (428). Functional studies 

could be used to identify target genes for the miRNAs and the potential for novel 

therapeutic targets for DKD (467,468). 
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7.4. Association between lymphocyte activation gene 3 and type 2 diabetic kidney 

disease  

Lymphocyte activation gene 3 (LAG3) is a significant regulator in CD4+ T lymphocyte 

activation through binding to the major histocompatibility complex (MHC) (376,377). 

Accordingly, LAG3 protein in mice and humans is predicted to associate with 

coronary heart disease, atherosclerosis and other chronic inflammatory diseases 

(225,228,469,470). Emerging evidence has shown systemic and local immune 

responses contribute to the pathophysiology of DKD (395). Therefore, we 

hypothesised that variation within the LAG3 gene may be associated with a potential 

pathophysiological role in development of T2DKD through an immune mechanism.  

 

Although there is no evidence that genetic variations in humans contribute to the 

anomaly of LAG3 protein expression, sequence differences with the gene such as 

single-nucleotide polymorphisms (SNPs) may alter how it is transcribed or cause a 

change of amino acid in the protein that affects its function (471).  

 

We identified higher plasma LAG3 levels in individuals with T2DKD, and negatively 

correlation with eGFR, compared to T2DNRF group. The role of LAG3 in T2DKD is 

not well characterised. A previous study has shown that LAG3 protein deficiency is 

associated with increased risk of coronary heart disease, in association with a SNP in 

lipoprotein scavenger receptor B1 (SCARB1) (228). The same study also observed a 

significant negative correlation between LAG3 and inflammatory markers IL-10 from 

cultured B cells, suggesting a potential proinflammatory role for LAG3. DKD is 

associated with both systemic and local renal inflammation with involvement of 

important inflammatory cells, molecules and pathways. For instance, elevated levels 

of inflammatory cytokines including IL-1β, IL-6, and IL-17a have been found to 

promote the onset and progression of DKD (472–474). Deficiency of IL-10 

exaggerates kidney inflammation and fibrosis in a mouse ischemia-reperfusion injury 

model, indicating a potential protective role for IL-10 in the development of kidney 
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disease (475). Further investigations could be undertaken to define the potential 

proinflammatory role of LAG3 in DKD.  

 

LAG3 was chosen as a potential candidate gene given its involvement in the immune 

pathway. Although we failed to detect any associated genetic variants within the 

coding regions of the LAG3 gene, potential genetic variants in the non-coding or 

regulatory regions could potentially be associated with DKD. Sequencing of the whole 

LAG3 gene, including upstream and downstream elements would be necessary for 

comprehensive identification of novel LAG3 variants that may influence LAG3 

protein expression and/or risk of DKD. Additionally, Golden and colleagues suggested 

that the plasma LAG3 protein is a potential novel independent predictor of high 

density lipoprotein (HDL-C) levels (228), and potential interactions between LAG3 

protein and HDL-C in patients with T2DKD should be considered. 

 

Nevertheless, use of a single marker to predict T2DKD progression is naive as the 

complex disease aetiology of DKD likely involves multiple processes. Therefore, 

genome-wide association studies (GWAS), particularly those that included whole 

genome sequencing studies would be necessary to improve our understanding of 

genetic contributions to DKD, although issues around the accuracy and consistency of 

phenotyping remain problematic and the number of cases and controls available are 

limited, as highlighted by several recent GWAS (118,476).  
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7.5. General discussion and future work 

miRNAs have been shown to be involved in many primary biological processes 

including proliferation, apoptosis, differentiation, metabolism and homeostasis (417–

419). Additionally, the stability of miRNAs in many body fluids has been 

demonstrated in multiple studies (251) and it is therefore unsurprising that miRNAs 

have emerged as a potential novel class of biomarker that may inform associations 

with disease states and severity of disease progression (421–423). Emerging evidence 

has implicated miRNAs as potential biomarkers in the development of DKD, although 

only a small number have been well characterised and experimentally validated (477–

479). The miRNA studies undertaken and described in Chapters 4 and 5, confirm that 

miRNAs can be reliably extracted and detected from urinary exosomes and plasma. 

We also detected differences in miRNA levels in DKD and demonstrated that miRNAs 

improve our ability to discriminate between patients from T2DKD and T2DM control 

groups.  

 

However, given their cross-sectional nature, the case and control study design adopted 

for these studies does not identify causality or prognostic ability. Prospective studies 

at an early stage with significant follow up after diabetes diagnosis would be better 

able to investigate cause and effect. The DKD phenotype in persons with T1DM is 

more accurately able to determine the onset of insulin-dependency i.e. a defined 

starting point enabling more accurate prediction of diabetes duration, compared with 

T2DKD. It is much more challenging to accurately determine diabetes duration in 

individuals with T2DM as they may have had diabetes for several years prior to 

diagnosis. It is also possible that some of the patients classified as T2DNRF controls 

may have had subtle renal impairment yet to be identified. As such, care was taken to 

select individuals with eGFR > 60 ml/min/1.73 m2 and normal urine albumin excretion 

to act as controls for the T2DKD group. Recruitment of patients was originally from 

a single clinic but was extended to facilitate identification of additional participants 

(T2DKD and T2DNRF groups) to provide sufficient participants for matching on the 

basis of similar duration of diabetes and age and gender to minimise potential 

confounding, which could have implications for the miRNA profiles observed. To 
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identify causal biomarkers and evaluate their prognostic value in the wider T2DKD 

population, studies to prospectively sample these miRNAs in larger and more diverse 

populations with broader outcome measures related to ESRD development and 

mortality. 

 

The miRNAs isolated in the studies of Chapter 4 and 5 were from urinary exosome 

and cell-free plasma respectively. It has been shown that both forms of miRNAs stably 

exist (283,480). Circulating miRNAs from patients with DKD may offer promising 

and easily accessible biomarkers for early detection, prognosis and monitoring of 

DKD (308,478). However, human blood contains a complex mixture of miRNAs 

derived from various cell types and, therefore, it is challenging to elucidate the origin 

of the miRNAs and the potential regulatory mechanisms involved in their cellular 

release. It is still unclear whether exosome-based miRNA biomarkers offer improved 

sensitivity and specificity over circulating based miRNAs (286). There has been recent 

interest in the clinical potential of exosomal miRNAs for the early detection of DKD 

(481). Nevertheless, it has been suggested that most exosomes prepared from 

differential centrifugation methods do not retain many copies of miRNA molecules 

(482), which raises the question of whether all exosomes contain miRNAs and if the 

amounts are biologically meaningful. Moreover, given the variability in the findings 

previously reported in the literature (as discussed in Chapter 3), the use of exosomal 

miRNAs for reproducible and reliable biomarkers of DKD development remains in its 

infancy. Therefore, efforts should be made to resolve this limitation of inefficient 

separation techniques and shortage of high-resolution visualisation methods. 

 

In Chapter 3, issues related to public accessibility were discussed to improve 

reproducibility, independent validation and impact of key findings. Data generated 

through this thesis was uploaded to the Gene Expression Omnibus (GEO) (available 

at https://www.ncbi.nlm.nih.gov/geo/ (483)). Additional databases specific to 

miRNA-disease association data have been established including HMDD version 3.0 

(available at http://www.cuilab.cn/hmdd (484)); PhenomiR (available at 

http://mips.helmholtz-muenchen.de/phenomir (485)) and miRPathDB (available at 
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https://mpd.bioinf.uni-sb.de/ (486)) etc., in addition to the development of several 

algorithms capable of predicting miRNA motifs. Additionally, the computational 

prediction tools such as TargetScan7.1 (available at 

http://www.targetscan.org/vert_72 (300)) provide promising computational methods 

for the discovery of previously unknown miRNA-disease associations. Improved in 

silico prediction modelling will increase the accuracy of identification of miRNA and 

enhance future miRNA biomarker discovery. 

 

DKD is the leading cause of ESRD, contributing to increased morbidity and mortality 

worldwide (487,488). In addition, patients with DKD also have significantly increased 

risk of cardiovascular disease, consequently leading to increased health care burden 

(489,490). Therefore, improved identification of those at greatest risk of renal decline 

would be extremely helpful, allowing for quicker intervention and improved patient 

outcomes. Risk factors that influence DKD development and progression include age, 

sex, race and family history, and initiation and progression factors like 

hyperglycaemia, hypertension and obesity (491), providing a basis for kidney failure 

risk equations. Currently, an equation using four clinical variables (age, gender, eGFR 

and ACR) is often used in clinical practice (available at www.kidneyfailurerisk.com 

(492)), providing a 2 and 5 year probability of kidney failure (dialysis or 

transplantation) for patients with CKD stage 3 to 5. The equation has been validated 

in more than 30 countries worldwide (493). For example, a 60 year old man with a 

GFR of 35 ml/min per 1.73 m2 and an ACR of 30 mg/g has a 1.21% increased two-

year risk and a 4.63% five-year risk for progression to kidney failure. The equation is 

believed to be the most accurate and efficient way of estimating the probability of a 

patient's risk of kidney failure, allowing the clinicians to estimate CKD progression. 

This thesis has demonstrated that the addition of miRNAs to the receiver operating 

characteristic (ROC) analyses improved the discriminatory ability to differentiate 

patients with poor kidney function from controls. As such, the inclusion of specific 

miRNA data may improve renal risk equations, should it be sufficiently independently 

validated and more easily measured. miRNAs may represent patient-specific 

biomarkers, allowing clinicians to tailor personalised treatment plans based on a 
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patient’s miRNA  profile and furthermore, this may aid in the identification of novel 

treatments. 

 

Renal hemodynamic changes, oxidative stress, inflammation, renal tissue hypoxia and 

overactive renin-angiotensin-aldosterone system (RAAS) dysregulation have been 

implicated in the pathogenesis of DKD (455,494). Development of therapeutic agents 

for slowing the progression of renal decline in patients with T2DM that target these 

pathogenic factors are ongoing, including the traditional anti‐hyperglycaemic agents 

such as metformin or insulin, RAAS inhibitors (e.g. ACEi and ARBs), prolyl 

hydroxylase domain inhibitor or sodium‐glucose linked transporters 2 (SGLT2) 

inhibitors (495,496). In addition, optimal glycaemic and blood pressure control and 

smoking cessation are also recommended to patients with diabetes to prevent the 

development and progression of DKD. Although such strategies have contributed to a 

reduction in the risk for the development of ESRD in patients with diabetes, there is 

still a proportion of patients that progress to ESRD, despite these interventions. Given 

that miRNAs have been associated with DKD pathogenesis through regulation of 

inflammation, fibrosis, and oxidative stress, their potential as therapeutic targets for 

DKD has increased. Potential therapeutic agents include miRNA mimics or antisense 

miRNAs (inhibitor) that can regulate target mRNA expression and reduce the 

pathogenic changes mentioned above. For example, locked nucleic acid (LNA) 

contains stable nuclease-resistant oligonucleotides and is one of the most potent 

modifications for specific inhibition of miRNA activity. An example of miRNA-based 

therapy includes the use of LNA-21 in streptozotocin-induced diabetic mice, which 

reduced mesangial expansion and collagen accumulation (428). Zhu and colleagues 

investigated the role of miR-181b and its target tissue inhibitor of metalloproteinases 

(TIMP)3 in the development of DKD through inhibition of mesangial cell apoptosis 

and observed reduced levels of TIMP3 mRNA/protein expression following 

transfection with miR-181b mimics, and conversely elevated levels of TIMP3 

mRNA/protein expression following transfection with miR-181b inhibitors (497). 

Apoptosis of cells transfected with miR‐181b mimics was suppressed, whereas cells 

transfected with miR‐181b inhibitors significantly promoted apoptosis, implicating a 

potential therapeutic role of miR‐181b mimics in DKD. Furthermore, direct upstream 
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mechanisms that control miRNA expression/transcription may also represent potential 

therapeutic targets. For instance, miR-192 has been identified as a critical regulator of 

TGF-β1-induced collagen production in DKD (164). The expression of miR-192 was 

reported to be regulated through Ets-1 and histone acetylation, which can be activated 

by Akt. As such, Akt inhibitors (such as MK-2206 or related derivatives) could be 

evaluated for the treatment of DKD by inhibiting glomerular fibrosis and hypertrophy 

promoted by miR-192 (498). This pathway has gained a great deal of attention in the 

search for therapies for kidney diseases.  

 

7.6. Conclusions 

The studies described within this thesis were designed to investigate potential 

biomarkers in individuals associated with T2DKD. Firstly, we identified consistently 

increased expression of urinary exosomal miR-21-5p and decreased expression of 

urinary exosomal miR-30b-5p and plasma miR-190a-5p in individuals with T2DKD. 

Our data suggests the altered expression profiles of circulating/exosomal miRNAs 

may prove useful in the detection of T2DKD. However, the use of 

circulating/exosomal miRNAs as biomarkers is still at an early stage, with potential 

confounding factors that influence miRNA expression, technology limitations 

associated with tracing the cellular origin of circulating miRNAs and a lack of reliable 

method for extraction, quantification and validation of exosomal miRNAs remaining 

problematic. Additional independent validation studies are required to confirm 

miRNA signatures and interactions in appropriate patient cohorts of different ethnicity 

and disease severity. Longitudinal studies will then be required to investigate ability 

of miRNAs to predict progression of pathology. Identification of specific miRNAs 

from body fluid associated with DKD and a better understanding of their role in DKD 

mechanisms, disease development and progression, is crucial. Improved 

characterisation of patient progression based on individual pathophysiology may help 

tailor and improve treatment options for DKD.  

 

In addition, we reported significant association between plasma LAG3 protein levels 

and renal function in patients with T2DKD, supporting the involvement of the immune 
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pathway in the development of T2DKD, although we were unable to determine any 

genetic basis for this. Screening of single proteins, or indeed their genetic coding 

regions, is unlikely to offer an accurate or sensitive diagnosis or estimate of DKD risk. 

Instead, a whole genome screening approach in combination with multiple biomarkers 

would be more beneficial for future prediction, risk stratification and treatment of this 

complex multifactorial disease.  

 



  References 

216 

 

References 

1.  Lemley K V, Kriz W. Anatomy of the renal interstitium. Kidney International. 

1991;39(3):370–81.  

2.  Zeisberg M, Neilson EG. Mechanisms of tubulointerstitial fibrosis. Journal of 

the American Society of Nephrology. 2010;21(11):1819–34.  

3.  Zeisberg M, Kalluri R. Physiology of the renal interstitium. Clinical Journal of 

the American Society of Nephrology. 2015;10(10):1831–40.  

4.  Gerchman F, Tong J, Utzschneider KM, Zraika S, Udayasankar J, McNeely 

MJ, et al. Body mass index is associated with increased creatinine clearance by 

a mechanism independent of body fat distribution. The Journal of Clinical 

Endocrinology and Metabolism. 2009;94(10):3781–8.  

5.  Shemesh O, Golbetz H, Kriss JP, Myers BD. Limitations of creatinine as a 

filtration marker in glomerulopathic patients. Kidney International. 

1985;28(5):830–8.  

6.  Chasis H, Smith HW. The excretion of urea in normal man and in subjects with 

glomerulonephritis. The Journal of Clinical Investigation. 1938;17(3):347–58.  

7.  Kinoshita M. Studies on cardiac output to blood volume, and renal circulation 

in chronic congestive heart failure. Japanese Circulation Journal. 

1968;32(3):249–70.  

8.  Maxwell MH, Breed ES, Schwartz IL. Renal venous pressure in chronic 

congestive heart failure. The Journal of Clinical Investigation. 1950;29(3):342–

8.  

9.  Cockcroft DW, Gault MH. Prediction of creatinine clearance from serum 

creatinine. Nephron. 1976;16(1):31–41.  

10.  Giles PD, Fitzmaurice DA. Formula estimation of glomerular filtration rate: 

have we gone wrong? BMJ. 2007;334(7605):1198–200.  

11.  Lin J, Knight EL, Hogan M Lou, Singh AK. A comparison of prediction 

equations for estimating glomerular filtration rate in adults without kidney 

disease. Journal of the American Society of Nephrology. 2003;14(10):2573–

80.  

12.  Rule AD, Larson TS, Bergstralh EJ, Slezak JM, Jacobsen SJ, Cosio FG. Using 

serum creatinine to estimate glomerular filtration rate: accuracy in good health 

and in chronic kidney disease. Annals of Internal Medicine. 2004;141(12):929–

37.  

13.  Levey AS, Stevens LA, Schmid CH, Zhang Y (Lucy) L, Castro AF, Feldman 

HI, et al. A new equation to estimate glomerular filtration rate. Annals of 

Internal Medicine. 2009;150(9):604–12.  

14.  Levey AS, Bosch JP, Lewis JB, Greene T, Rogers N, Roth D. A more accurate 

method to estimate glomerular filtration rate from serum creatinine: a new 

prediction equation. Modification of Diet in Renal Disease Study Group. 

Annals of Internal Medicine. 1999;130(6):461–70.  



  References 

217 

 

15.  Stevens LA, Schmid CH, Zhang YL, Coresh J, Manzi J, Landis R, et al. 

Development and validation of GFR-estimating equations using diabetes, 

transplant and weight. Nephrology Dialysis Transplantation. 2010;25(2):449–

57.  

16.  Kyhse-Andersen J, Schmidt C, Nordin G, Andersson B, Nilsson-Ehle P, 

Lindstrom V, et al. Serum cystatin C, determined by a rapid, automated particle-

enhanced turbidimetric method, is a better marker than serum creatinine for 

glomerular filtration rate. Clinical Chemistry. 1994;40(10):1921–6.  

17.  Stevens LA, Coresh J, Schmid CH, Feldman HI, Froissart M, Kusek J, et al. 

Estimating GFR using serum cystatin C alone and in combination with serum 

creatinine: a pooled analysis of 3,418 individuals with CKD. American Journal 

of Kidney Diseases. 2008;51(3):395–406.  

18.  Ohkuma T, Nakamura U, Iwase M, Ide H, Fujii H, Jodai T, et al. Effects of 

smoking and its cessation on creatinine- and cystatin C-based estimated 

glomerular filtration rates and albuminuria in male patients with type 2 diabetes 

mellitus: the Fukuoka Diabetes Registry. Hypertension Research. 

2016;39(10):744–51.  

19.  Risch L, Herklotz R, Blumberg A, Huber AR. Effects of glucocorticoid 

immunosuppression on serum cystatin C concentrations in renal transplant 

patients. Clinical Chemistry. 2001;47(11):2055–9.  

20.  Flodin M, Hansson L-O, Larsson A. Variations in assay protocol for the Dako 

cystatin C method may change patient results by 50% without changing the 

results for controls. Clinical Chemistry and Laboratory Medicine. 

2006;44(12):1481–5.  

21.  Abbate M, Zoja C, Remuzzi G. How does proteinuria cause progressive renal 

damage? Journal of the American Society of Nephrology. 2006;17(11):2974–

84.  

22.  D’Amico G, Bazzi C. Pathophysiology of proteinuria. Kidney International. 

2003;63(3):809–25.  

23.  Gorriz JL, Martinez-Castelao A. Proteinuria: detection and role in native renal 

disease progression. Transplantation Reviews. 2012;26(1):3–13.  

24.  Perico N, Codreanu I, Schieppati A, Remuzzi G. Pathophysiology of disease 

progression in proteinuric nephropathies. Kidney International Supplements. 

2005;67:S79–82.  

25.  Wellen KE, Hotamisligil GS. Inflammation, stress, and diabetes. Journal of 

Clinical Investigation. 2005;115(5):1111–9.  

26.  De Miguel C, Rudemiller NP, Abais JM, Mattson DL. Inflammation and 

hypertension: new understandings and potential therapeutic targets. Current 

Hypertension Reports. 2015;17(1):507.  

27.  Silverstein DM. Inflammation in chronic kidney disease: role in the progression 

of renal and cardiovascular disease. Pediatric Nephrology. 2009;24(8):1445–

52.  

28.  Kidney disease: improving global outcomes (KDIGO). Chapter 1: Definition 



  References 

218 

 

and classification of CKD. Kidney International Supplements. 2013;3(1):19–

62.  

29.  Levey AS, Coresh J, Bolton K, Culleton B, Harvey KS, Ikizler TA, et al. 

K/DOQI clinical practice guidelines for chronic kidney disease: Evaluation, 

classification, and stratification. American Journal of Kidney Diseases. 

2002;39(2):S1-266.  

30.  Thomas R, Kanso A, Sedor JR, Robert Thomas, Kanso A, Sedor JR. Chronic 

kidney disease and its complications. Primary Care. 2008;35(2):329–44.  

31.  Dicker D, Nguyen G, Abate D, Abate KH, Abay SM, Abbafati C, et al. Global, 

regional, and national age-sex-specific mortality and life expectancy, 1950–

2017: a systematic analysis for the Global Burden of Disease Study 2017. The 

Lancet. 2018;392(10159):1684–735.  

32.  Naghavi M, Abajobir AA, Abbafati C, Abbas KM, Abd-Allah F, Abera SF, et 

al. Global, regional, and national age-sex specific mortality for 264 causes of 

death, 1980-2016: a systematic analysis for the Global Burden of Disease Study 

2016. The Lancet. 2017;390(10100):1151–210.  

33.  Foreman KJ, Marquez N, Dolgert A, Fukutaki K, Fullman N, McGaughey M, 

et al. Forecasting life expectancy, years of life lost, and all-cause and cause-

specific mortality for 250 causes of death: reference and alternative scenarios 

for 2016-40 for 195 countries and territories. The Lancet. 

2018;392(10159):2052–90.  

34.  Kerr M. Chronic kidney disease in England: The human and financial cost. 

2012.  

35.  Couser WG, Remuzzi G, Mendis S, Tonelli M. The contribution of chronic 

kidney disease to the global burden of major noncommunicable diseases. 

Kidney International. 2011;80(12):1258–70.  

36.  Liyanage T, Ninomiya T, Jha V, Neal B, Patrice HM, Okpechi I, et al. 

Worldwide access to treatment for end-stage kidney disease: a systematic 

review. The Lancet. 2015;385(9981):1975–82.  

37.  Brenner BM, Lawler E V, Mackenzie HS. The hyperfiltration theory: a 

paradigm shift in nephrology. Kidney International. 1996;49(6):1774–7.  

38.  Zoja C, Abbate M, Remuzzi G. Progression of renal injury toward interstitial 

inflammation and glomerular sclerosis is dependent on abnormal protein 

filtration. Nephrology Dialysis Transplantation. 2015;30(5):706–12.  

39.  Hinz B. Formation and function of the myofibroblast during tissue repair. 

Journal of Investigative Dermatology. 2007;127(3):526–37.  

40.  Bosman FT, Stamenkovic I. Functional structure and composition of the 

extracellular matrix. Journal of Pathology. 2003;200(4):423–8.  

41.  Lelongt B, Ronco P. Role of extracellular matrix in kidney development and 

repair. Pediatric Nephrology. 2003;18(8):731–42.  

42.  Genovese F, Manresa AA, Leeming DJ, Karsdal MA, Boor P. The extracellular 

matrix in the kidney: a source of novel non-invasive biomarkers of kidney 



  References 

219 

 

fibrosis? Fibrogenesis Tissue Repair. 2014;7(1):4.  

43.  Lennon R, Byron A, Humphries JD, Randles MJ, Carisey A, Murphy S, et al. 

Global analysis reveals the complexity of the human glomerular extracellular 

matrix. Journal of the American Society of Nephrology. 2014;25(5):939–51.  

44.  Uhlig K, AS L. Developing guidelines for chronic kidney disease: We should 

include all of the outcomes. Annals of Internal Medicine. 2012;156(8):599–

601.  

45.  International Diabetes Federation. IDF diabetes atlas 2017. International 

Diabetes Federation. Brussels, Belgium; 2017.  

46.  Sarwar N, Gao P, Seshasai SRK, Gobin R, Kaptoge S, Di Angelantonio E, et 

al. Diabetes mellitus, fasting blood glucose concentration, and risk of vascular 

disease: a collaborative meta-analysis of 102 prospective studies. The Lancet. 

2010;375(9733):2215–22.  

47.  Bourne RRA, Stevens GA, White RA, Smith JL, Flaxman SR, Price H, et al. 

Causes of vision loss worldwide, 1990-2010: a systematic analysis. The Lancet. 

2013;1(6):e339-49.  

48.  Saran R, Li Y, Robinson B, Ayanian J, Balkrishnan R, Bragg-Gresham J, et al. 

US renal data system 2014 annual data report: epidemiology of kidney disease 

in the United States. Vol. 66, American Journal of Kidney Diseases. 2015. p. 

Svii, S1-305.  

49.  World Health Organization. Global Report on Diabetes. 2016.  

50.  Hex N, Bartlett C, Wright D, Taylor M, Varley D. Estimating the current and 

future costs of type 1 and type 2 diabetes in the UK , including direct health 

costs and indirect societal and productivity costs. Diabetic Medicine. 

2012;29(7):855–62.  

51.  Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes 

mellitus and its complications. Part 1: diagnosis and classification of diabetes 

mellitus provisional report of a WHO consultation. Diabetic Medicine. 

1998;15(7):539–53.  

52.  You W-P, Henneberg M. Type 1 diabetes prevalence increasing globally and 

regionally: the role of natural selection and life expectancy at birth. BMJ Open 

Diabetes Research and Care. 2016;4(1):e000161.  

53.  Knip M, Veijola R, Virtanen SM, Hyoty H, Vaarala O, Akerblom HK. 

Environmental triggers and determinants of type 1 diabetes. Diabetes. 

2005;54(2):S125-36.  

54.  Beyan H, Buckley LR, Yousaf N, Londei M, Leslie RDG. A role for innate 

immunity in type 1 diabetes? Diabetes/Metabolism Research and Reviews. 

2003;19(2):89–100.  

55.  Adeghate E, Schattner P, Dunn E. An update on the etiology and epidemiology 

of diabetes mellitus. Annals of the New York Academy of Sciences. 

2006;1084:1–29.  

56.  Centers for Disease Control and Prevention. National Diabetes Statistics 



  References 

220 

 

Report, 2017. Atlanta, GA: Centers for Disease Control and Prevention, US 

Department of Health and Human Services. 2017.  

57.  Grill V, Persson G, Carlsson S, Norman A, Alvarsson M, Ostensson CG, et al. 

Family history of diabetes in middle-aged Swedish men is a gender unrelated 

factor which associates with insulinopenia in newly diagnosed diabetic 

subjects. Diabetologia. 1999;42(1):15–23.  

58.  Weires MB, Tausch B, Haug PJ, Edwards CQ, Wetter T, Cannon-Albright LA. 

Familiality of diabetes mellitus. Experimental and Clinical Endocrinology & 

Diabetes. 2007;115(10):634–40.  

59.  Almgren P, Lehtovirta M, Isomaa B, Sarelin L, Taskinen MR, Lyssenko V, et 

al. Heritability and familiality of type 2 diabetes and related quantitative traits 

in the Botnia Study. Diabetologia. 2011;54(11):2811–9.  

60.  Langenberg C, Lotta LA. Genomic insights into the causes of type 2 diabetes. 

The Lancet. 2018;391(10138):2463–74.  

61.  Ding W, Xu L, Zhang L, Han Z, Jiang Q, Wang Z, et al. Meta-analysis of 

association between TCF7L2 polymorphism rs7903146 and type 2 diabetes 

mellitus. BMC Medical Genetics. 2018;19(1):38.  

62.  Scott RA, Fall T, Pasko D, Barker A, Sharp SJ, Arriola L, et al. Common 

genetic variants highlight the role of insulin resistance and body fat distribution 

in type 2 diabetes, independent of obesity. Diabetes. 2014;63(12):4378–87.  

63.  Freathy RM, Timpson NJ, Lawlor DA, Pouta A, Ben-Shlomo Y, Ruokonen A, 

et al. Common variation in the FTO gene alters diabetes-related metabolic traits 

to the extent expected given its effect on BMI. Diabetes. 2008;57(5):1419–26.  

64.  Orasanu G, Plutzky J. The pathologic continuum of diabetic vascular disease. 

Journal of the American College of Cardiology. 2009;53(5):S35-42.  

65.  Rask-Madsen C, King GL. Vascular complications of diabetes: mechanisms of 

injury and protective factors. Cell Metabolism. 2013;17(1):20–33.  

66.  Sheetz MJ, King GL. Molecular understanding of hyperglycemia’s adverse 

effects for diabetic complications. The Journal of the American Medical 

Association. 2002;288(20):2579–88.  

67.  Wiernsperger NF. In defense of microvascular constriction in diabetes. Clinical 

Hemorheology and Microcirculation. 2001;25(2):55–62.  

68.  Ergul A, Kelly-Cobbs A, Abdalla M, Fagan SC. Cerebrovascular complications 

of diabetes: focus on stroke. Endocrine, Metabolic Immune Disorders Drug 

Targets. 2012;12(2):148–58.  

69.  American Diabetes Association. Microvascular complications and foot care: 

standards of medical care in diabetes-2019. Diabetes Care. 

2019;42(Supplement 1):S124–38.  

70.  Villar E, Chang SH, Peter SM. Incidence, treatment, outcomes, and sex effect 

on survival in patients with end-stage renal disease by diabetes status in 

Australia and New Zealand (1991–2005 ). Diabetes Care. 2007;30(12):3070–

6.  



  References 

221 

 

71.  Wang H, Naghavi M, Allen C, Barber RM, Carter A, Casey DC, et al. Global, 

regional, and national life expectancy, all-cause mortality, and cause-specific 

mortality for 249 causes of death, 1980–2015: a systematic analysis for the 

Global Burden of Disease Study 2015. The Lancet. 2016;388(10053):1459–

544.  

72.  Pourghasem M, Shafi H, Babazadeh Z. Histological changes of kidney in 

diabetic nephropathy. Caspian Journal of Internal Medicine. 2015;6(3):120–7.  

73.  Wang Z-B, Zhang S, Li Y, Wang R-M, Tong L-C, Wang Y, et al. LY333531, 

a PKCbeta inhibitor, attenuates glomerular endothelial cell apoptosis in the 

early stage of mouse diabetic nephropathy via down-regulating swiprosin-1. 

Acta pharmacologica Sinica. 2017;38(7):1009–23.  

74.  Yang J, Zhang J. Influence of protein kinase C (PKC) on the prognosis of 

diabetic nephropathy patients. International Journal of Clinical and 

Experimental Pathology. 2015;8(11):14925–31.  

75.  Singh R, Alavi N, Singh AK, Leehey DJ. Role of angiotensin II in glucose-

induced inhibition of mesangial matrix degradation. Diabetes. 

1999;48(10):2066–73.  

76.  Hsieh T-J, Zhang S-L, Filep JG, Tang S-S, Ingelfinger JR, Chan JSD. High 

glucose stimulates angiotensinogen gene expression via reactive oxygen 

species generation in rat kidney proximal tubular cells. Endocrinology. 

2002;143(8):2975–85.  

77.  Heilig CW, Liu Y, England RL, Freytag SO, Gilbert JD, Heilig KO, et al. D-

glucose stimulates mesangial cell GLUT1 expression and basal and IGF-I-

sensitive glucose uptake in rat mesangial cells: implications for diabetic 

nephropathy. Diabetes. 1997;46(6):1030–9.  

78.  Reidy K, Kang HM, Hostetter T, Susztak K. Molecular mechanisms of diabetic 

kidney disease. The Journal of Clinical Investigation. 2014;124(6):2333–40.  

79.  Navarro-González JF, Mora-Fernández C. The role of inflammatory cytokines 

in diabetic nephropathy. Journal of the American Society of Nephrology. 

2008;19(3):433–42.  

80.  Saraheimo M, Teppo AM, Forsblom C, Fagerudd J, Groop PH. Diabetic 

nephropathy is associated with low-grade inflammation in Type 1 diabetic 

patients. Diabetologia. 2003;46(10):1402–7.  

81.  Tuttle KR. Linking metabolism and immunology: diabetic nephropathy is an 

inflammatory disease. Journal of the American Society of Nephrology. 

2005;16(6):1537–8.  

82.  Ninomiya T, Perkovic V, de Galan BE, Zoungas S, Pillai A, Jardine M, et al. 

Albuminuria and kidney function independently predict cardiovascular and 

renal outcomes in diabetes. Journal of the American Society of Nephrology. 

2009;20(8):1813–21.  

83.  Gæde P, Lund-Andersen H, Parving H-H, Pedersen O. Effect of a multifactorial 

intervention on mortality in type 2 diabetes. The New England Journal of 

Medicine. 2008;358:580–591.  



  References 

222 

 

84.  Gregg EW, Li Y, Wang J, Rios Burrows N, Ali MK, Rolka D, et al. Changes 

in diabetes-related complications in the United States, 1990–2010. The New 

England Journal of Medicine. 2014;370(16):1514–23.  

85.  Ruospo M, Saglimbene VM, Palmer SC, De Cosmo S, Pacilli A, Lamacchia O, 

et al. Glucose targets for preventing diabetic kidney disease and its progression. 

Cochrane Database of Systematic Reviews. 2017;2017(6).  

86.  Yacoub R, Campbell KN. Inhibition of RAS in diabetic nephropathy. 

International Journal of Nephrology and Renovascular Disease. 2015;8:29–40.  

87.  Zoccali C, Bolignano D. Non-proteinuric rather than proteinuric renal diseases 

are the leading cause of end-stage kidney disease. Nephrology Dialysis 

Transplantation. 2017;32(2):194–9.  

88.  Turtoi A, Mazzucchelli GD, De Pauw E. Isotope coded protein label 

quantification of serum proteins-comparison with the label-free LC-MS and 

validation using the MRM approach. Talanta. 2010;80(4):1487–95.  

89.  Merchant ML, Perkins BA, Boratyn GM, Ficociello LH, Wilkey DW, Barati 

MT, et al. Urinary peptidome may predict renal function decline in type 1 

diabetes and microalbuminuria. Journal of the American Society of 

Nephrology. 2009;20(9):2065–74.  

90.  Overgaard AJ, Hansen HG, Lajer M, Pedersen L, Tarnow L, Rossing P, et al. 

Plasma proteome analysis of patients with type 1 diabetes with diabetic 

nephropathy. Proteome Science. 2010;8:4.  

91.  Van JAD, Scholey JW, Konvalinka A. Insights into Diabetic Kidney Disease 

Using Urinary Proteomics and Bioinformatics. Journal of the American Society 

of Nephrology. 2017;28(4):1050–61.  

92.  Hirayama A, Nakashima E, Sugimoto M, Akiyama S, Sato W, Maruyama S, et 

al. Metabolic profiling reveals new serum biomarkers for differentiating 

diabetic nephropathy. Analytical and Bioanalytical Chemistry. 

2012;404(10):3101–9.  

93.  Ng DPK, Salim A, Liu Y, Zou L, Xu FG, Huang S, et al. A metabolomic study 

of low estimated GFR in non-proteinuric type 2 diabetes mellitus. Diabetologia. 

2012;55(2):499–508.  

94.  van der Kloet FM, Tempels FWA, Ismail N, van der Heijden R, Kasper PT, 

Rojas-Cherto M, et al. Discovery of early-stage biomarkers for diabetic kidney 

disease using ms-based metabolomics (FinnDiane study). Metabolomics. 

2012;8(1):109–19.  

95.  Han L-D, Xia J-F, Liang Q-L, Wang Y, Wang Y-M, Hu P, et al. Plasma 

esterified and non-esterified fatty acids metabolic profiling using gas 

chromatography-mass spectrometry and its application in the study of diabetic 

mellitus and diabetic nephropathy. Analytica Chimica Acta. 2011;689(1):85–

91.  

96.  Pena MJ, Lambers Heerspink HJ, Hellemons ME, Friedrich T, Dallmann G, 

Lajer M, et al. Urine and plasma metabolites predict the development of 

diabetic nephropathy in individuals with Type 2 diabetes mellitus. Diabetic 



  References 

223 

 

Medicine. 2014;31(9):1138–47.  

97.  Benito S, Sanchez A, Unceta N, Andrade F, Aldamiz-Echevarria L, Goicolea 

MA, et al. LC-QTOF-MS-based targeted metabolomics of arginine-creatine 

metabolic pathway-related compounds in plasma: application to identify 

potential biomarkers in pediatric chronic kidney disease. Analytical and 

Bioanalytical Chemistry. 2016;408(3):747–60.  

98.  Niewczas MA, Sirich TL, Mathew A V, Skupien J, Mohney RP, Warram JH, 

et al. Uremic solutes and risk of end-stage renal disease in type 2 diabetes: 

metabolomic study. Kidney International. 2014;85(5):1214–24.  

99.  Posada-Ayala M, Zubiri I, Martin-Lorenzo M, Sanz-Maroto A, Molero D, 

Gonzalez-Calero L, et al. Identification of a urine metabolomic signature in 

patients with advanced-stage chronic kidney disease. Kidney International. 

2014;85(1):103–11.  

100.  Sharma K, Karl B, Mathew A V, Gangoiti JA, Wassel CL, Saito R, et al. 

Metabolomics reveals signature of mitochondrial dysfunction in diabetic 

kidney disease. Journal of the American Society of Nephrology. 

2013;24(11):1901–12.  

101.  Barrios C, Zierer J, Würtz P, Haller T, Metspalu A, Gieger C, et al. Circulating 

metabolic biomarkers of renal function in diabetic and non-diabetic 

populations. Scientific Reports. 2018;8(1):15249.  

102.  Darshi M, Van Espen B, Sharma K. Metabolomics in Diabetic Kidney Disease: 

Unraveling the Biochemistry of a Silent Killer. American Journal of 

Nephrology. 2016;44(2):92–103.  

103.  Quinn M, Angelico MC, Warram JH, Krolewski AS. Familial factors determine 

the development of diabetic nephropathy in patients with IDDM. Diabetologia. 

1996;39(8):940–5.  

104.  Freedman BI, Spray BJ, Tuttle AB, Buckalew VMJ. The familial risk of end-

stage renal disease in African Americans. American Journal of Kidney 

Diseases. 1993;21(4):387–93.  

105.  Spray BJ, Atassi NG, Tuttle AB, Freedman BI. Familial risk, age at onset, and 

cause of end-stage renal disease in white Americans. Journal of the American 

Society of Nephrology. 1995;5(10):1806–10.  

106.  Pettitt DJ, Saad MF, Bennett PH, Nelson RG, Knowler WC. Familial 

predisposition to renal disease in two generations of Pima Indians with type 2 

(non-insulin-dependent) diabetes mellitus. Diabetologia. 1990;33(7):438–43.  

107.  Langefeld CD, Beck SR, Bowden DW, Rich SS, Wagenknecht LE, Freedman 

BI. Heritability of GFR and albuminuria in Caucasians with type 2 diabetes 

mellitus. American Journal of Kidney Diseases. 2004;43(5):796–800.  

108.  Sandholm N, Van Zuydam N, Ahlqvist E, Juliusdottir T, Deshmukh HA, 

Rayner NW, et al. The Genetic Landscape of Renal Complications in Type 1 

Diabetes. Journal of the American Society of Nephrology. 2017;28(2):557–74.  

109.  Tong Z, Yang Z, Patel S, Chen H, Gibbs D, Yang X, et al. Promoter 

polymorphism of the erythropoietin gene in severe diabetic eye and kidney 



  References 

224 

 

complications. Proceedings of the National Academy of Sciences of the United 

States of America. 2008;105(19):6998–7003.  

110.  Williams WW, Salem RM, McKnight AJ, Sandholm N, Forsblom C, Taylor A, 

et al. Association testing of previously reported variants in a large case-control 

meta-analysis of diabetic nephropathy. Diabetes. 2012;61(8):2187–94.  

111.  Ma RCW, Tam CHT, Wang Y, Luk AO, Hu C, Yang X, et al. Genetic variants 

of the protein kinase C-beta 1 gene and development of end-stage renal disease 

in patients with type 2 diabetes. Journal of the American Medical Association. 

2010;304(8):881–9.  

112.  Araki S-I, Ng DPK, Krolewski B, Wyrwicz L, Rogus JJ, Canani L, et al. 

Identification of a common risk haplotype for diabetic nephropathy at the 

protein kinase C-beta1 (PRKCB1) gene locus. Journal of the American Society 

of Nephrology. 2003;14(8):2015–24.  

113.  Araki S, Haneda M, Sugimoto T, Isono M, Isshiki K, Kashiwagi A, et al. 

Polymorphisms of the protein kinase C-beta gene (PRKCB1) accelerate kidney 

disease in type 2 diabetes without overt proteinuria. Diabetes Care. 

2006;29(4):864–8.  

114.  Ahmad N, Jamal R, Shah SA, Gafor AHA, Murad NAA. Renin-Angiotensin-

Aldosterone System Gene Polymorphisms and Type 2 Diabetic Nephropathy in 

Asian Populations: An Updated Meta-analysis. Current Diabetes Reviews. 

2018;14.  

115.  Makuc J, Seruga M, Zavrsnik M, Cilensek I, Petrovic D. Angiotensinogen 

(AGT) gene missense polymorphisms (rs699 and rs4762) and diabetic 

nephropathy in Caucasians with type 2 diabetes mellitus. Bosnian Journal of 

Basic Medical Sciences. 2017;17(3):262–7.  

116.  Lim SC, Dorajoo R, Zhang X, Wang L, Ang SF, Tan CSH, et al. Genetic 

variants in the receptor for advanced glycation end products (RAGE) gene were 

associated with circulating soluble RAGE level but not with renal function 

among Asians with type 2 diabetes: a genome-wide association study. 

Nephrology, Dialysis, Transplantation. 2017;32(10):1697–704.  

117.  Böger CA, Heid IM. Chronic Kidney Disease: Novel Insights from Genome-

Wide Association Studies. Kidney and Blood Pressure Research. 

2011;34(4):225–34.  

118.  van Zuydam NR, Ahlqvist E, Sandholm N, Deshmukh H, Rayner NW, Abdalla 

M, et al. A genome-wide association study of diabetic kidney disease in subjects 

with type 2 diabetes. Diabetes. 2018;67(7):1414–27.  

119.  McDonough CW, Palmer ND, Hicks PJ, Roh BH, An SS, Cooke JN, et al. A 

genome-wide association study for diabetic nephropathy genes in African 

Americans. Kidney International. 2011;79(5):563–72.  

120.  Craig DW, Millis MP, DiStefano JK. Genome-wide SNP genotyping study 

using pooled DNA to identify candidate markers mediating susceptibility to 

end-stage renal disease attributed to Type 1 diabetes. Diabetic Medicine. 

2009;26(11):1090–8.  



  References 

225 

 

121.  Shimazaki A, Kawamura Y, Kanazawa A, Sekine A, Saito S, Tsunoda T, et al. 

Genetic variations in the gene encoding ELMO1 are associated with 

susceptibility to diabetic nephropathy. Diabetes. 2005;54(4):1171–8.  

122.  Li M, Pezzolesi MG. Advances in understanding the genetic basis of diabetic 

kidney disease. Acta diabetologica. 2018;55(11):1093–104.  

123.  Sandholm N, Salem RM, McKnight AJ, Brennan EP, Forsblom C, Isakova T, 

et al. New susceptibility loci associated with kidney disease in type 1 diabetes. 

PLOS Genetics. 2012;8(9):e1002921.  

124.  Teumer A, Tin A, Sorice R, Gorski M, Yeo NC, Chu AY, et al. Genome-wide 

association studies identify genetic loci associated with albuminuria in diabetes. 

Diabetes. 2016;65(3):803–17.  

125.  Iyengar SK, Sedor JR, Freedman BI, Kao WHL, Kretzler M, Keller BJ, et al. 

Genome-wide association and trans-ethnic meta-analysis for advanced diabetic 

kidney disease: Family Investigation of Nephropathy and Diabetes (FIND). 

PLOS Genetics. 2015;11(8):e1005352.  

126.  Pezzolesi MG, Skupien J, Mychaleckyj JC, Warram JH, Krolewski AS. Insights 

to the genetics of diabetic nephropathy through a genome-wide association 

study of the GoKinD collection. Seminars in Nephrology. 2010;30(2):126–40.  

127.  Pezzolesi MG, Poznik GD, Mychaleckyj JC, Paterson AD, Barati MT, Klein 

JB, et al. Genome-wide association scan for diabetic nephropathy susceptibility 

genes in type 1 diabetes. Diabetes. 2009;58(6):1403–10.  

128.  Germain M, Pezzolesi MG, Sandholm N, McKnight AJ, Susztak K, Lajer M, et 

al. SORBS1 gene, a new candidate for diabetic nephropathy: results from a 

multi-stage genome-wide association study in patients with type 1 diabetes. 

Diabetologia. 2015;58(3):543–8.  

129.  Bestor TH, Ingram VM. Two DNA methyltransferases from murine 

erythroleukemia cells: purification, sequence specificity, and mode of 

interaction with DNA. Proceedings of the National Academy of Sciences of the 

United States of America. 1983;80(18):5559–63.  

130.  Marumo T, Yagi S, Kawarazaki W, Nishimoto M, Ayuzawa N, Watanabe A, et 

al. Diabetes induces aberrant DNA methylation in the proximal tubules of the 

kidney. Journal of the American Society of Nephrology. 2015;26(10):2388–97.  

131.  Brennan EP, Ehrich M, O’Donovan H, Brazil DP, Crean JK, Murphy M, et al. 

DNA methylation profiling in cell models of diabetic nephropathy. Epigenetics. 

2010;5(5):396–401.  

132.  Bell CG, Teschendorff AE, Rakyan VK, Maxwell AP, Beck S, Savage DA. 

Genome-wide DNA methylation analysis for diabetic nephropathy in type 1 

diabetes mellitus. BMC Medical Genomics. 2010;3:33.  

133.  Qiu C, Hanson RL, Fufaa G, Kobes S, Gluck C, Huang J, et al. Cytosine 

methylation predicts renal function decline in American Indians. Kidney 

International. 2018;93(6):1417–31.  

134.  Swan EJ, Maxwell AP, McKnight AJ. Distinct methylation patterns in genes 

that affect mitochondrial function are associated with kidney disease in blood-



  References 

226 

 

derived DNA from individuals with Type 1 diabetes. Diabetic Medicine. 

2015;32(8):1110–5.  

135.  Sun J, Wang Y, Cui W, Lou Y, Sun G, Zhang D, et al. Role of epigenetic histone 

modifications in diabetic kidney disease involving renal fibrosis. Journal of 

Diabetes Research. 2017;2017:7242384.  

136.  Sayyed SG, Gaikwad AB, Lichtnekert J, Kulkarni O, Eulberg D, Klussmann S, 

et al. Progressive glomerulosclerosis in type 2 diabetes is associated with renal 

histone H3K9 and H3K23 acetylation, H3K4 dimethylation and 

phosphorylation at serine 10. Nephrology, Dialysis, Transplantation. 

2010;25(6):1811–7.  

137.  Cai M, Bompada P, Atac D, Laakso M, Groop L, De Marinis Y. Epigenetic 

regulation of glucose-stimulated osteopontin (OPN) expression in diabetic 

kidney. Biochemical and Biophysical Research Communications. 

2016;469(1):108–13.  

138.  Alghamdi TA, Batchu SN, Hadden MJ, Yerra VG, Liu Y, Bowskill BB, et al. 

Histone H3 serine 10 phosphorylation facilitates endothelial activation in 

diabetic kidney disease. Diabetes. 2018;67(12):2668–81.  

139.  Navarro-González JF, Mora-Fernández C, de Fuentes MM, García-Pérez J. 

Inflammatory molecules and pathways in the pathogenesis of diabetic 

nephropathy. Nature Reviews Nephrology. 2011;7:327.  

140.  Xu L, Natarajan R, Chen Z. Epigenetic risk profile of diabetic kidney disease 

in high-risk populations. Current Diabetes Reports. 2019;19(3):9.  

141.  Bonasio R, Tu S, Reinberg D. Molecular signals of epigenetic states. Science. 

2010;330(6004):612–6.  

142.  Alvarez ML, DiStefano JK. The role of non-coding RNAs in diabetic 

nephropathy: Potential applications as biomarkers for disease development and 

progression. Diabetes Research and Clinical Practice. 2013;99(1):1–11.  

143.  Kato M. Noncoding RNAs as therapeutic targets in early stage diabetic kidney 

disease. Kidney Research and Clinical Practice. 2018;37(3):197–209.  

144.  Leti F, DiStefano JK. Long noncoding RNAs as diagnostic and therapeutic 

targets in type 2 diabetes and related complications. Genes. 2017;8(8).  

145.  Bartel DP. Metazoan microRNAs. Cell. 2018;173(1):20–51.  

146.  Griffiths-Jones S. The microRNA registry. Nucleic Acids Research. 

2004;32(Database issue):D109-11.  

147.  Lee Y, Kim M, Han J, Yeom K-H, Lee S, Baek SH, et al. MicroRNA genes are 

transcribed by RNA polymerase II. The EMBO Journal. 2004;23(20):4051–60.  

148.  Cullen BR. Transcription and processing of human microRNA precursors. 

Molecular Cell. 2004;16(6):861–5.  

149.  Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J, et al. The nuclear RNase III Drosha 

initiates microRNA processing. Nature. 2003;425(6956):415–9.  

150.  Yi R, Qin Y, Macara IG, Cullen BR. Exportin-5 mediates the nuclear export of 



  References 

227 

 

pre-microRNAs and short hairpin RNAs. Genes & Development. 

2003;17(24):3011–6.  

151.  Hammond SM, Boettcher S, Caudy AA, Kobayashi R, Hannon GJ. Argonaute2, 

a link between genetic and biochemical analyses of RNAi. Science. 

2001;293(5532):1146–50.  

152.  Siomi H, Siomi MC. On the road to reading the RNA-interference code. Nature. 

2009;457(7228):396–404.  

153.  Lewis BP, Shih I, Jones-Rhoades MW, Bartel DP, Burge CB. Prediction of 

mammalian microRNA targets. Cell. 2003;115(7):787–98.  

154.  Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and 

stability by microRNAs. Annual Review of Biochemistry. 2010;79:351–79.  

155.  Tazawa H, Tsuchiya N, Izumiya M, Nakagama H. Tumor-suppressive miR-34a 

induces senescence-like growth arrest through modulation of the E2F pathway 

in human colon cancer cells. Proceedings of the National Academy of Sciences 

of the United States of America. 2007;104(39):15472–15477.  

156.  Romaine SPR, Tomaszewski M, Condorelli G, Samani NJ. MicroRNAs in 

cardiovascular disease: an introduction for clinicians. Heart. 

2015;101(12):921–8.  

157.  Trionfini P, Benigni A, Remuzzi G. MicroRNAs in kidney physiology and 

disease. Nature Reviews Nephrology. 2015;11:23–33.  

158.  Ryan B, Joilin G, Williams JM. Plasticity-related microRNA and their potential 

contribution to the maintenance of long-term potentiation. Frontiers in 

Molecular Neuroscience. 2015;8:4.  

159.  Graves P, Zeng Y. Biogenesis of mammalian microRNAs: a global view. 

Genomics, proteomics & bioinformatics. 2012;10(5):239–45.  

160.  Tian Z, Greene AS, Pietrusz JL, Matus IR, Liang M. MicroRNA-target pairs in 

the rat kidney identified by microRNA microarray, proteomic, and 

bioinformatic analysis. Genome Research. 2008;18(3):404–11.  

161.  Sun Y, Koo S, White N, Peralta E, Esau C, Dean NM, et al. Development of a 

micro-array to detect human and mouse microRNAs and characterization of 

expression in human organs. Nucleic Acids Research. 2004;32(22):e188.  

162.  Harvey SJ, Jarad G, Cunningham J, Goldberg S, Schermer B, Harfe BD, et al. 

Podocyte-specific deletion of dicer alters cytoskeletal dynamics and causes 

glomerular disease. Journal of the American Society of Nephrology. 

2008;19(11):2150–8.  

163.  Argyropoulos C, Wang K, Bernardo J, Ellis D, Orchard T, Galas D, et al. 

Urinary microRNA profiling predicts the development of microalbuminuria in 

patients with type 1 diabetes. Journal of Clinical Medicine. 2015;4(7):1498–

517.  

164.  Kato M, Zhang J, Wang M, Lanting L, Yuan H, Rossi JJ, et al. MicroRNA-192 

in diabetic kidney glomeruli and its function in TGF-beta-induced collagen 

expression via inhibition of E-box repressors. Proceedings of the National 



  References 

228 

 

Academy of Sciences of the United States of America. 2007;104(9):3432–7.  

165.  Huang Y, Liu Y, Li L, Su B, Yang L, Fan W, et al. Involvement of 

inflammation-related miR-155 and miR-146a in diabetic nephropathy: 

implications for glomerular endothelial injury. BMC Nephrology. 

2014;15(1):142.  

166.  Aguado-Fraile E, Ramos E, Sáenz-Morales D, Conde E, Blanco-Sánchez I, 

Stamatakis K, et al. miR-127 protects proximal tubule cells against 

ischemia/reperfusion: identification of kinesin family member 3B as miR-127 

target. PLOS One. 2012;7(9):e44305.  

167.  Wang G, Kwan BC-H, Lai FM-M, Choi PC-L, Chow K-M, Li PK-T, et al. 

Intrarenal expression of miRNAs in patients with hypertensive nephrosclerosis. 

American Journal of Hypertension. 2010;23(1):78–84.  

168.  Wang G, Kwan BC-HH, Lai FM-MM, Chow K-MM, Li PK-T, Szeto C-CC, et 

al. Expression of microRNAs in the urinary sediment of patients with IgA 

nephropathy. Disease Markers. 2010;28(2):79–86.  

169.  Wang B, Herman-Edelstein M, Koh P, Burns W, Jandeleit-Dahm K, Watson A, 

et al. E-Cadherin expression is regulated by miR-192/215 by a mechanism That 

Is independent of the profibrotic effects of transforming growth factor-β. 

Diabetes. 2010;59(7):1794–802.  

170.  Krupa A, Jenkins R, Luo DD, Lewis A, Phillips A, Fraser D. Loss of 

microRNA-192 promotes fibrogenesis in diabetic nephropathy. Journal of the 

American Society of Nephrology. 2010;21(3):438–47.  

171.  Wang B, Komers R, Carew R, Winbanks CE, Xu B, Herman-Edelstein M, et 

al. Suppression of microRNA-29 expression by TGF- 1 promotes collagen 

expression and renal fibrosis. Journal of the American Society of Nephrology. 

2012;23(2):252–65.  

172.  Wang B, Jha JC, Hagiwara S, McClelland AD, Jandeleit-Dahm K, Thomas MC, 

et al. Transforming growth factor-β1-mediated renal fibrosis is dependent on 

the regulation of transforming growth factor receptor 1 expression by let-7b. 

Kidney International. 2014;85(2):352–61.  

173.  Peng R, Liu H, Peng H, Zhou J, Zha H, Chen X, et al. Promoter 

hypermethylation of let-7a-3 is relevant to its down-expression in diabetic 

nephropathy by targeting UHRF1. Gene. 2015;570(1):57–63.  

174.  Fiorentino L, Cavalera M, Mavilio M, Conserva F, Menghini R, Gesualdo L, et 

al. Regulation of TIMP3 in diabetic nephropathy: a role for microRNAs. Acta 

Diabetologica. 2013;50(6):965–9.  

175.  Wang J, Gao Y, Zhang N, Zou D, Wang P, Zhu Z, et al. miR-21 overexpression 

enhances TGF-β1-induced epithelial-to-mesenchymal transition by target 

smad7 and aggravates renal damage in diabetic nephropathy. Molecular and 

Cellular Endocrinology. 2014;392(1–2):163–72.  

176.  Zhong X, Chung AC, Chen HY, Dong Y, Meng XM, Li R, et al. miR-21 is a 

key therapeutic target for renal injury in a mouse model of type 2 diabetes. 

Diabetologia. 2013;56(3):663–74.  



  References 

229 

 

177.  Kato M, Putta S, Wang M, Yuan H, Lanting L, Nair I, et al. TGF-beta activates 

Akt kinase through a microRNA-dependent amplifying circuit targeting PTEN. 

Nature Cell Biology. 2009;11(7):881–9.  

178.  Long J, Wang Y, Wang W, Chang BHJ, Danesh FR. Identification of 

microRNA-93 as a novel regulator of vascular endothelial growth factor in 

hyperglycemic conditions. Journal of Biological Chemistry. 

2010;285(30):23457–65.  

179.  Kato M, Natarajan R. A microRNA circuit mediates Transforming Growth 

Factor-ß1 autoregulation in renal glomerular mesangial cells. Seminars in 

Nephrology. 2012;32(3):253–60.  

180.  Dey N, Bera A, Das F, Ghosh-Choudhury N, Kasinath BS, Choudhury GG. 

High glucose enhances microRNA-26a to activate mTORC1 for mesangial cell 

hypertrophy and matrix protein expression. Cellular Signalling. 

2015;27(7):1276–85.  

181.  Koga K, Yokoi H, Mori K, Kasahara M, Kuwabara T, Imamaki H, et al. 

microRNA-26a inhibits TGF-β-induced extracellular matrix protein expression 

in podocytes by targeting CTGF and is downregulated in diabetic nephropathy. 

Diabetologia. 2015;58(9):2169–80.  

182.  Wang Q, Wang Y, Minto AW, Wang J, Shi Q, Li X, et al. microRNA-377 is 

up-regulated and can lead to increased fibronectin production in diabetic 

nephropathy. The Federation of American Societies for Experimental Biology. 

2008;22(12):4126–35.  

183.  Liu H, Wang X, Liu S, Li H, Yuan X, Feng B, et al. Effects and mechanism of 

miR-23b on glucose-mediated epithelial-to-mesenchymal transition in diabetic 

nephropathy. The International Journal of Biochemistry & Cell Biology. 

2016;70:149–60.  

184.  Uhlemann M, Möbius-Winkler S, Fikenzer S, Adam J, Redlich M, 

Möhlenkamp S, et al. Circulating microRNA-126 increases after different 

forms of endurance exercise in healthy adults. European Journal of Preventive 

Cardiology. 2014;21(4):484–91.  

185.  Lan HY, Chung AC-K. TGF-β/Smad signaling in kidney disease. Seminars in 

Nephrology. 2012;32(3):236–43.  

186.  Yang Y, Xiao L, Li J, Kanwar YS, Liu F, Sun L. Urine miRNAs: Potential 

biomarkers for monitoring progression of early stages of diabetic nephropathy. 

Medical Hypotheses. 2013;81(2):274–8.  

187.  Kriegel AJ, Liu Y, Fang YY, Ding X, Liang M. The miR-29 family: genomics, 

cell biology, and relevance to renal and cardiovascular injury. Physiological 

Genomics. 2012;44(4):237–44.  

188.  Kantharidis P, Wang B, Carew RM, Lan HY. Diabetes complications: the 

microRNA perspective. Diabetes. 2011;60(7):1832–7.  

189.  Chung ACK, Huang XR, Meng X, Lan HY. miR-192 mediates TGF-β/Smad3-

driven renal fibrosis. Journal of the American Society of Nephrology. 

2010;21(8):1317–25.  



  References 

230 

 

190.  Du B, Ma LM, Huang MB, Zhou H, Huang HL, Shao P, et al. High glucose 

down-regulates miR-29a to increase collagen IV production in HK-2 cells. 

FEBS Letters. 2010;584(4):811–6.  

191.  Qin W, Chung ACK, Huang XR, Meng X-M, Hui DSC, Yu C-M, et al. TGF- 

/Smad3 signaling promotes renal fibrosis by inhibiting miR-29. Journal of the 

American Society of Nephrology. 2011;22(8):1462–74.  

192.  Long J, Wang Y, Wang W, Chang BHJ, Danesh FR. microRNA-29c is a 

signature MicroRNA under high glucose conditions that targets sprouty 

homolog 1, and its in vivo knockdown prevents progression of diabetic 

nephropathy. Journal of Biological Chemistry. 2011;286(13):11837–48.  

193.  Brennan EP, Nolan K a, Börgeson E, Gough OS, McEvoy CM, Docherty NG, 

et al. Lipoxins attenuate renal fibrosis by inducing let-7c and suppressing 

TGFβR1. Journal of the American Society of Nephrology. 2013;24(4):627–37.  

194.  Nagai T, Kanasaki M, Srivastava SP, Nakamura Y, Ishigaki Y, Kitada M, et al. 

N-acetyl-seryl-aspartyl-lysyl-proline inhibits diabetes-associated kidney 

fibrosis and endothelial-mesenchymal transition. BioMed Research 

International. 2014;2014:1–13.  

195.  Zhou J, Peng R, Li T, Luo X, Peng H, Zha H, et al. A potentially functional 

polymorphism in the regulatory region of let-7a-2 is associated with an 

increased risk for diabetic nephropathy. Gene. 2013;527(2):456–61.  

196.  Van Rooij E, Olson EN. Searching for MiR-acles in cardiac fibrosis. 

Circulation Research. 2009;104(2):138–40.  

197.  Chung AC, Lan HY. MicroRNAs in renal fibrosis. Frontiers in Physiology. 

2015;6:50.  

198.  Godwin J, Ge X, Stephan K, Jurisch A, Tullius S, Iacomini J. Identification of 

a microRNA signature of renal ischemia reperfusion injury. Proceedings of the 

National Academy of Sciences of the United States of America. 

2010;107(32):14339–44.  

199.  Zhong X, Chung AC, Chen HY, Meng XM, Lan HY. Smad3-mediated 

Upregulation of miR-21 promotes renal fibrosis. Journal of the American 

Society of Nephrology. 2011;22(9):1668–81.  

200.  Dey N, Das F, Mariappan MM, Mandal CC, Ghosh-Choudhury N, Kasinath 

BS, et al. MicroRNA-21 orchestrates high glucose-induced signals to TOR 

complex 1, resulting in renal cell pathology in diabetes. Journal of Biological 

Chemistry. 2011;286(29):25586–603.  

201.  Lai J, Luo J, O’Connor C, Jing X, Nair V, Ju W, et al. microRNA-21 in 

glomerular injury. Journal of the American Society of Nephrology. 

2015;26(4):805–16.  

202.  Fiorentino L, Cavalera M, Menini S, Marchetti V, Mavilio M, Fabrizi M, et al. 

Loss of TIMP3 underlies diabetic nephropathy via FoxO1/STAT1 interplay. 

EMBO Molecular Medicine. 2013;5(3):441–55.  

203.  Szeto, Cheuk-Chun, Ching-Ha, Bonnie K, Ka-Bik L, Mac-Moune, et al. micro-

RNA expression in the urinary sediment of patients with chronic kidney 



  References 

231 

 

diseases. Disease Markers. 2012;33(3):137–44.  

204.  Brownlee M. Biochemicstry and molecular cell biology of diabetic 

complications. Nature. 2001;414(6865):813–20.  

205.  Wanner C, Inzucchi SE, Lachin JM, Fitchett D, von Eynatten M, Mattheus M, 

et al. Empagliflozin and progression of kidney disease in type 2 diabetes. New 

England Journal of Medicine. 2016;375(4):323–34.  

206.  Wiviott SD, Raz I, Bonaca MP, Mosenzon O, Kato ET, Cahn A, et al. 

Dapagliflozin and cardiovascular outcomes in type 2 diabetes. New England 

Journal of Medicine. 2018;380(4):347–57.  

207.  Deshpande SD, Putta S, Wang M, Lai JY, Bitzer M, Nelson RG, et al. 

Transforming growth factor-β-induced cross talk between p53 and a microRNA 

in the pathogenesis of diabetic nephropathy. Diabetes. 2013;62(9):3151–62.  

208.  Chim SSC, Shing TKF, Hung ECW, Leung T-Y, Lau T-K, Chiu RWK, et al. 

Detection and characterization of placental microRNAs in maternal plasma. 

Clinical Chemistry. 2008;54(3):482–90.  

209.  Conti M, Moutereau S, Zater M, Lallali K, Durrbach A, Manivet P, et al. 

Urinary cystatin C as a specific marker of tubular dysfunction. Clinical 

Chemistry and Laboratory Medicine. 2011;44(3):288–91.  

210.  Herget-Rosenthal S, van Wijk JAE, Bröcker-Preuss M, Bökenkamp A. 

Increased urinary cystatin C reflects structural and functional renal tubular 

impairment independent of glomerular filtration rate. Clinical Biochemistry. 

2007;40(13–14):946–51.  

211.  Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of 

microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and 

other diseases. Cell Research. 2008;18(10):997–1006.  

212.  Geng Q, Fan T, Zhang B, Wang W, Xu Y, Hu H. Five microRNAs in plasma 

as novel biomarkers for screening of early-stage non-small cell lung cancer. 

Respiratory Research. 2014;15:149.  

213.  Yun SJ, Jeong P, Kim WT, Kim TH, Lee YS, Song PH, et al. Cell-free 

microRNAs in urine as diagnostic and prognostic biomarkers of bladder cancer. 

International Journal of Oncology. 2012;41(5):1871–8.  

214.  Xie Z, Chen G, Zhang X, Li D, Huang J, Yang C, et al. Salivary microRNAs as 

promising biomarkers for detection of esophageal cancer. PLOS One. 

2013;8(4):e57502.  

215.  Mathivanan S, Ji H, Simpson RJ. Exosomes: extracellular organelles important 

in intercellular communication. Journal of Proteomics. 2010;73(10):1907–20.  

216.  Wojcicka A, Swierniak M, Kornasiewicz O, Gierlikowski W, Maciag M, 

Kolanowska M, et al. Next generation sequencing reveals microRNA isoforms 

in liver cirrhosis and hepatocellular carcinoma. The International Journal of 

Biochemistry & Cell Biology. 2014;53:208–17.  

217.  Bergman P, James T, Kular L, Ruhrmann S, Kramarova T, Kvist A, et al. Next-

Generation Sequencing identifies microRNAs that associate with pathogenic 



  References 

232 

 

autoimmune neuroinflammation in rats. The Journal of Immunology. 

2013;190(8):4066–75.  

218.  Colangelo V, François S, Soldà G, Picco R, Roma F, Ginelli E, et al. Next-

Generation Sequencing analysis of miRNA expression in control and FSHD 

myogenesis. PLOS One. 2014;9(10):e108411.  

219.  Triebel F, Jitsukawa S, Baixeras E, Roman-Roman S, Genevee C, Viegas-

Pequignot E, et al. LAG-3, a novel lymphocyte activation gene closely related 

to CD4. The Journal of Experimental Medicine. 1990;171(5):1393–405.  

220.  Workman CJ, Dugger KJ, Vignali DAA. Cutting Edge: Molecular Analysis of 

the Negative Regulatory Function of Lymphocyte Activation Gene-3. The 

Journal of Immunology. 2002;169(10):5392–5.  

221.  Workman CJ, Wang Y, El Kasmi KC, Pardoll DM, Murray PJ, Drake CG, et 

al. LAG-3 Regulates Plasmacytoid Dendritic Cell Homeostasis. The Journal of 

Immunology. 2009;182(4):1885–91.  

222.  Workman CJ, Vignali DAA. The CD4-related molecule, LAG-3 (CD223), 

regulates the expansion of activated T cells. European Journal of Immunology. 

2003;33(4):970–9.  

223.  Workman CJ, Cauley LS, Kim I-J, Blackman MA, Woodland DL, Vignali 

DAA. Lymphocyte activation gene-3 (CD223) regulates the size of the 

expanding T cell population following antigen activation in vivo. The Journal 

of Immunology. 2004;172(9):5450–5.  

224.  Huard B, Mastrangeli R, Prigent P, Bruniquel D, Donini S, El-Tayar N, et al. 

Characterization of the major histocompatibility complex class II binding site 

on LAG-3 protein. Proceedings of the National Academy of Sciences of the 

United States of America. 1997;94(11):5744–9.  

225.  Andrews LP, Marciscano AE, Drake CG, Vignali DAA. LAG3 (CD223) as a 

cancer immunotherapy target. Immunological Reviews. 2017;276(1):80–96.  

226.  Graydon CG, Balasko AL, Fowke KR. Roles, function and relevance of LAG3 

in HIV infection. PLOS Pathogens. 2019;15(1):e1007429–e1007429.  

227.  Shapiro M, Herishanu Y, Katz B-Z, Dezorella N, Sun C, Kay S, et al. 

Lymphocyte activation gene 3: a novel therapeutic target in chronic 

lymphocytic leukemia. Haematologica. 2017;102(5):874–82.  

228.  Golden D, Kolmakova A, Sura S, Vella AT, Manichaikul A, Wang X-Q, et al. 

Lymphocyte activation gene 3 and coronary artery disease. JCI Insight. 

2016;1(17):e88628.  

229.  Pop SM, Wong CP, Culton DA, Clarke SH, Tisch R. Single cell analysis shows 

decreasing FoxP3 and TGFbeta1 coexpressing CD4+CD25+ regulatory T cells 

during autoimmune diabetes. The Journal of Experimental Medicine. 

2005;201(8):1333–46.  

230.  Gregori S, Giarratana N, Smiroldo S, Adorini L. Dynamics of pathogenic and 

suppressor T cells in autoimmune diabetes development. Journal of 

Immunology. 2003;171(8):4040–7.  



  References 

233 

 

231.  Tritt M, Sgouroudis E, D’Hennezel E, Albanese A, Piccirillo CA. Functional 

waning of naturally occurring CD4+ regulatory T-cells contributes to the onset 

of autoimmune diabetes. Diabetes. 2008;57(1):113–23.  

232.  Hamari S, Kirveskoski T, Glumoff V, Kulmala P, Simell O, Knip M, et al. 

Analyses of regulatory CD4+ CD25+ FOXP3+ T cells and observations from 

peripheral T cell subpopulation markers during the development of type 1 

diabetes in children. Scandinavian Journal of Immunology. 2016;83(4):279–87.  

233.  Marek-Trzonkowska N, Mysliwiec M, Iwaszkiewicz-Grzes D, Gliwinski M, 

Derkowska I, Zalinska M, et al. Factors affecting long-term efficacy of T 

regulatory cell-based therapy in type 1 diabetes. Journal of Translational 

Medicine. 2016;14(1):332.  

234.  Zou F, Lai X, Li J, Lei S, Hu L. Downregulation of cathepsin G reduces the 

activation of CD4+ T cells in murine autoimmune diabetes. American Journal 

of Translational Research. 2017;9(11):5127–37.  

235.  McClymont SA, Putnam AL, Lee MR, Esensten JH, Liu W, Hulme MA, et al. 

Plasticity of human regulatory T cells in healthy subjects and patients with type 

1 diabetes. Journal of Immunology. 2011;186(7):3918–26.  

236.  Lim AKH, Tesch GH. Inflammation in diabetic nephropathy. Mediators of 

Inflammation. 2012;2012:1–12.  

237.  Pichler R, Afkarian M, Dieter BP, Tuttle KR. Immunity and inflammation in 

diabetic kidney disease: translating mechanisms to biomarkers and treatment 

targets. American Journal of Physiology Renal Physiology. 2017;312(4):F716–

31.  

238.  Xiao X, Ma B, Dong B, Zhao P, Tai N, Chen L, et al. Cellular and humoral 

immune responses in the early stages of diabetic nephropathy in NOD mice. 

Journal of Autoimmunity. 2009;32(2):85–93.  

239.  Moriya R, Manivel JC, Mauer M. Juxtaglomerular apparatus T-cell infiltration 

affects glomerular structure in Type 1 diabetic patients. Diabetologia. 

2004;47(1):82–8.  

240.  Eller K, Kirsch A, Wolf AM, Sopper S, Tagwerker A, Stanzl U, et al. Potential 

role of regulatory T cells in reversing obesity-linked insulin resistance and 

diabetic nephropathy. Diabetes. 2011;60(11):2954–62.  

241.  Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA 

sequences to function. Nucleic Acids Research. 2018;47(D1):D155–62.  

242.  Baggerly KA, Deng L, Morris JS, Aldaz CM. Differential expression in SAGE: 

accounting for normal between-library variation. Bioinformatics. 

2003;19(12):1477–83.  

243.  Robinson MD, Smyth GK. Small-sample estimation of negative binomial 

dispersion, with applications to SAGE data. Biostatistics. 2008;9(2):321–32.  

244.  Coca SG, Nadkarni GN, Huang Y, Moledina DG, Rao V, Zhang J, et al. Plasma 

biomarkers and kidney function decline in early and established diabetic kidney 

disease. Journal of the American Society of Nephrology. 2017;28(9):2786–93.  



  References 

234 

 

245.  Jankowski J, Schanstra JP, Mischak H. Body fluid peptide and protein 

signatures in diabetic kidney diseases. Nephrology Dialysis Transplantation. 

2015;30(suppl_4):iv43–53.  

246.  Craciun FL, Bijol V, Ajay AK, Rao P, Kumar RK, Hutchinson J, et al. RNA 

Sequencing Identifies Novel Translational Biomarkers of Kidney Fibrosis. 

Journal of the American Society of Nephrology. 2016;27(6):1702–13.  

247.  Laterza OF, Lim L, Garrett-Engele PW, Vlasakova K, Muniappa N, Tanaka 

WK, et al. Plasma microRNAs as sensitive and specific biomarkers of tissue 

injury. Clinical Chemistry. 2009;55(11):1977–83.  

248.  Wang J, Chen J, Sen S. MicroRNA as Biomarkers and Diagnostics. Journal of 

Cellular Physiology. 2016;231(1):25–30.  

249.  Hara N, Kikuchi M, Miyashita A, Hatsuta H, Saito Y, Kasuga K, et al. Serum 

microRNA miR-501-3p as a potential biomarker related to the progression of 

Alzheimer’s disease. Acta Neuropathologica Communicat. 2017;5(1):10.  

250.  Denby L, Ramdas V, Lu R, Conway BR, Grant JS, Dickinson B, et al. 

MicroRNA-214 antagonism protects against renal fibrosis. Journal of the 

American Society of Nephrology. 2014;25(1):65–80.  

251.  Weber JA, Baxter DH, Zhang S, Huang DY, Huang KH, Lee MJ, et al. The 

microRNA spectrum in 12 body fluids. Clinical Chemistry. 2010;56(11):1733–

41.  

252.  Liu Y, Gao G, Yang C, Zhou K, Shen B, Liang H, et al. Stability of miR-126 

in urine and its potential as a biomarker for renal endothelial injury with diabetic 

nephropathy. International Journal of Endocrinology. 2014;2014:393109.  

253.  Argyropoulos C, Wang K, McClarty S, Huang D, Bernardo J, Ellis D, et al. 

Urinary microRNA profiling in the nephropathy of type 1 diabetes. PLOS One. 

2013;8(1):e54662.  

254.  Barutta F, Tricarico M, Corbelli A, Annaratone L, Pinach S, Grimaldi S, et al. 

Urinary exosomal microRNAs in incipient diabetic nephropathy. PLOS One. 

2013;8(11):e73798.  

255.  Peng H, Zhong M, Zhao W, Wang C, Zhang J, Liu X, et al. Urinary miR-29 

correlates with albuminuria and carotid intima-media thickness in type 2 

diabetes patients. PLOS One. 2013;8(12):e82607.  

256.  Eissa S, Matboli M, Bekhet MM. Clinical verification of a novel urinary 

microRNA panal: 133b, -342 and -30 as biomarkers for diabetic nephropathy 

identified by bioinformatics analysis. Biomedicine and Pharmacotherapy. 

2016;83:92–9.  

257.  Jia Y, Guan M, Zheng Z, Zhang Q, Tang C, Xu W, et al. MiRNAs in urine 

extracellular vesicles as predictors of early-stage diabetic nephropathy. Journal 

of Diabetes Research. 2016;2016:1–10.  

258.  Yang X, Liu S, Zhang R, Sun B, Zhou S, Chen R, et al. MicroRNA-192 as a 

specific biomarker for the early diagnosis of diabetic kidney disease. Journal of 

Diabetes Investigation. 2017;1–8.  



  References 

235 

 

259.  Xie Y, Jia Y, Cuihua X, Hu F, Xue M, Xue Y, et al. Urinary Exosomal 

MicroRNA Profiling in Incipient Type 2 Diabetic Kidney Disease. Journal of 

Diabetes Research. 2017;2017:6978984.  

260.  Prabu P, Rome S, Sathishkumar C, Gastebois C, Meugnier E, Mohan V, et al. 

MicroRNAs from urinary extracellular vesicles are non-invasive early 

biomarkers of diabetic nephropathy in type 2 diabetes patients with the ‘Asian 

Indian phenotype’. Diabetes and Metabolism. 2018;S1262-3636(18):30161–7.  

261.  Eissa S, Matboli M, Aboushahba R, Bekhet MM, Soliman Y, S. E, et al. Urinary 

exosomal microRNA panel unravels novel biomarkers for diagnosis of type 2 

diabetic kidney disease. Journal of Diabetes and its Complications. 

2016;30(8):1585–92.  

262.  Delic D, Eisele C, Schmid R, Baum P, Wiech F, Gerl M, et al. Urinary exosomal 

miRNA signature in type II diabetic nephropathy patients. PLOS One. 

2016;11(3):e0150154.  

263.  Cardenas-Gonzalez M, Srivastava A, Pavkovic M, Bijol V, Rennke HG, 

Stillman IE, et al. Identification, Confirmation, and Replication of Novel 

Urinary MicroRNA Biomarkers in Lupus Nephritis and Diabetic Nephropathy. 

Clinical chemistry. 2017;63(9):1515–26.  

264.  Beltrami C, Simpson K, Jesky M, Wonnacott A, Carrington C, Holmans P, et 

al. Association of elevated urinary miR-126, miR-155, and miR-29b with 

diabetic kidney disease. The American Journal of Pathology. 

2018;188(9):1982–92.  

265.  Milas O, Gadalean FG, Vlad A, Dumitrascu V, Gluhovschi C, Velciov S, et al. 

Deregulated profiles of urinary microRNAs may explain podocyte injury and 

proximal tubule dysfunction in normoalbuminuric patients with type 2 diabetes 

mellitus. Journal of Investigative Medicine. 2018;66(4):747–54.  

266.  Griffiths-Jones S, Saini HK, Van Dongen S, Enright AJ. miRBase: Tools for 

microRNA genomics. Nucleic Acids Research. 2008;36(SUPPL. 1):154–8.  

267.  Viberti GC, Hill RD, Jarrett RJ, Argyropoulos A, Mahmud U, Keen H. 

Microalbuminuria as a predictor of clinical nephropathy in insulin-dependent 

diabetes mellitus. Lancet. 1982;1(8287):1430–2.  

268.  Parving HH, Oxenboll B, Svendsen PA, Christiansen JS, Andersen AR. Early 

detection of patients at risk of developing diabetic nephropathy. A longitudinal 

study of urinary albumin excretion. Acta Endocrinologica. 1982;100(4):550–5.  

269.  Parving H-H, Tarnow L, Pedersen O, Vedel P, Gæde P. Remission to 

normoalbuminuria during multifactorial treatment preserves kidney function in 

patients with type 2 diabetes and microalbuminuria. Nephrology Dialysis 

Transplantation. 2004;19(11):2784–8.  

270.  Yokoyama H, Araki S, Honjo J, Okizaki S, Yamada D, Shudo R, et al. 

Association between remission of macroalbuminuria and preservation of renal 

function in patients with type 2 diabetes with overt proteinuria. Diabetes Care. 

2013;36(10):3227–33.  

271.  Hovind P, Rossing P, Tarnow L, Toft H, Parving J, Parving H-H. Remission of 



  References 

236 

 

nephrotic-range albuminuria in type 1 diabetic patients. Diabetes Care. 

2001;24(11):1972–7.  

272.  Hessvik NP, Llorente A. Current knowledge on exosome biogenesis and 

release. Cellular and Molecular Life Sciences. 2018;75(2):193–208.  

273.  Lange T, Stracke S, Rettig R, Lendeckel U, Kuhn J, Schlüter R, et al. 

Identification of miR-16 as an endogenous reference gene for the normalization 

of urinary exosomal miRNA expression data from CKD patients. PLOS One. 

2017;12(8):1–13.  

274.  Hanke M, Hoefig K, Merz H, Feller AC, Kausch I, Jocham D, et al. A robust 

methodology to study urine microRNA as tumor marker: microRNA-126 and 

microRNA-182 are related to urinary bladder cancer. Urologic Oncology. 

2010;28(6):655–61.  

275.  Caramori ML, Fioretto P, Mauer M. Low glomerular filtration rate in 

normoalbuminuric type 1 diabetic patients: an indicator of more advanced 

glomerular lesions. Diabetes. 2003;52(4):1036–40.  

276.  MacIsaac RJ, Panagiotopoulos S, McNeil KJ, Smith TJ, Tsalamandris C, Hao 

H, et al. Is nonalbuminuric renal insufficiency in type 2 diabetes related to an 

increase in intrarenal vascular disease? Diabetes Care. 2006;29(7):1560–6.  

277.  Garg AX, Kiberd BA, Clark WF, Haynes RB, Clase CM. Albuminuria and 

renal insufficiency prevalence guides population screening: results from the 

NHANES III. Kidney International. 2002;61(6):2165–75.  

278.  Matsushita K, Mahmoodi BK, Woodward M, Emberson JR, Jafar TH, Jee SH, 

et al. Comparison of risk prediction using the CKD-EPI equation and the 

MDRD study equation for estimated glomerular filtration rate. Journal of the 

American Medical Association. 2012;307(18):1941.  

279.  Sohel MH. Extracellular/circulating microRNAs: release mechanisms, 

functions and challenges. Achievements in the Life Sciences. 2016;10(2):175–

86.  

280.  Shigeyasu K, Toden S, Zumwalt TJ, Okugawa Y, Goel A. Emerging role of 

microRNAs as liquid biopsy biomarkers in gastrointestinal cancers. Clinical 

Cancer Research. 2017;23(10):2391–9.  

281.  Wang H, Peng R, Wang J, Qin Z, Xue L. Circulating microRNAs as potential 

cancer biomarkers: the advantage and disadvantage. Clinical Epigenetics. 

2018;10(1):59.  

282.  Kawaguchi T, Komatsu S, Ichikawa D, Tsujiura M, Takeshita H, Hirajima S, 

et al. Circulating microRNAs: a next-generation clinical biomarker for 

digestive system cancers. International Journal of Molecular Sciences. 

2016;17(9):1459.  

283.  Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-

Agadjanyan EL, et al. Circulating microRNAs as stable blood-based markers 

for cancer detection. Proceedings of the National Academy of Sciences of the 

United States of America. 2008;105(30):10513–8.  

284.  Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-



  References 

237 

 

mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic 

exchange between cells. Nature Cell Biology. 2007;9(6):654–9.  

285.  Fevrier B, Raposo G. Exosomes: endosomal-derived vesicles shipping 

extracellular messages. Current Opinion in Cell Biology. 2004;16(4):415–21.  

286.  Endzeliņš E, Berger A, Melne V, Bajo-Santos C, Soboļevska K, Ābols A, et al. 

Detection of circulating miRNAs: comparative analysis of extracellular vesicle-

incorporated miRNAs and cell-free miRNAs in whole plasma of prostate cancer 

patients. BMC Cancer. 2017;17(1):730.  

287.  Record M, Subra C, Silvente-Poirot S, Poirot M. Exosomes as intercellular 

signalosomes and pharmacological effectors. Biochemical Pharmacology. 

2011;81(10):1171–82.  

288.  Borges FT, Melo SA, Özdemir BC, Kato N, Revuelta I, Miller CA, et al. TGF-

β1-containing exosomes from injured epithelial cells activate fibroblasts to 

initiate tissue regenerative responses and fibrosis. Journal of the American 

Society of Nephrology. 2013;24(3):385–92.  

289.  Lv L-L, Feng Y, Wen Y, Wu W-J, Ni H-F, Li Z-L, et al. Exosomal CCL2 from 

tubular epithelial cells is critical for albumin-induced tubulointerstitial 

inflammation. Journal of the American Society of Nephrology. 

2018;29(3):919–35.  

290.  Chandramouli K, Qian P-Y. Proteomics: challenges, techniques and 

possibilities to overcome biological sample complexity. Human Genomics and 

Proteomics. 2009;2009:239204.  

291.  Seibert V, Ebert MPA, Buschmann T. Advances in clinical cancer proteomics: 

SELDI-ToF-mass spectrometry and biomarker discovery. Briefings in 

Functional Genomics & Proteomics. 2005;4(1):16–26.  

292.  Miranda KC, Bond DT, McKee M, Skog J, Păunescu TG, Da Silva N, et al. 

Nucleic acids within urinary exosomes/microvesicles are potential biomarkers 

for renal disease. Kidney International. 2010;78(2):191–9.  

293.  Gheinani AH, Vögeli M, Baumgartner U, Vassella E, Draeger A, Burkhard FC, 

et al. Improved isolation strategies to increase the yield and purity of human 

urinary exosomes for biomarker discovery. Scientific Reports. 2018;8(1):3945.  

294.  Langheinz A, Burwinkel B, Weiz L, Turchinovich A, Weiz L, Langheinz A, et 

al. Characterization of extracellular circulating microRNA. Nucleic Acids 

Research. 2011;39(16):7223–33.  

295.  Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al. 

Argonaute2 complexes carry a population of circulating microRNAs 

independent of vesicles in human plasma. Proceedings of the National 

Academy of Sciences of the United States of America. 2011;108(12):5003–8.  

296.  Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. 

MicroRNAs are transported in plasma and delivered to recipient cells by high-

density lipoproteins. Nature Cell Biology. 2011;13(4):423–33.  

297.  Canfrán-Duque A, Lin C-S, Goedeke L, Suárez Y, Fernández-Hernando C. 

Micro-RNAs and high-density lipoprotein metabolism. Arteriosclerosis, 



  References 

238 

 

Thrombosis, and Vascular Biology. 2016;36(6):1076–84.  

298.  Levey AS, Coresh J, Greene T, Stevens LA, Zhang Y (Lucy). Using 

standardized serum creatinine values in the modification of diet in renal disease 

study equation for estimating glomerular rate. Annals of Internal Medicine. 

2006;145(4):247–54.  

299.  Diagnosis and Classification of Diabetes Mellitus. Diabetes Care. 

2010;33(Supplement 1):S62–9.  

300.  Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by 

adenosines, indicates that thousands of human genes are microRNA targets. 

Cell. 2005;120(1):15–20.  

301.  Huang DW, Sherman BT, Lempicki RA. Systematic and integrative analysis of 

large gene lists using DAVID bioinformatics resources. Nature Protocols. 

2009;4(1):44–57.  

302.  Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and 

powerful approach to multiple testing. Journal of the Royal Statistical Society. 

1995;57(1):289–300.  

303.  Lin C, Chang Y, Chuang L, C.-H. L, Y.-C. C. Early detection of diabetic kidney 

disease: Present limitations and future perspectives. World Journal of Diabetes. 

2016;7(14):290–301.  

304.  Lorenzen JM, Thum T. Circulating and urinary microRNAs in kidney disease. 

Clinical Journal of the American Society of Nephrology. 2012;7(9):1528–33.  

305.  Assmann TS, Recamonde-Mendoza M, Costa AR, Puñales M, Tschiedel B, 

Canani LH, et al. Circulating miRNAs in diabetic kidney disease: case–control 

study and in silico analyses. Acta Diabetologica. 2019;56(1):55–65.  

306.  Sun SQ, Zhang T, Ding D, Zhang WF, Wang XL, Sun Z, et al. Circulating 

microRNA-188, -30a, and -30e as early biomarkers for contrast-induced acute 

kidney injury. Journal of the American Heart Association. 2016;5(8):e004138.  

307.  Nandakumar P, Tin A, Grove ML, Ma J, Boerwinkle E, Coresh J, et al. 

MicroRNAs in the miR-17 and miR-15 families are downregulated in chronic 

kidney disease with hypertension. PLOS One. 2017;12(8):e0176734.  

308.  Assmann TS, Recamonde-Mendoza M, de Souza BM, Bauer AC, Crispim D, 

T.S. A, et al. MicroRNAs and diabetic kidney disease: Systematic review and 

bioinformatic analysis. Molecular and Cellular Endocrinology. 

2018;477(6):90–102.  

309.  Hennino MF, Buob D, Van Der Hauwaert C, Gnemmi V, Jomaa Z, Pottier N, 

et al. miR-21-5p renal expression is associated with fibrosis and renal survival 

in patients with IgA nephropathy. Scientific Reports. 2016;6:27209.  

310.  Faragalla H, Youssef YM, Scorilas A, Khalil B, White NMA, Mejia-Guerrero 

S, et al. The clinical utility of miR-21 as a diagnostic and prognostic marker for 

renal cell carcinoma. Journal of Molecular Diagnostics. 2012;14(4):385–92.  

311.  Li Z, Deng X, Kang Z, Wang Y, Xia T, Ding N, et al. Elevation of miR-21, 

through targeting MKK3, may be involved in ischemia pretreatment protection 



  References 

239 

 

from ischemia–reperfusion induced kidney injury. Journal of Nephrology. 

2016;29(1):27–36.  

312.  Baker MA, Davis SJ, Liu P, Pan X, Williams AM, Iczkowski KA, et al. Tissue-

Specific MicroRNA Expression Patterns in Four Types of Kidney Disease. 

Journal of the American Society of Nephrology. 2017;28(10):2985–92.  

313.  Huang Y, Lin K, Chen H, Chang M, Hsu C, Lai M, et al. Identification of 

postoperative prognostic microRNA predictors in hepatocellular carcinoma. 

PLOS One. 2012;7(5):e37188.  

314.  Fischer L, Hummel M, Korfel A, Lenze D, Joehrens K, Thiel E. Differential 

micro-RNA expression in primary CNS and nodal diffuse large B-cell 

lymphomas. Neuro-oncology. 2011;13(10):1090–8.  

315.  Van Der Auwera I, Limame R, Van Dam P, Vermeulen PB, Dirix LY, Van 

Laere SJ. Integrated miRNA and mRNA expression profiling of the 

inflammatory breast cancer subtype. British Journal of Cancer. 

2010;103(4):532–41.  

316.  Qiao F, Zhang K, Gong P, Wang L, Hu J, Lu S, et al. Decreased miR-30b-5p 

expression by DNMT1 methylation regulation involved in gastric cancer 

metastasis. Molecular Biology Reports. 2014;41(9):5693–700.  

317.  Fredsøe J, Rasmussen AKI, Thomsen AR, Mouritzen P, Høyer S, Borre M, et 

al. Diagnostic and prognostic microRNA biomarkers for prostate cancer in cell-

free urine. European Urology Focus. 2018;4(6):825–33.  

318.  Liu W, Li H, Wang Y, Zhao X, Guo Y, Jin J, et al. MiR-30b-5p functions as a 

tumour suppressor in cell proliferation, metastasis and epithelial-to-

mesenchymal transition by targeting G-protein subunit α-13 in renal cell 

carcinoma. Gene. 2017;626:275–81.  

319.  Loeffler I, Wolf G. Epithelial-to-Mesenchymal Transition in Diabetic 

Nephropathy: Fact or Fiction? Cells. 2015;4(4):631–52.  

320.  Joglekar M, Patil D, Joglekar V, Rao G., Reddy DN, Mitnala S, et al. The miR-

30 family microRNAs confer epithelial phenotype to human pancreatic cells. 

Islets. 2009;1(2):137–47.  

321.  Kronenberg F. HDL in CKD—The Devil Is in the Detail. Journal of the 

American Society of Nephrology. 2018;29(5):1356–71.  

322.  Yaribeygi H, Katsiki N, Behnam B, Iranpanah H, Sahebkar A. MicroRNAs and 

type 2 diabetes mellitus: Molecular mechanisms and the effect of antidiabetic 

drug treatment. Metabolism. 2018;87:48–55.  

323.  Chung ACK. microRNAs in Diabetic Kidney Disease. Advances in 

experimental medicine and biology. 2015;888:253–69.  

324.  Ichii O, Horino T. MicroRNAs associated with the development of kidney 

diseases in humans and animals. Journal of Toxicologic Pathology. 

2018;31(1):23–34.  

325.  Macconi D, Tomasoni S, Romagnani P, Trionfini P, Sangalli F, Mazzinghi B, 

et al. MicroRNA-324-3p promotes renal fibrosis and is a target of ACE 



  References 

240 

 

inhibition. Journal of the American Society of Nephrology. 2012;23(9):1496–

505.  

326.  Benson KA, Chand S, Maxwell AP, Smyth LJ, Kilner J, Borrows R, et al. 

Design and implementation of a custom next generation sequencing panel for 

selected vitamin D associated genes. BMC Research Notes. 2017;10(1):348.  

327.  Smyth LJ, Maxwell AP, Benson KA, Kilner J, McKay GJ, McKnight AJ. 

Validation of differentially methylated microRNAs identified from an 

epigenome-wide association study; Sanger and next generation sequencing 

approaches. BMC Research Notes. 2018;11(1):767.  

328.  Bailie C, Kilner J, Maxwell AP, McKnight AJ. Development of next generation 

sequencing panel for UMOD and association with kidney disease. PLOS One. 

2017;12(6):e0178321.  

329.  Guduric-Fuchs J, O’Connor A, Cullen A, Harwood L, Medina RJ, O’Neill CL, 

et al. Deep sequencing reveals predominant expression of miR-21 amongst the 

small non-coding RNAs in retinal microvascular endothelial cells. Journal of 

Cellular Biochemistry. 2012;113(6):2098–111.  

330.  Röhr C, Kerick M, Fischer A, Kühn A, Kashofer K, Timmermann B, et al. 

High-throughput miRNA and mRNA sequencing of paired colorectal normal, 

tumor and metastasis tissues and bioinformatic modeling of miRNA-1 

therapeutic applications. PlOS One. 2013;8(7):e67461.  

331.  Precone V, Del Monaco V, Esposito MV, De Palma FDE, Ruocco A, Salvatore 

F, et al. Cracking the code of human diseases using next-generation sequencing: 

applications, challenges, and perspectives. BioMed Research International. 

2015;2015:161648.  

332.  Schuster SC. Next-generation sequencing transforms today’s biology. Nature 

Methods. 2007;5:16.  

333.  Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for 

transcriptomics. Nature Reviews Genetics. 2009;10:57.  

334.  Wilhelm BT, Landry J-R. RNA-Seq-quantitative measurement of expression 

through massively parallel RNA-sequencing. Methods. 2009;48(3):249–57.  

335.  Morin RD, O’Connor MD, Griffith M, Kuchenbauer F, Delaney A, Prabhu A-

L, et al. Application of massively parallel sequencing to microRNA profiling 

and discovery in human embryonic stem cells. Genome Research. 

2008;18(4):610–21.  

336.  Neilsen CT, Goodall GJ, Bracken CP. IsomiRs-the overlooked repertoire in the 

dynamic microRNAome. Trends in Genetics. 2012;28(11):544–9.  

337.  Marti E, Pantano L, Banez-Coronel M, Llorens F, Minones-Moyano E, Porta 

S, et al. A myriad of miRNA variants in control and Huntington’s disease brain 

regions detected by massively parallel sequencing. Nucleic Acids Research. 

2010;38(20):7219–35.  

338.  McGahon MK, Yarham JM, Daly A, Guduric-Fuchs J, Ferguson LJ, Simpson 

DA, et al. Distinctive profile of IsomiR expression and novel microRNAs in rat 

heart left ventricle. PlOS One. 2013;8(6):e65809.  



  References 

241 

 

339.  Kim VN. MicroRNA biogenesis: coordinated cropping and dicing. Nature 

Reviews Molecular Cell Biology. 2005;6(5):376–85.  

340.  Wyman SK, Knouf EC, Parkin RK, Fritz BR, Lin DW, Dennis LM, et al. Post-

transcriptional generation of miRNA variants by multiple nucleotidyl 

transferases contributes to miRNA transcriptome complexity. Genome 

Research. 2011;21(9):1450–61.  

341.  Vickers KC, Sethupathy P, Baran-Gale J, Remaley AT. Complexity of 

microRNA function and the role of isomiRs in lipid homeostasis. Journal of 

Lipid Research. 2013;54(5):1182–91.  

342.  Wang S, Zheng Z, Chen P, Wu M. Tumor classification and biomarker 

discovery based on the 5’isomiR expression level. BMC Cancer. 

2019;19(1):127.  

343.  Muiwo P, Pandey P, Ahmad HM, Ramachandran SS, Bhattacharya A. IsomiR 

processing during differentiation of myelogenous leukemic cell line K562 by 

phorbol ester PMA. Gene. 2018;641:172–9.  

344.  Rubin A, Salzberg AC, Imamura Y, Grivitishvilli A, Tombran-Tink J. 

Identification of novel targets of diabetic nephropathy and PEDF peptide 

treatment using RNA-seq. BMC Genomics. 2016;17(1):936.  

345.  Ghai V, Wu X, Bheda-Malge A, Argyropoulos CP, Bernardo JF, Orchard T, et 

al. Genome-wide profiling of urinary extracellular vesicle microRNAs 

associated with diabetic nephropathy in type 1 diabetes. Kidney International 

Reports. 2018;3(3):555–72.  

346.  Li Y, Hu Q, Li C, Liang K, Xiang Y, Hsiao H, et al. PTEN-induced partial 

epithelial-mesenchymal transition drives diabetic kidney disease. The Journal 

of Clinical Investigation. 2019;129(3):1129–51.  

347.  Blondal T, Jensby Nielsen S, Baker A, Andreasen D, Mouritzen P, Wrang 

Teilum M, et al. Assessing sample and miRNA profile quality in serum and 

plasma or other biofluids. Methods. 2013;59(1):S1–6.  

348.  R Core Team. R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. 2013;  

349.  Zhao S, Guo Y, Sheng Q, Shyr Y. Heatmap3: an improved heatmap package 

with more powerful and convenient features. BMC Bioinformatics. 

2014;15(Suppl 10):P16.  

350.  Zhao Y, Xie Z, Lin J, Liu P. MiR-144-3p inhibits cell proliferation and induces 

apoptosis in multiple myeloma by targeting c-Met. American Journal of 

Translational Research. 2017;9(5):2437–46.  

351.  Zhou Y, Fang L, Yu Y, Niu J, Jiang L, Cao H, et al. Erythropoietin protects the 

tubular basement membrane by promoting the bone marrow to release 

extracellular vesicles containing tPA-targeting miR-144. American Journal of 

Physiology-Renal Physiology. 2015;310(1):F27–40.  

352.  Karolina DS, Armugam A, Tavintharan S, Wong MTK, Lim SC, Sum CF, et 

al. MicroRNA 144 impairs insulin signaling by inhibiting the expression of 

insulin receptor substrate 1 in type 2 diabetes mellitus. PLOS One. 



  References 

242 

 

2011;6(8):e22839.  

353.  Yang S, Zhao J, Chen Y, Lei M. Biomarkers Associated with Ischemic Stroke 

in Diabetes Mellitus Patients. Cardiovascular Toxicology. 2016;16(3):213–22.  

354.  Yang Z-M, Chen L-H, Hong M, Chen Y-Y, Yang X-R, Tang S-M, et al. Serum 

microRNA profiling and bioinformatics analysis of patients with type 2 

diabetes mellitus in a Chinese population. Molecular Medicine Reports. 

2017;15(4):2143–53.  

355.  Ramirez CM, Rotllan N, Vlassov A V, Davalos A, Li M, Goedeke L, et al. 

Control of cholesterol metabolism and plasma high-density lipoprotein levels 

by microRNA-144. Circulation Research. 2013;112(12):1592–601.  

356.  Kim M, Tan YS, Cheng W-C, Kingsbury TJ, Heimfeld S, Civin CI. MIR144 

and MIR451 regulate human erythropoiesis via RAB14. British Journal of 

Haematology. 2015;168(4):583–97.  

357.  Rasmussen KD, Simmini S, Abreu-Goodger C, Bartonicek N, Di Giacomo M, 

Bilbao-Cortes D, et al. The miR-144/451 locus is required for erythroid 

homeostasis. Journal of Experimental Medicine. 2010;207(7):1351–8.  

358.  Sun L, Fan F, Li R, Niu B, Zhu L, Yu S, et al. Different erythrocyte microRNA 

profiles in low- and high-altitude individuals. Frontiers in Physiology. 

2018;9:1099.  

359.  She J, Yuan Z, Wu Y, Chen J, Kroll J. Targeting erythropoietin protects against 

proteinuria in type 2 diabetic patients and in zebrafish. Molecular Metabolism. 

2018;8:189–202.  

360.  Rudnicki M, Perco P, D′haene B, Leierer J, Heinzel A, Mühlberger I, et al. 

Renal microRNA- and RNA-profiles in progressive chronic kidney disease. 

European Journal of Clinical Investigation. 2016;46(3):213–26.  

361.  Yang D, Yang Q, Wei X, Liu Y, Ma D, Li J, et al. The role of miR-190a-5p 

contributes to diabetic neuropathic pain via targeting SLC17A6. Journal of Pain 

Research. 2017;10:2395–403.  

362.  Xu S, Wang T, Song W, Jiang T, Zhang F, Yin Y, et al. The inhibitory effects 

of AR/miR-190a/YB-1 negative feedback loop on prostate cancer and 

underlying mechanism. Scientific Reports. 2015;5:13528.  

363.  de Rie D, Abugessaisa I, Alam T, Arner E, Arner P, Ashoor H, et al. An 

integrated expression atlas of miRNAs and their promoters in human and 

mouse. Nature Biotechnology. 2017;35:872.  

364.  DU Y, Yang SH, Li S, Cui CJ, Zhang Y, Zhu CG, et al. Circulating microRNAs 

as novel diagnostic biomarkers for very early-onset (</=40 years) coronary 

artery disease. Biomedical and Environmental Sciences. 2016;29(8):545–54.  

365.  Schirmer K, Fischer BB, Madureira DJ, Pillai S. Transcriptomics in 

ecotoxicology. Analytical and Bioanalytical Chemistry. 2010;397(3):917–23.  

366.  Kato M, Natarajan R. MicroRNAs in diabetic nephropathy: functions, 

biomarkers, and therapeutic targets. Annals of the New York Academy of 

Sciences. 2015;1353:72–88.  



  References 

243 

 

367.  Moon J-Y, Jeong K-H, Lee T-W, Ihm C-G, Lim SJ, Lee S-H. Aberrant 

recruitment and activation of T Cells in diabetic nephropathy. American Journal 

of Nephrology. 2012;35(2):164–74.  

368.  Lei L, Mao Y, Meng D, Zhang X, Cui L, Huo Y, et al. Percentage of circulating 

CD8+ T lymphocytes is associated with albuminuria in type 2 diabetes mellitus. 

Experimental and Clinical Endocrinology & Diabetes. 2014;122(01):27–30.  

369.  Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, Rollin BJ, Tesch GH. 

Monocyte chemoattractant protein-1 promotes the development of diabetic 

renal injury in streptozotocin-treated mice. Kidney International. 

2006;69(1):73–80.  

370.  Chow F, Ozols E, Nikolic-Paterson DJ, Atkins RC, Tesch GH. Macrophages in 

mouse type 2 diabetic nephropathy: Correlation with diabetic state and 

progressive renal injury. Kidney International. 2004;65(1):116–28.  

371.  You H, Gao T, Cooper TK, Brian Reeves W, Awad AS. Macrophages directly 

mediate diabetic renal injury. American Journal of Physiology. 

2013;305(12):1719–27.  

372.  Klessens CQF, Zandbergen M, Wolterbeek R, Bruijn JA, Rabelink TJ, Bajema 

IM, et al. Macrophages in diabetic nephropathy in patients with type 2 diabetes. 

Nephrology, Dialysis, Transplantation. 2017;32(8):1322–9.  

373.  Grosso JF, Goldberg M V, Getnet D, Bruno TC, Yen H-R, Pyle KJ, et al. 

Functionally distinct LAG-3 and PD-1 subsets on activated and chronically 

stimulated CD8 T cells. Journal of Immunology. 2009;182(11):6659–69.  

374.  Matsuzaki J, Gnjatic S, Mhawech-Fauceglia P, Beck A, Miller A, Tsuji T, et al. 

Tumor-infiltrating NY-ESO-1–specific CD8+ T cells are negatively regulated 

by LAG-3 and PD-1 in human ovarian cancer. Proceedings of the National 

Academy of Sciences. 2010;107(17):7875–80.  

375.  Maruhashi T, Okazaki I, Sugiura D, Takahashi S, Maeda TK, Shimizu K, et al. 

LAG-3 inhibits the activation of CD4+ T cells that recognize stable pMHCII 

through its conformation-dependent recognition of pMHCII. Nature 

Immunology. 2018;19(12):1415–26.  

376.  Huard B, Prigent P, Tournier M, Bruniquel D, Triebel F. CD4/major 

histocompatibility complex class II interaction analyzed with CD4- and 

lymphocyte activation gene-3 (LAG-3)-Ig fusion proteins. European Journal of 

Immunology. 1995;25(9):2718–21.  

377.  Macon-Lemaitre L, Triebel F. The negative regulatory function of the 

lymphocyte-activation gene-3 co-receptor (CD223) on human T cells. 

Immunology. 2005;115(2):170–8.  

378.  Li N, Wang Y, Forbes K, Vignali KM, Heale BS, Saftig P, et al. 

Metalloproteases regulate T-cell proliferation and effector function via LAG-3. 

The EMBO Journal. 2007;26(2):494–504.  

379.  Bettini M, Szymczak-Workman AL, Forbes K, Castellaw AH, Selby M, Pan X, 

et al. Cutting edge: accelerated autoimmune diabetes in the absence of LAG-3. 

Journal of Immunology. 2011;187(7):3493–8.  



  References 

244 

 

380.  Goldberg M V, Drake CG. LAG-3 in Cancer Immunotherapy. Current Topics 

in Microbiology and Immunology. 2011;344:269–78.  

381.  Mak TW, Saunders ME. Chapter12: The T cell receptor: structure of its proteins 

and genes. In: The Immune Response Basic and Clinical Principles. Burlington: 

Academic Press; 2006. p. 311–40.  

382.  Liao L-N, Chen C-C, Wu F-Y, Lin C-C, Hsiao J-H, Chang C-T, et al. Identified 

single-nucleotide polymorphisms and haplotypes at 16q22.1 increase diabetic 

nephropathy risk in Han Chinese population. BMC Genetics. 2014;15:113.  

383.  Gu HF. Genetic and epigenetic studies in diabetic kidney disease. Frontiers in 

Genetics. 2019;10:507.  

384.  Hipkiss AR, Preston JE, Himsworth DTM, Worthington VC, Keown M, 

Michaelis J, et al. Pluripotent protective effects of carnosine, a naturally 

occurring dipeptidea. Annals of the New York Academy of Sciences. 

1998;854(1):37–53.  

385.  Janssen B, Hohenadel D, Brinkkoetter P, Peters V, Rind N, Fischer C, et al. 

Carnosine as a protective factor in diabetic nephropathy: association with a 

leucine repeat of the carnosinase gene CNDP1. Diabetes. 2005;54(8):2320–7.  

386.  Freedman BI, Hicks PJ, Sale MM, Pierson ED, Langefeld CD, Rich SS, et al. 

A leucine repeat in the carnosinase gene CNDP1 is associated with diabetic 

end-stage renal disease in European Americans. Nephrology, Dialysis, 

Transplantation. 2007;22(4):1131–5.  

387.  McDonough CW, Hicks PJ, Lu L, Langefeld CD, Freedman BI, Bowden DW. 

The influence of carnosinase gene polymorphisms on diabetic nephropathy risk 

in African-Americans. Human Genetics. 2009;126(2):265–75.  

388.  Mehrabzadeh M, Pasalar P, Karimi M, Abdollahi M, Daneshpour M, 

Asadolahpour E, et al. Association between ELMO1 gene polymorphisms and 

diabetic nephropathy in an Iranian population. Journal of Diabetes and 

Metabolic Disorders. 2015;15:43.  

389.  Hathaway CK, Chang AS, Grant R, Kim H-S, Madden VJ, Bagnell CRJ, et al. 

High Elmo1 expression aggravates and low Elmo1 expression prevents diabetic 

nephropathy. Proceedings of the National Academy of Sciences of the United 

States of America. 2016;113(8):2218–22.  

390.  Freedman BI, Langefeld CD, Lu L, Divers J, Comeau ME, Kopp JB, et al. 

Differential effects of MYH9 and APOL1 risk variants on FRMD3 Association 

with Diabetic ESRD in African Americans. PLOS Genetics. 

2011;7(6):e1002150.  

391.  Al-waheeb S, Alwohhaib M, Abdelghani A, Al-Sharrah S, Al-Shafey E, Al-

Sahow A, et al. Evaluation of associations between single nucleotide 

polymorphisms in the FRMD3 and CARS genes and diabetic nephropathy in a 

Kuwaiti population. Genetics and Molecular Research. 2016;15(1).  

392.  Lee K-M, Baris D, Zhang Y, Hosgood HD, Menashe I, Yeager M, et al. 

Common single nucleotide polymorphisms in immunoregulatory genes and 

multiple myeloma risk among women in Connecticut. American Journal of 



  References 

245 

 

Hematology. 2010;85(8):560–3.  

393.  Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al. 

dbSNP: the NCBI database of genetic variation. Nucleic Acids Research. 

2001;29(1):308–11.  

394.  Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. 

The human genome browser at UCSC. Genome Research. 2002;12(6):996–

1006.  

395.  Hickey FB, Martin F. Role of the immune system in diabetic kidney disease. 

Current Diabetes Reports. 2018;18(4):20.  

396.  Perlman AS, Chevalier JM, Wilkinson P, Liu H, Parker T, Levine DM, et al. 

Serum inflammatory and immune mediators are elevated in early stage diabetic 

nephropathy. Annals of Clinical and Laboratory Science. 2015;45(3):256–63.  

397.  Banba N, Nakamura T, Matsumura M, Kuroda H, Hattori Y, Kasai K. Possible 

relationship of monocyte chemoattractant protein-1 with diabetic nephropathy. 

Kidney International. 2000;58(2):684–90.  

398.  Chen S, Ziyadeh FN. Vascular endothelial growth factor and diabetic 

nephropathy. Current Diabetes Reports. 2008;8(6):470.  

399.  Andreae S, Piras F, Burdin N, Triebel F. Maturation and activation of dendritic 

cells induced by lymphocyte activation gene-3 (CD223). The Journal of 

Immunology. 2002;168(8):3874–80.  

400.  Workman CJ, Rice DS, Dugger KJ, Kurschner C, Vignali DAA. Phenotypic 

analysis of the murine CD4-related glycoprotein, CD223 (LAG-3). European 

Journal of Immunology. 2002;32(8):2255–63.  

401.  Chow FY, Nikolic-Paterson DJ, Ozols E, Atkins RC, Tesch GH. Intercellular 

adhesion molecule-1 deficiency is protective against nephropathy in type 2 

diabetic db/db mice. Journal of the American Society of Nephrology. 

2005;16(6):1711–22.  

402.  Cook KD, Whitmire JK. LAG-3 confers a competitive disadvantage upon 

antiviral CD8+ T Cell responses. Journal of Immunology. 2016;197(1):119–27.  

403.  Gagliani N, Magnani CF, Huber S, Gianolini ME, Pala M, Licona-Limon P, et 

al. Coexpression of CD49b and LAG-3 identifies human and mouse T 

regulatory type 1 cells. Nature Medicine. 2013;19(6):739–46.  

404.  Auton A, Abecasis GR, Altshuler DM, Richard M. Durbin GRA, Bentley DR, 

Aravinda Chakravarti AGC, et al. A global reference for human genetic 

variation. Nature. 2015;526:68.  

405.  Zhang Z, Duvefelt K, Svensson F, Masterman T, Jonasdottir G, Salter H, et al. 

Two genes encoding immune-regulatory molecules (LAG3 and IL7R) confer 

susceptibility to multiple sclerosis. Genes & Immunity. 2005;6(2):145–52.  

406.  Planas R, Metz I, Martin R, Sospedra M. Detailed characterization of T cell 

receptor repertoires in multiple sclerosis brain lesions. Frontiers in 

Immunology. 2018;9:509.  

407.  Arnone JT, Robbins-Pianka A, Arace JR, Kass-Gergi S, McAlear MA. The 



  References 

246 

 

adjacent positioning of co-regulated gene pairs is widely conserved across 

eukaryotes. BMC Genomics. 2012;13(1):546.  

408.  Purcell S, Cherny SS, Sham PC. Genetic power calculator: design of linkage 

and association genetic mapping studies of complex traits. Bioinformatics. 

2003;19(1):149–50.  

409.  Chorev M, Carmel L. The function of introns. Frontiers in Genetics. 2012;3:55.  

410.  Rigau M, Juan D, Valencia A, Rico D. Intronic CNVs and gene expression 

variation in human populations. PLOS Genetics. 2019;15(1):e1007902.  

411.  Leak TS, Perlegas PS, Smith SG, Keene KL, Hicks PJ, Langefeld CD, et al. 

Variants in intron 13 of the ELMO1 gene are associated with diabetic 

nephropathy in African Americans. Annals of Human Genetics. 

2009;73(2):152–9.  

412.  Maeda S, Osawa N, Hayashi T, Tsukada S, Kobayashi M, Kikkawa R. Genetic 

variations associated with diabetic nephropathy and type II diabetes in a 

Japanese population. Kidney International. 2007;72:S43–8.  

413.  Wu HY, Wang Y, Chen M, Zhang X, Wang D, Pan Y, et al. Association of 

ELMO1 gene polymorphisms with diabetic nephropathy in Chinese population. 

Journal of Endocrinological Investigation. 2013;36(5):298–302.  

414.  British Diabetic Association. Diabetes in the UK, United Kingdom, London, 

BDA compared to Quality and Outcomes Framework 2017–18 and Scottish 

Diabetes Survey. 2017.  

415.  NHS Digital(2017). National diabetes audit 2015–16 report 2A: complications 

and mortality.  

416.  UK renal registry 20th annual report. 2018.  

417.  Lambert M-P, Terrone S, Giraud G, Benoit-Pilven C, Cluet D, Combaret V, et 

al. The RNA helicase DDX17 controls the transcriptional activity of REST and 

the expression of proneural microRNAs in neuronal differentiation. Nucleic 

Acids Research. 2018;46(15):7686–700.  

418.  Fu H, Zhou F, Yuan Q, Zhang W, Qiu Q, Yu X, et al. miRNA-31-5p mediates 

the proliferation and apoptosis of human spermatogonial stem cells via 

targeting JAZF1 and Cyclin A2. Molecular Therapy Nucleic Acids. 

2019;14:90–100.  

419.  Kim H, Iizasa H, Kanehiro Y, Fekadu S, Yoshiyama H. Herpesviral 

microRNAs in cellular metabolism and immune responses. Frontiers in 

Microbiology. 2017;8:1318.  

420.  Mall C, Rocke DM, Durbin-Johnson B, Weiss RH. Stability of miRNA in 

human urine supports its biomarker potential. Biomarkers in Medicine. 

2013;7(4):623–31.  

421.  Huang W. MicroRNAs: biomarkers, diagnostics, and therapeutics. Methods in 

Molecular Biology. 2017;1617:57–67.  

422.  Roser AE, Caldi Gomes L, Schünemann J, Maass F, Lingor P. Circulating 

miRNAs as diagnostic biomarkers for parkinson’s disease. Frontiers in 



  References 

247 

 

Neuroscience. 2018;12:625.  

423.  Biswas S, Haleyurgirisetty M, Lee S, Hewlett I, Devadas K. Development and 

validation of plasma miRNA biomarker signature panel for the detection of 

early HIV-1 infection. EBioMedicine. 2019;43:307–16.  

424.  Osman WM, Jelinek HF, Tay GK, Khandoker AH, Khalaf K, Almahmeed W, 

et al. Clinical and genetic associations of renal function and diabetic kidney 

disease in the United Arab Emirates: a cross-sectional study. BMJ Open. 

2018;8(12):e020759.  

425.  Kowalczyk AE, Krazinski BE, Godlewski J, Grzegrzolka J, Kiewisz J, 

Kwiatkowski P, et al. SATB1 is down-regulated in clear cell renal cell 

carcinoma and correlates with miR-21-5p overexpression and poor prognosis. 

Cancer Genomics & Proteomics. 2016;13(3):209–17.  

426.  Sun L, Xu T, Chen Y, Qu W, Sun D, Song X, et al. Pioglitazone attenuates 

kidney fibrosis via miR-21-5p modulation. Life Sciences. 2019;116609.  

427.  Pezzolesi MG, Satake E, McDonnell KP, Major M, Smiles AM, Krolewski AS. 

Circulating TGF-β1-regulated miRNAs and the risk of rapid progression to 

ESRD in type 1 diabetes. Diabetes. 2015;64(9):3285–93.  

428.  Kolling M, Kaucsar T, Schauerte C, Hubner A, Dettling A, Park J-K, et al. 

Therapeutic miR-21 silencing ameliorates diabetic kidney disease in mice. 

Molecular Therapy. 2017;25(1):165–80.  

429.  McClelland AD, Herman-Edelstein M, Komers R, Jha JC, Winbanks CE, 

Hagiwara S, et al. miR-21 promotes renal fibrosis in diabetic nephropathy by 

targeting PTEN and SMAD7. Clinical Science. 2015;129(12):1237–49.  

430.  Chen C, Lu C, Qian Y, Li H, Tan Y, Cai L, et al. Urinary miR-21 as a potential 

biomarker of hypertensive kidney injury and fibrosis. Scientific Reports. 

2017;7.  

431.  Glowacki F, Savary G, Gnemmi V, Buob D, Van der Hauwaert C, Lo-Guidice 

J-M, et al. Increased circulating miR-21 levels are associated with kidney 

fibrosis. PLOS One. 2013;8(2):e58014.  

432.  Wang J, Duan L, Tian L, Liu J, Wang S, Gao Y, et al. Serum miR-21 may be a 

Potential Diagnostic Biomarker for Diabetic Nephropathy. Experimental and 

Clinical Endocrinol Diabetes. 17.11.2015. 2016;124(07):417–23.  

433.  Loboda A, Sobczak M, Jozkowicz A, Dulak J. TGF-beta1/Smads and miR-21 

in renal fibrosis and inflammation. Mediators of Inflammation. 

2016;2016:8319283.  

434.  Turchinovich A, Samatov T, Tonevitsky A, Burwinkel B. Circulating miRNAs: 

cell–cell communication function? Frontiers in Genetics. 2013;4:119.  

435.  Chen J, Zhu J, Wang Z, Yao X, Wu X, Liu F, et al. MicroRNAs correlate with 

multiple sclerosis and neuromyelitis optica spectrum disorder in a Chinese 

population. Medical Science Monitor. 2017;23:2565–83.  

436.  Ebrahimkhani S, Vafaee F, Young PE, Hur SSJ, Hawke S, Devenney E, et al. 

Exosomal microRNA signatures in multiple sclerosis reflect disease status. 



  References 

248 

 

Scientific Reports. 2017;7(1):14293.  

437.  Groen K, Maltby VE, Lea RA, Sanders KA, Fink JL, Scott RJ, et al. Erythrocyte 

microRNA sequencing reveals differential expression in relapsing-remitting 

multiple sclerosis. BMC Medical Genomics. 2018;11(1):48.  

438.  Chen J, Li K, Pang Q, Yang C, Zhang H, Wu F, et al. Identification of suitable 

reference gene and biomarkers of serum miRNAs for osteoporosis. Scientific 

Reports. 2016;6:36347.  

439.  Sun Y, Guo D, Liu B, Yin X, Wei H, Tang K, et al. Regulatory role of rno-miR-

30b-5p in IL-10 and toll-like receptor 4 expressions of T lymphocytes in 

experimental autoimmune uveitis in vitro. Mediators of Inflammation. 

2018;2018:2574067.  

440.  Sziksz E, Pap D, Lippai R, Béres NJ, Fekete A, Szabó AJ, et al. Fibrosis related 

inflammatory mediators: role of the IL-10 cytokine family. Mediators of 

Inflammation. 2015;2015:764641.  

441.  Yuan S, Liu X, Zhu X, Qu Z, Gong Z, Li J, et al. The role of TLR4 on PGC-

1α-mediated oxidative stress in tubular cell in diabetic kidney disease. 

Oxidative Medicine and Cellular Longevity. 2018;2018.  

442.  Sinuani I, Beberashvili I, Averbukh Z, Sandbank J. Role of IL-10 in the 

progression of kidney disease. World Journal of Transplantation. 2013;3(4):91–

8.  

443.  Xie M, Lv Y, Liu Z, Zhang J, Liang C, Liao X, et al. Identification and 

validation of a four-miRNA (miRNA-21-5p, miRNA-9-5p, miR-149-5p, and 

miRNA-30b-5p) prognosis signature in clear cell renal cell carcinoma. Cancer 

Management and Research. 2018;10:5759–66.  

444.  Soares Martins T, Catita J, Martins Rosa I, A. B. da Cruz e Silva O, Henriques 

AG. Exosome isolation from distinct biofluids using precipitation and column-

based approaches. PLOS One. 2018;13(6):e0198820.  

445.  Stranska R, Gysbrechts L, Wouters J, Vermeersch P, Bloch K, Dierickx D, et 

al. Comparison of membrane affinity-based method with size-exclusion 

chromatography for isolation of exosome-like vesicles from human plasma. 

Journal of Translational Medicine. 2018;16(1):1.  

446.  Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in exosome isolation 

techniques. Theranostics. 2017;7(3):789–804.  

447.  Chuo ST-Y, Chien JC-Y, Lai CP-K. Imaging extracellular vesicles: current and 

emerging methods. Journal of Biomedical Science. 2018;25(1):91.  

448.  Chen C, Zong S, Wang Z, Lu J, Zhu D, Zhang Y, et al. Visualization and 

intracellular dynamic tracking of exosomes and exosomal miRNAs using single 

molecule localization microscopy. Nanoscale. 2018;10(11):5154–62.  

449.  Wulfken LM, Moritz R, Ohlmann C, Holdenrieder S, Jung V, Becker F, et al. 

MicroRNAs in renal cell carcinoma: diagnostic implications of serum miR-

1233 levels. PLOS One. 2011;6(9):e25787.  

450.  Ma R, Jiang T, Kang X. Circulating microRNAs in cancer: origin, function and 



  References 

249 

 

application. Journal of Experimental & Clinical Cancer Research. 

2012;31(1):38.  

451.  Huang X, Yuan T, Tschannen M, Sun Z, Jacob H, Du M, et al. Characterization 

of human plasma-derived exosomal RNAs by deep sequencing. BMC 

Genomics. 2013;14(1):319.  

452.  Brandão BB, Guerra BA, Mori MA. Shortcuts to a functional adipose tissue: 

The role of small non-coding RNAs. Redox Biology. 2017;12:82–102.  

453.  Keller J, Ringseis R, Eder K. Supplemental carnitine affects the microRNA 

expression profile in skeletal muscle of obese Zucker rats. BMC Genomics. 

2014;15(1):512.  

454.  De Lella Ezcurra AL, Bertolin AP, Kim K, Katz MJ, Gándara L, Misra T, et al. 

miR-190 enhances HIF-dependent responses to hypoxia in drosophila by 

inhibiting the prolyl-4-hydroxylase fatiga. PLOS Genetics. 

2016;12(5):e1006073.  

455.  Persson P, Palm F. Hypoxia-inducible factor activation in diabetic kidney 

disease. Current Opinion in Nephrology and Hypertension. 2017;26(5):345–50.  

456.  Bohuslavova R, Cerychova R, Nepomucka K, Pavlinkova G. Renal injury is 

accelerated by global hypoxia-inducible factor 1 alpha deficiency in a mouse 

model of STZ-induced diabetes. BMC Endocrine Disorders. 2017;17(1):48.  

457.  Nordquist L, Friederich-Persson M, Fasching A, Liss P, Shoji K, Nangaku M, 

et al. Activation of hypoxia-inducible factors prevents diabetic nephropathy. 

Journal of the American Society of Nephrology. 2015;26(2):328–38.  

458.  Chen L, Yang T, Lu D-W, Zhao H, Feng Y-L, Chen H, et al. Central role of 

dysregulation of TGF-β/Smad in CKD progression and potential targets of its 

treatment. Biomedicine & Pharmacotherapy. 2018;101:670–81.  

459.  Thomsen LH, Fog-Tonnesen M, Nielsen Fink L, Norlin J, García de Vinuesa 

A, Hansen TK, et al. Disparate phospho-Smad2 levels in advanced type 2 

diabetes patients with diabetic nephropathy and early experimental db/db 

mouse model. Renal Failure. 2017;39(1):629–42.  

460.  Hoj Thomsen L, Fog-Tonnesen M, Nielsen Fink L, Norlin J, de Vinuesa AG, 

Krarup Hansen T, et al. Smad2 phosphorylation in diabetic kidney tubule 

epithelial cells is associated with modulation of several transforming growth 

factor-beta family members. Nephron. 2017;135(4):291–306.  

461.  Bhatt K, Lanting LL, Jia Y, Yadav S, Reddy MA, Magilnick N, et al. Anti-

inflammatory role of microRNA-146a in the pathogenesis of diabetic 

nephropathy. Journal of the American Society of Nephrology. 

2016;27(8):2277–88.  

462.  Pal AS, Kasinski AL. Animal models to study microRNA function. Advances 

in Cancer Research. 2017;135:53–118.  

463.  Liu Y, Li H, Liu J, Han P, Li X, Bai H, et al. Variations in microRNA-25 

expression influence the severity of diabetic kidney disease. Journal of the 

American Society of Nephrology. 2017;28(12):3627–38.  



  References 

250 

 

464.  Kitada M, Ogura Y, Koya D. Rodent models of diabetic nephropathy: their 

utility and limitations. International Journal of Nephrology and Renovascular 

Disease. 2016;9:279–90.  

465.  Betz B, Conway BR. An update on the use of animal models in diabetic 

nephropathy research. Current Diabetes Reports. 2016;16(2):18.  

466.  Betz B, Conway BR. Recent advances in animal models of diabetic 

nephropathy. Nephron Experimental Nephrology. 2014;126(4):191–5.  

467.  Sun T, Liu Y, Liu L, Ma F. MicroRNA-544 attenuates diabetic renal injury via 

suppressing glomerulosclerosis and inflammation by targeting FASN. Gene. 

2019;143986.  

468.  Ming L, Ning J, Ge Y, Zhang Y, Ruan Z. Excessive apoptosis of podocytes 

caused by dysregulation of microRNA-182-5p and CD2AP confers to an 

increased risk of diabetic nephropathy. Journal of Cellular Biochemistry. 

2019;1–8.  

469.  Triebel F, Hacene K, Pichon M-F. A soluble lymphocyte activation gene-3 

(sLAG-3) protein as a prognostic factor in human breast cancer expressing 

estrogen or progesterone receptors. Cancer Letters. 2006;235(1):147–53.  

470.  Lienhardt C, Azzurri A, Amedei A, Fielding K, Sillah J, Sow OY, et al. Active 

tuberculosis in Africa is associated with reduced Th1 and increased Th2 activity 

in vivo. European Journal of Immunology. 2002;32(6):1605–13.  

471.  Robert F, Pelletier J. Exploring the impact of single-nucleotide polymorphisms 

on translation. Frontiers in Genetics. 2018;9:507.  

472.  Lei Y, Devarapu SK, Motrapu M, Cohen CD, Lindenmeyer MT, Moll S, et al. 

Interleukin-1β inhibition for chronic kidney disease in obese mice with type 2 

diabetes. Frontiers in Immunology. 2019;10:1223.  

473.  Wu R, Liu X, Yin J, Wu H, Cai X, Wang N, et al. IL-6 receptor blockade 

ameliorates diabetic nephropathy via inhibiting inflammasome in mice. 

Metabolism. 2018;83:18–24.  

474.  Ma J, Li YJ, Chen X, Kwan T, Chadban SJ, Wu H. Interleukin 17A promotes 

diabetic kidney injury. Scientific Reports. 2019;9(1):2264.  

475.  Sun W, Cao C, Huang W, Chen W, Yasser G, Sun D, et al. Interleukin-10 

deficiency increases renal inflammation and fibrosis in a mouse ischemia-

reperfusion injury model. International Journal of Clinical and Experimental 

Pathology. 2016;9(3):3037–43.  

476.  Cañadas-Garre M, Anderson K, Cappa R, Skelly R, Smyth LJ, McKnight AJ, 

et al. Genetic susceptibility to chronic kidney disease – some more pieces for 

the heritability puzzle. Frontiers in Genetics. 2019;10:453.  

477.  Kim H, Bae Y-U, Jeon JS, Noh H, Park HK, Byun DW, et al. The circulating 

exosomal microRNAs related to albuminuria in patients with diabetic 

nephropathy. Journal of Translational Medicine. 2019;17(1):236.  

478.  Conserva F, Barozzino M, Pesce F, Divella C, Oranger A, Papale M, et al. 

Urinary miRNA-27b-3p and miRNA-1228-3p correlate with the progression of 



  References 

251 

 

kidney fibrosis in diabetic nephropathy. Scientific Reports. 2019;9(1):11357.  

479.  Roux M, Perret C, Feigerlova E, Mohand Oumoussa B, Saulnier P-J, Proust C, 

et al. Plasma levels of hsa-miR-152-3p are associated with diabetic nephropathy 

in patients with type 2 diabetes. Nephrology, Dialysis, Transplantation. 

2018;33(12):2201–7.  

480.  Sanz-Rubio D, Martin-Burriel I, Gil A, Cubero P, Forner M, Khalyfa A, et al. 

Stability of Circulating Exosomal miRNAs in Healthy Subjects. Scientific 

Reports. 2018;8(1):10306.  

481.  Lv L-L, Feng Y, Tang T-T, Liu B-C. New insight into the role of extracellular 

vesicles in kidney disease. Journal of Cellular and Molecular Medicine. 2019 

Feb;23(2):731–9.  

482.  Chevillet JR, Kang Q, Ruf IK, Briggs HA, Vojtech LN, Hughes SM, et al. 

Quantitative and stoichiometric analysis of the microRNA content of exosomes. 

Proceedings of the National Academy of Sciences. 2014;111(41):14888–93.  

483.  Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF, Tomashevsky M, et 

al. NCBI GEO: archive for functional genomics data sets—update. Nucleic 

Acids Research. 2012;41(D1):D991–5.  

484.  Huang Z, Shi J, Gao Y, Cui C, Zhang S, Li J, et al. HMDD v3.0: a database for 

experimentally supported human microRNA–disease associations. Nucleic 

Acids Research. 2018;47(D1):D1013–7.  

485.  Ruepp A, Kowarsch A, Schmidl D, Buggenthin F, Brauner B, Dunger I, et al. 

PhenomiR: a knowledgebase for microRNA expression in diseases and 

biological processes. Genome Biology. 2010;11(1):R6.  

486.  Backes C, Kehl T, Stockel D, Fehlmann T, Schneider L, Meese E, et al. 

miRPathDB: a new dictionary on microRNAs and target pathways. Nucleic 

Acids Research. 2017;45(D1):D90–6.  

487.  Salinero-Fort MÁ, San Andrés-Rebollo FJ, de Burgos-Lunar C, Abánades-

Herranz JC, Carrillo-de-Santa-Pau E, Chico-Moraleja RM, et al. 

Cardiovascular and all-cause mortality in patients with type 2 diabetes mellitus 

in the MADIABETES Cohort Study: Association with chronic kidney disease. 

Journal of Diabetes and its Complications. 2016;30(2):227–36.  

488.  Branch M, German C, Bertoni A, Yeboah J. Incremental risk of cardiovascular 

disease and/or chronic kidney disease for future ASCVD and mortality in 

patients with type 2 diabetes mellitus: ACCORD trial. Journal of Diabetes and 

its Complications. 2019;33(7):468–72.  

489.  Sabanayagam C, Chee ML, Banu R, Cheng C-Y, Lim SC, Tai ES, et al. 

Association of diabetic retinopathy and diabetic kidney disease with all-cause 

and cardiovascular mortality in a multiethnic asian population. JAMA Network 

Open. 2019;2(3):e191540.  

490.  Nichols GA, Déruaz-Luyet A, Hauske SJ, Brodovicz KG. The association 

between estimated glomerular filtration rate, albuminuria, and risk of 

cardiovascular hospitalizations and all-cause mortality among patients with 

type 2 diabetes. Journal of Diabetes and its Complications. 2018;32(3):291–7.  



  References 

252 

 

491.  Alicic RZ, Rooney MT, Tuttle KR. Diabetic kidney disease challenges, 

progress, and possibilities. Clinical Journal of the American Society of 

Nephrology. 2017;12(12):2032–45.  

492.  Tangri N, Stevens LA, Griffith J, Tighiouart H, Djurdjev O, Naimark D, et al. 

A predictive model for progression of chronic kidney disease to kidney failure. 

JAMA. 2011;305(15):1553–9.  

493.  Tangri N, Grams ME, Levey AS, Coresh J, Appel LJ, Astor BC, et al. 

Multinational assessment of accuracy of equations for predicting risk of kidney 

failure: a meta-analysis. JAMA. 2016;315(2):164–74.  

494.  Toth-Manikowski S, Atta MG. Diabetic kidney disease: pathophysiology and 

therapeutic targets. Journal of Diabetes Research. 2015;2015:697010.  

495.  Hirakawa Y, Tanaka T, Nangaku M. Mechanisms of metabolic memory and 

renal hypoxia as a therapeutic target in diabetic kidney disease. Journal of 

Diabetes Investigation. 2017;8(3):261–71.  

496.  Cao Q, Chen X-M, Huang C, Pollock CA. MicroRNA as novel biomarkers and 

therapeutic targets in diabetic kidney disease: An update. FASEB 

BioAdvances. 2019;1(6):375–88.  

497.  Zhu F-X, Wu H-L, Chen J-X, Han B, Guo Y-F. Dysregulation of microRNA-

181b and TIMP3 is functionally involved in the pathogenesis of diabetic 

nephropathy. Journal of Cellular physiology. 2019;234(10):18963–9.  

498.  Kato M, Dang V, Wang M, Park JT, Deshpande S, Kadam S, et al. TGF-β 

induces acetylation of chromatin and of Ets-1 to alleviate repression of miR-

192 in diabetic nephropathy. Science Signaling. 2013;6(278):ra43. 



  Appendix 1.  

253 

 

 

Appendix 1.  Information sheet and informed consent.  

These are the copies of the information sheet and informed consent form given to 

patients, as well as the sample information sheet completed by the recruitment nurses.  
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Appendix 2.  Layout of miRCURY LNA miRNA Urine Exosome Focus PCR Panels 

plate.  
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Appendix 3.  Reference sequence of lymphocyte activation gene 3. 
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Appendix 4.  Predicted functional annotations of miR-21-5p and miR-30b-5p (Benjamini-Hochberg corrected p value < 0.05).  

 

Category Term P Value Benjamini-Hochberg Corrected P Value 

UP_KEYWORDS Phosphoprotein 2.14 x 10-7 3.87 x 10-5 

GOTERM_BP_DIREC

T 

GO:1900153~positive regulation of nuclear-

transcribed mRNA catabolic process, 

deadenylation-dependent decay 

5.02 x 10-5 0.039623388 

UP_SEQ_FEATURE compositionally biased region: Poly-Thr 9.97 x 10-5 0.038521971 

GAD_DISEASE_CLAS

S 

METABOLIC 3.33 x 10-4 0.00564312 
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Appendix 5.  Functional annotations of miR-190a-5p (Benjamini-Hochberg corrected p value < 0.05).  

Category Term P Value Benjamini-Hochberg 

Corrected P Value 

UP_KEYWORDS Phosphoprotein 2.32368 x 10-13 6.32046 x 10-11 

GOTERM_MF_DIRECT GO:0001077~transcriptional activator activity, RNA polymerase II 

core promoter proximal region sequence-specific binding 

4.89829 x 10-11 1.83686 x 10-8 

GOTERM_BP_DIRECT GO:0045944~positive regulation of transcription from RNA 

polymerase II promoter 

9.86477 x 10-10 1.53496 x 10-6 

GOTERM_MF_DIRECT GO:0000978~RNA polymerase II core promoter proximal region 

sequence-specific DNA binding 

1.37184 x 10-9 2.57219 x 10-7 

UP_SEQ_FEATURE splice variant 3.76572 x 10-8 3.90121 x 10-5 

GOTERM_BP_DIRECT GO:0006366~transcription from RNA polymerase II promoter 4.16456 x 10-8 3.23998 x 10-5 

UP_KEYWORDS Alternative splicing 3.07688 x 10-7 4.18446 x 10-5 

GOTERM_BP_DIRECT GO:0000122~negative regulation of transcription from RNA 

polymerase II promoter 

3.75479 x 10-7 0.00019473 

UP_KEYWORDS Activator 1.80074 x 10-6 0.000163254 

UP_KEYWORDS Nucleus 1.93061 x 10-6 0.000131273 
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Category Term P Value Benjamini-Hochberg 

Corrected P Value 

UP_KEYWORDS Neurogenesis 2.43677 x 10-6 0.000132552 

UP_KEYWORDS Synapse 5.70392 x 10-6 0.000258545 

UP_SEQ_FEATURE compositionally biased region: Poly-Ser 9.50707 x 10-6 0.00491258 

UP_KEYWORDS Chromosomal rearrangement 1.20538 x 10-5 0.000468268 

UP_KEYWORDS Cytoplasm 2.52458 x 10-5 0.000857999 

GOTERM_BP_DIRECT GO:0042593~glucose homeostasis 2.56821 x 10-5 0.009940733 

GOTERM_BP_DIRECT GO:0045893~positive regulation of transcription, DNA-templated 4.01973 x 10-5 0.012431722 

GOTERM_CC_DIRECT GO:0014069~postsynaptic density 4.56351 x 10-5 0.012651761 

GOTERM_CC_DIRECT GO:0030425~dendrite 0.000113054 0.015648236 

GOTERM_CC_DIRECT GO:0005634~nucleus 0.000120125 0.011110124 

GOTERM_MF_DIRECT GO:0046332~SMAD binding 0.000144816 0.017940458 

KEGG_PATHWAY hsa05202:Transcriptional misregulation in cancer 0.000151368 0.021710807 

GOTERM_BP_DIRECT GO:0007399~nervous system development 0.000158595 0.040297861 
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Category Term P Value Benjamini-Hochberg 

Corrected P Value 

INTERPRO IPR013098:Immunoglobulin I-set 0.000212396 0.101336495 

GOTERM_BP_DIRECT GO:0030534~adult behaviour 0.000228767 0.049585789 

GOTERM_MF_DIRECT GO:0003682~chromatin binding 0.00023038 0.021368958 

UP_KEYWORDS Transcription 0.000266766 0.008030911 

UP_SEQ_FEATURE compositionally biased region: Poly-Gln 0.000275765 0.090849 

UP_KEYWORDS Transcription regulation 0.000290791 0.007879448 

UP_KEYWORDS Synaptosome 0.000319738 0.007876321 

INTERPRO IPR019486:Argonaute hook domain 0.000383058 0.091860654 

KEGG_PATHWAY hsa04921:Oxytocin signalling pathway 0.000386067 0.027607004 

GOTERM_MF_DIRECT GO:0003700~transcription factor activity, sequence-specific DNA 

binding 

0.000413962 0.03057636 

UP_KEYWORDS Growth factor 0.000460024 0.010375417 

GOTERM_BP_DIRECT GO:0010001~glial cell differentiation 0.000534043 0.098683691 
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Category Term P Value Benjamini-Hochberg 

Corrected P Value 

GOTERM_BP_DIRECT GO:0007612~learning 0.000551807 0.091015875 

UP_KEYWORDS Differentiation 0.000666709 0.013857352 

UP_KEYWORDS DNA-binding 0.000681452 0.013156832 

GOTERM_BP_DIRECT GO:0045669~positive regulation of osteoblast differentiation 0.000699527 0.103166047 

GOTERM_CC_DIRECT GO:0005794~Golgi apparatus 0.000750135 0.050995306 

INTERPRO IPR012677:Nucleotide-binding, alpha-beta plait 0.000914384 0.142197829 

GOTERM_BP_DIRECT GO:0035019~somatic stem cell population maintenance 0.001008909 0.133061117 

GOTERM_BP_DIRECT GO:0001657~ureteric bud development 0.001011492 0.122978 

UP_KEYWORDS Voltage-gated channel 0.001026819 0.018456769 

GOTERM_CC_DIRECT GO:0045202~synapse 0.001039565 0.056385809 

GOTERM_BP_DIRECT GO:0006468~protein phosphorylation 0.001054838 0.118669577 

UP_SEQ_FEATURE compositionally biased region: Gln-rich 0.001245926 0.275950874 

GOTERM_BP_DIRECT GO:2000809~positive regulation of synaptic vesicle clustering 0.001351396 0.139549887 
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Category Term P Value Benjamini-Hochberg 

Corrected P Value 

GOTERM_BP_DIRECT GO:0023019~signal transduction involved in regulation of gene 

expression 

0.001361241 0.131773155 

UP_SEQ_FEATURE domain: Fibronectin type-III 5 0.001446229 0.259089626 

GOTERM_CC_DIRECT GO:0005667~transcription factor complex 0.001565709 0.070271348 

GOTERM_CC_DIRECT GO:0000790~nuclear chromatin 0.001565709 0.070271348 

UP_SEQ_FEATURE compositionally biased region: Gly-rich 0.001587965 0.239976928 

GOTERM_BP_DIRECT GO:0048015~phosphatidylinositol-mediated signalling 0.001600363 0.144235436 

UP_KEYWORDS Ubl conjugation 0.001729448 0.028997336 

UP_KEYWORDS RNA-binding 0.001747033 0.027589241 

GOTERM_BP_DIRECT GO:0031016~pancreas development 0.001836253 0.154836875 

UP_KEYWORDS Nucleotide-binding 0.001867042 0.027844439 

UP_KEYWORDS Cell junction 0.002005541 0.028330676 
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Appendix 6.  Publication arising fron this PhD thesis 
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