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ABSTRACT  

Phenotypic severity in glomerular diseases cannot be usually explained by mutations in 

relevant genes, thus suggesting the implication of modifier genes which drive the clinical 

picture towards a milder or a severe course of the disease. We hypothesized that faulty 

expressional regulation of genes associated with the glomerulus by microRNAs, can be 

influencing such phenotypic alterations. After performing microRNA 3’UTR and promoter 

region target prediction analyses using relevant genes, including the Heparin Binding 

Epidermal Growth Factor (HBEGF) gene, we proceeded in sequencing analysis of the 3’UTR 

regions in 162 patients having mild or severe thin basement membrane nephropathy (TBMN). 

HBEGF is expressed in podocytes and was shown to play a role in glomerular physiology. A 

single nucleotide polymorphism, C1936T (rs13385), was identified at the 3’UTR of HBEGF 

that corresponds to the second base of the seed region of miR-1207-5p. When AB8/13 

undifferentiated podocytes were transfected with miRNA mimics and inhibitors of miR-1207-

5p, the HBEGF protein levels were reduced by about 50%. A DNA fragment containing the 

SNP C1936 allele was cloned into the pMIR-Report Luciferase vector and co-transfected with 

miRNA mimics of miR-1207-5p into AB8/13 podocytes. In agreement with western blot data, 

this resulted in reduced luciferase expression demonstrating the ability of miR-1207-5p to 

directly regulate HBEGF expression. On the contrary, in the presence of the T1936 allele, this 

regulation was abolished. Collectively, these results demonstrate that variant T1936 of this 

miRSNP prevents miR-1207-5p from down-regulating HBEGF in podocytes. We 

hypothesized that this variant has a functional role as a genetic modifier. To this end, we 

showed that in a cohort of 78 patients diagnosed with CFHR5 nephropathy (also known as C3-

glomerulopathy), inheritance of the T1936 allele was significantly increased in the group 

demonstrating progression to chronic renal failure on long follow-up. No similar association 

was detected in a cohort of patients with thin basement membrane nephropathy, as well as in 

other cohorts manifesting with primary or secondary glomerulopathy, such as patients with 

diabetic nephropathy. This is the first report associating a miRSNP as genetic modifier to a 

monogenic renal disorder. 

Prediction analysis of miRNA target sites on DNA regions located up to 10kb upstream of 

gene transcription start points using the miRWalk algorithm, revealed some interesting results 

with certain miRNAs having target sites of extended match length on such sites. The hsa-miR-
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548c-5p was predicted to target a 21nt long site located more than 8kb upstream of the FOXC2 

gene. An extensive bioinformatic prediction analysis regarding this miRNA and the family it 

belongs to (miR-548) indicated that miR-548c-5p and the miR-548 family in general are 

predicted to have more target sites within 10kb upstream of the gene 5’UTRs than in any other 

gene region. These sites are quite extended in length as regards the actual number of 

nucleotides hybridizing to the target requence. We hypothesized that this miRNA can target its 

predicted DNA sequence upstream FOXC2 and we used luciferase reporter constructs bearing 

their multiple cloning sites right before a core promoter to prove this direct interaction. The 

miR-548c-5p DNA target site was cloned into these vectors, while a second plasmid was 

generated using side directed mutagenesis, which lacked that miRNA target site but preserved 

≈200bp of the region flanking the site. Transfection of AB8/13 podocytes with both plasmids 

showed a significant increase of luciferase expression levels when the miR-548c-5p site was 

removed, thus suggesting a repressive role for this sequence in transcription. To prove the 

direct binding of miR-548c-5p on its target sequence, AB8/13 podocytes were transfected with 

miR-548c-5p mimics and the plasmid bearing the miRNA target site, causing luciferase levels 

to be significantly reduced. Transfections with miRNA inhibitors showed a boost in luciferase 

expression levels, as endogenously expressed miR-548c-5p was removed. To support further 

these results we developed a modified chromatin immunoprecipitation (ChIP) protocol and 

succeeded in isolating both the DNA region targeted by miR-548c-5p and the miR-548c-5p 

itself, using an antibody against all Argonaute (AGO) proteins. Specifically, we managed to 

isolate the endogenously expressed miR-548c-5p from the nucleus of cultured cells, together 

with its respective predicted target region upstream the FOXC2 gene. Conclusively, this is the 

first attempt in showing directly that a specific miRNA may be acting as regulator of 

transcription in the nucleus. 
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ΠΕΡΙΛΗΨΗ 

Η φαινοτυπική ετερογένεια που παρατηρείται στις σπειραματικές νεφρικές νόσους, δεν 

μπορεί συνήθως να εξηγηθεί από τις μεταλλάξεις που εντοπίζονται σε γονίδια σχετικά με τις 

νόσους. Συνεπώς, η εμπλοκή τροποποιητικών γονιδίων στις ασθένειες αυτές είναι ένας 

σημαντικός παράγοντας για την πρόβλεψη της εξέλιξης της νόσου σε ήπια ή σοβαρή νεφρική 

νόσο. Υποθέσαμε πως βλάβες στον μηχανισμό ρύθμισης της έκφρασης γονιδίων, που 

σχετίζονται με την λειτουργία και δομή του σπειράματος, από microRNAs μπορεί να 

καθορίζει ή να επηρεάζει τις ανομοιομορφίες στην κλινική εικόνα ασθενών με τέτοιες νόσους. 

Αφού πραγματοποιήθηκαν προβλέψεις στόχων των microRNAs στο 3’UTR και σε μια 

διευρυμένη περιοχή του προαγωγέα επιλεγμένων γονιδίων, στα οποία περιλαμβανόταν το 

γονίδιο που κωδικοποιεί για το Heparin Binding Epidermal Growth Factor (HBEGF), 

προχωρήσαμε σε αλληλούχιση των περιοχών 3’UTR από γονίδια που κρίθηκαν ως καλά 

υποψήφια σε 162 ασθενείς με ήπια ή σοβαρή νεφροπάθεια των λεπτών μεμβρανών (ΝΛΜ). 

Το γονίδιο HBEGF εκφράζεται στα ποδοκύτταρα και έχει αποδεδειγμένο ρόλο στην 

διατήρηση της φυσιολογικής λειτουργίας του σπειράματος. Ένας σημειακός πολυμορφισμός, 

ο C1936T (rs13385), βρέθηκε στο 3’UTR του HBEGF ο οποίος αντιστοιχεί στην δεύτερη 

θέση της ακολουθίας δράσης (seed region) του hsa-miR-1207-5p. Όταν AB8/13 μη-

διαφοροποιημένα ποδοκύτταρα επιμολύνθηκαν με μιμητές και παρεμποδιστές του 

συγκεκριμένου miRNA, τα επίπεδα της πρωτεΐνης HBEGF μειώθηκαν περίπου στο μισό. 

Ακολούθως, ένα κομμάτι DNA που περιλάμβανε το αλληλόμορφο C1936 κλωνοποιήθηκε στο 

πλασμίδιο αναφοράς pMIR-Report Luciferase και μαζί με μιμητές του miR-1207-5p 

μεταφέρθηκε σε AB8/13 ποδοκύτταρα. Όπως παρατηρήθηκε και στα πειράματα αποτύπωσης 

κατά western, η έκφραση της λουσιφεράσης μειώθηκε καταδεικνύοντας την ικανότητα του 

miR-1207-5p να ρυθμίζει απευθείας την έκφραση του mRNA του HBEGF. Αντιθέτως, στην 

παρουσία του αλληλομόρφου T1936, η ρύθμιση αυτή καταργήθηκε. Συνολικά, τα 

αποτελέσματα αυτά αποδεικνύουν πως ο πολυμορφισμός Τ1936 παρεμποδίζει το miR-1207-

5p να μειώνει ρυθμιστικά το HBEGF στα ποδοκύτταρα. Είναι πιθανόν ένας τέτοιος 

πολυμορφισμός να έχει κάποιο λειτουργικό ρόλο σαν τροποποιητικός παράγοντας. Μετά την 

γονοτύπηση 78 ασθενών με σπειραματοπάθεια CFHR5, φάνηκε στατιστικά ενισχυμένη η 

παρουσία του T1936 αλληλόμορφου σε ασθενείς με σοβαρή εξέλιξη της νόσου αυτής σε 

νεφροπάθεια τελικού σταδίου. Άλλες ομάδες ασθενών οι οποίες εμφανίζουν 

σπειραματοπάθεια η οποία οφείλεται σε πρωτογενή ή δευτερογενή αίτια, αλλά και ασθενείς 
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με ΝΛΜ, δεν έδειξαν παρόμοια συσχέτιση. Αυτή είναι η πρώτη αναφορά στην οποία 

εμφανίζεται συσχέτιση και χαρακτηρισμός ενός πολυμορφισμού σχετικού με microRNA και 

μιας μονογονιδιακής νεφρικής νόσου. 

Η πρόβλεψη στόχων των miRNA που ενδεχομένως βρίσκονται σε ακολουθίες 10kb πριν τα 

σημεία έναρξη της μεταγραφής  γονιδίων (δηλαδή 10 χιλιάδες βάσεις πριν την αρχή του 

5’UTR άκρου τους), έγινε με τον αλγόριθμο miRWalk. Τα αποτελέσματα της ανάλυσης αυτής 

είχαν μεγάλο ενδιαφέρον, αφού φάνηκε πως συγκεκριμένα miRNAs παρουσίαζαν 

διευρυμένες σε μήκος ακολουθίες στόχους σε τέτοιες περιοχές πριν την έναρξη των γονιδίων 

που ελέγχθηκαν. Το hsa-miR-548c-5p προβλέφθηκε να στοχεύει μια ακολουθία μήκους 21 

νουκλεοτιδίων σε μια περιοχή περίπου 8kb μακριά από την έναρξη του γονιδίου  FOXC2. 

Ακολούθησε μια σειρά αναλύσεων προβλέψεων των στόχων του miRNA αυτού και των 

μελών της οικογένειας στην οποία ανήκει (miR-548), οι οποίες έδειξαν πως τόσο το miR-

548c-5p όσο και η οικογένεια miR-548 προβλέπεται να στοχεύουν ακολουθίες μεγάλου 

μήκους που βρίσκονται κατά προτίμηση σε περιοχές DNA πριν τα σημεία έναρξης της 

μεταγραφής των γονιδίων, παρά σε οποιοδήποτε άλλο μέρος ενός γονιδίου. Υποθέσαμε πως 

το miRNA αυτό μπορεί και συνδέεται απευθείας στην DNA ακολουθία στόχο του πριν το 

γονίδιο FOXC2, έτσι χρησιμοποιήθηκε ένα πλασμιδιακό σύστημα αναφοράς με λουσιφεράση, 

το οποίο φέρει την θέση κλωνοποίησής του ακριβώς πριν τον βασικό υποκινητή του γονιδίου 

της λουσιφεράσης. Η ακολουθία στόχος κλωνοποιήθηκε στο πλασμίδιο αυτό, ενώ 

δημιουργήθηκε και ένα δεύτερο πλασμίδιο από το οποίο απουσίαζε η ακολουθία στόχος όμως 

διατηρήθηκαν οι γειτονικές εκατέρωθεν ακολουθίες. Ακολούθως, επιμολύνθηκαν AB8/13 

ποδοκύτταρα με τους πλασμιδιακούς φορείς και δείχθηκε ο κατασταλτικός ρόλος που έχει η 

ακολουθία στόχος στην έκφραση της λουσιφεράσης, η οποία είχε αυξημένα επίπεδα 

έκφρασης στην απουσία της ακολουθίας στόχου. Για να δειχθεί περεταίρω η πιθανή απευθείας 

σύνδεση του miR-548c-5p στην ακολουθία DNA στόχο του, τα μη-διαφοροποιημένα 

ποδοκύτταρα AB8/13 επιμολύνθηκαν με μιμητές του miR-548c-5p και το πλασμίδιο 

λουσιφεράσης που έφερε την περιοχή στόχου του συγκεκριμένου miRNA, με αποτέλεσμα να 

μειωθούν δραστικά τα επίπεδα έκφρασης της λουσιφεράσης. Επιμόλυνση με παρεμποδιστές 

του miR-548c-5p έδειξαν τα αντίθετα αποτελέσματα, αφού απενεργοποιήθηκαν τα ενδογενώς 

εκφραζόμενα miRNAs και η περιοχή παρέμεινε ελεύθερη από οποιαδήποτε ρυθμιστική δράση 

σχετική με το miRNA αυτό. Τα αποτελέσματα αυτά συμπληρώθηκαν με την εφαρμογή ενός 

τροποποιημένου πρωτοκόλλου ανοσοκαθίζησης χρωματίνης (chromatin immunoprecipitation 

Greg
ori

s P
ap

ag
reg

ori
ou



(vi) 
 

- ChIP), με το οποίο έγινε ταυτόχρονη απομόνωση τόσο του miRNA, όσο και της DNA 

περιοχής στόχου του σε διαλύματα όπου χρησιμοποιήθηκε αντίσωμα που στοχεύει όλα τα 

μέλη της οικογένειας πρωτεϊνών Argonaute (AGO). Συνολικά, αυτή είναι η πρώτη απόπειρα 

χρήσης πλασμιδίων αναφοράς λουσιφεράσης για την απόδειξη της πιθανής απευθείας 

σύνδεσης ενός miRNA σε μια ακολουθία DNA. Ταυτόχρονα, επιτύχαμε την απομόνωση 

ενδογενώς εκφραζόμενου miR-548c-5p από ποδοκύτταρα σε καλλιέργεια, μαζί με την 

αντίστοιχη DNA ακολουθία στόχο του. 
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1. INTRODUCTION 

1.1 Kidney physiology and glomerular function 

1.1.1 The human kidney 

In order for the human body to preserve its physiological function, internal homeostasis must 

be preserved. The human kidneys are responsible for controlling fluid homeostasis by 

constantly actualizing their excretory and secretory properties.[1] Kidneys control the volume 

and osmomolarity of body fluids, as well as keep a balanced electrolyte load (Na+, K+, Cl-, 

HCO3
-, H-, Ca2+, Mg2+, PO4

3-) in the body in order to preserve homeostasis. In addition, 

kidneys are responsible for the excretion of metabolic byproducts and toxins, while they can 

also secrete or activate hormones such as renin, erythropoietin, 1,25-dihydroxyvitamin D3, 

prostaglandins and kinins.[2] 

Each kidney is estimated to contain 1.5 million nephrons, the units that perform all basic 

functions of the organ. There are two kinds of nephrons; cortical and juxtamedullary. A 

nephron consists of the renal corpuscle (with the glomerulus and the Bowman’s capsule - 

Figure 1), the proximal convoluted tubule, the loop of Henle, the distal convoluted tubule and 

finally the collecting duct.[2] The blood stream enters the kidney through an afferent arteriole, 

which is further divided into capillaries that form the glomerulus, in order for the primary 

urine filtrate to be collected into the Bowman’s capsule. Then this filtrate travels through the 

tubular system for water and ions to be re-absorbed and urine is gathered via the collecting 

duct into the renal pelvis and finally to the urethra through the ureter.[1] 

Kidney diseases are usually divided into two main categories that are based on the nephron 

part being affected; thus nepropathies can be of glomerular (Table 1) or tubular origin.[3] 

Tubular renal diseases usually manifest with renal cysts and a wide spectrum of extra-renal 

symptoms, while glomerular diseases are due to defects of the glomerulus and the glomerular 

filtration barrier and present with hematuria, proteinuria and focal segmental 

glomerulosclerosis (FSGS).[3,4] Greg
ori

s P
ap

ag
reg

ori
ou



12 

 

1.1.2 The glomerulus and its filtration barrier 

The kidney glomerulus consists of a “tuft”, where a capillary is convoluted to introduce the 

stream of blood to be filtered inside the kidney, surrounded by the Bowman’s capsule (Figure 

1). [5] This capillary is structurally enforced by the glomerular basement membrane (GBM); 

hence the GBM serves as the board on which both fenestrated glomerular endothelial cells and 

podocytes (epithelial cells) are attached to form the glomerular filtration barrier (GFB - Figure 

2).[6,7] The GFB is ordered to survey the mobility of the plasma ultrafiltrate towards the 

urinary space and prevent plasma proteins, albumin and immunoglobulins, from escaping. 

Molecular and structural defects caused by mutations in genes coding for GFB associated 

proteins or by the deregulation of protein expression levels can lead to glomerular disease, 

usually manifesting with proteinuria and hematuria. 

 

Figure 1: The kidney glomerulus with its filtration barrier surrounded by the Bowman’s capsule. The afferent arteriole 
introduces the blood stream into the glomerulus via capillary arterioles. The blood is then filtered to produce the urine and 
then exit through the efferent arteriole. Mesangial cells support the structure of the glomerulus, while the juxtaglomerular 
apparatus, through its macula densa cells, senses the blood flow pressure. Taken from Ross M.H., et al., 1989.[8]  
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Figure 2: The glomerular filtration barrier (GFB) consisted by the fenestrated glomerular endothelial cells, the glomerular 
basement membrane (GBM) and the podocyte foot processes. Foot processes of neighboring podocytes communicate 
through slit diaphragms (SD), which are shaped by protein networks. The GFB acts to prohibit the escape of large 
molecules, such as albumin, or red blood cells to the urine. Misshaping of the GFB due to mutations in relevant genes, 
results in hematuria and/or proteinuria and finally renal failure. Taken from Ronco, P. J, 2007.[9] 

 
The cellular components of the GFB are responsible for the maturation, the maintenance and 

the functional and structural integrity of the GBM.[10,11] The glomerular endothelial cells are 

lined on the capillary wall having fenestrations with a diameter of 70-100nm.[6] Their surface 

is covered by a negatively charged glycocalyx acting as a barrier for plasma molecules 

depending on their charge rather than size.[12]  

The GBM is composed of collagen IV molecules winded up in α3α4α5 trimers, together with 

laminins α5β2γ1, endactin/nidogen and proteoglycans, perlecan and agrin.[13,14] Being a 

thicker membrane, in contrast with common basement membranes, the GBM is transformed 

during various glomerular diseases and becomes unusually thin when COL4A3 and COL4A4 

genes are mutated or serves as the center in which extracellular matrix is deposited during 

diabetic nephropathy leading to sclerosis.[15,16]  

The podocyte is a remarkable, well-differentiated epithelial cell that serves as a trafficking 

controller between the glomerular capillary lumen and the urinary space of Bowman’s 

capsule. They are polar cells consisting of a cell body sitting on the outer layer of the 

glomerular basement membrane by using its major processes, which expand and embrace the 

glomerular capillaries via interdigitating “foot” processes.[5,17] Such foot processes of 

adjacent podocytes are closely linked by a 40nm-wide network of proteins namely the 

glomerular slit diaphragm (SD), acting as the ultimate inhibiting guard to the outgo of large 

molecular weight proteins to the urine ultrafiltrate, while it permits small molecules and water 
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to flow through.[18] The slit diaphragm and the luminal site of the podocyte are coated by a 

mix of glycoproteins, such as podocalyxin and podoendin, in order to preserve a strong 

negative charge functioning as a protein selection barrier.[19,20] Slit diaphragms are 

organized by intertwining proteins, that control the escape of circulating proteins and are 

considered as a modified tight junction.[21,22,23] Nephrin is considered as the predominant 

protein of SD and it is thought to form heterodimers with podocin and NEPH2.[24,25] 

Mutations in the NPHS1 gene coding for nephrin, were found to be responsible for the 

congenital Finnish-type nephrotic syndrome.[26] The SD protein complex also includes the 

CD2-AP, ZO-1, FAT1, MAGI-1, P-cadherin and LRRC7.[27] Besides NPHS1, the CD2-AP 

gene was also found to be mutated in familial and sporadic cases of FSGS, as well as other 

podocyte specific genes such as ACTN4 and TRPC6.[28,29,30] In addition, mutations in the 

NHPS2 gene coding for podocin, have been associated with Steroid-Resistant Nephrotic 

Syndrome (SRNS).[31] Damage of podocytes leads to nephrotic syndrome, as they are unable 

to regenerate and recover, therefore their numbers are effectively reduced.[32] Nephrotic 

syndrome presents with increased proteinuria leading to hypoalbimunuria, oedema, 

hyperlipidemia and in most cases FSGS, which in turn leads to chronic and soon to end-stage 

kidney disease (Table 1).  

1.2 Inherited glomerulopathies 

Clinical phenotypic diversity in inherited glomerular diseases is a frequently observed 

phenomenon, the molecular pathomechanism of which is rarely explained by researchers. This 

heterogeneity is exemplified by the observation that not all patients who develop chronic 

kidney disease (CKD) due to a primary genetic cause will proceed to end-stage kidney disease 

(ESKD). In such diseases, glomerular defects that include but are not limited to the glomerular 

basement membrane, the glomerular endothelium and the podocytes can alter the kidney’s 

filtration barrier integrity and lead to an adverse outcome in patients. A subset of glomerular 

defects emerging from germinal mutations in specific genes or are acquired are directly 

reflected on podocytes, which may lose their structural integrity and functional properties 

(Table 1).[33,34] 
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Table 1: List of monogenic glomerulopathies, together with the gene mutated in each case, their mode of inheritance and 
characteristic symptoms.[3,35,36] 

DISEASE GENE INHERITANCE CHARACTERISTIC 
PHENOTYPE 

Finnish Type Nephrotic Syndrome NPHS1 AR Microcystic Nephropathy 

Nephrotic Syndrome Type 2 NPHS2 AR 
Microcystic Nephropathy 

FSGS 
Steroid Resistance 

NS Type 3 NPHS3 AR Diffuse Mesangial Sclerosis 
FSGS 

FSGS Types 1 to 3 
ACTN4 
CD2-AP 
TRPC6 

AD 
AD/AR 

AD 
FSGS 

Frasier Syndrome WT1 AD Diffuse Mesangial Sclerosis 
FSGS 

Alport Syndrome 
COL4A3 
COL4A4 
COL4A5 

AR 
AR 
XD 

Hematuria 
Proteinuria 

FSGS 
Deafness Alport Syndrome with Leiomyomatosis COL4A6 XD 

Thin Basement Membrane Nephropathy COL4A3 
COL4A4 

AD 
AD 

Hematuria 
Proteinuria 

FSGS 

CFHR5 Nephropathy CFHR5 AD 
Microscopic Hematuria 

Proteinuria 
FSGS 

Pierson’s Syndrome LAMB2 AR Nephrotic Syndrome 
Microcoria 

 

Microscopic hematuria (MH) of glomerular origin can be a benign condition persisting for life 

or can be the starting point of a progressive process that may lead many years later to 

proteinuria and decline of renal function resulting in CKD or ESKD.[37] A prime example is 

thin basement membrane nephropathy (TBMN) where patients in the same family who bear an 

identical heterozygous mutation in either the COL4A3 or COL4A4 gene that encodes for the 

α3 or α4 chain of collagen type IV respectively, may follow a quite diverse disease course. In 

recent studies on a large cohort of patients it was demonstrated that a small percentage of 

patients will remain for life with benign isolated MH; however a larger fraction of patients 

will proceed to proteinuria and CKD. Overall 15-20% of patients will have an even worse 

course and reach ESKD at ages after 50 years of age. In fact, nearly 50% of patients after 50 

years will require hemodialysis or a renal transplant.[38] Greg
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Similarly, in another recently revisited C3 glomerulopathy that is caused by mutations in the 

CFHR5 gene which plays a role in the regulation of the alternative pathway of complement 

activation, nearly all patients present with MH from childhood, while they may also develop 

macroscopic hematuria as a response to infections of the upper respiratory tract. Impressively, 

this disease entity is thus far only recorded in Cyprus, where patients inhabit or originate from 

mostly some villages in Troodos Mountain, hence called “Troodos Nephropathy”. A subset of 

patients will remain stable but about 15%, predominantly males will develop proteinuria and 

CKD or ESKD.[39] Female patients appear to have a milder disease progression and 

according to our recently published work, only 4/18 patients who reached ESKD were 

females. This variable expressivity might be explained by a number of factors including 

genetic modifiers through yet unknown molecular mechanisms. MicroRNA (miRNA) 

regulation of gene expression could be one of these factors. 

1.3 microRNAs (miRNAs) 

miRNAs belong to the most abundant class of small RNAs in animals. It is a recently 

discovered class of eukaryotic, endogenous, non-coding RNAs that play a key role in the 

regulation of gene expression. When mature they are short, single-stranded RNA molecules 

approximately 21-23 nucleotides in length, and they are partially complementary to one or 

more messenger RNA (mRNA) molecules.[40] Their main function is to down-regulate gene 

expression by inhibiting translation or by targeting the mRNA for degradation or 

deadenylation.[41] The mature miRNA mainly acts by targeting a miRNA recognition element 

(MRE) on an mRNA’s 3’UTR and binding on it through a Watson-Crick base-pairing 

manner.[42] miRNA target recognition properties depend on its ‘seed region’, which includes 

nucleotides 2-8 from the 5’-end of each miRNA.[43] Basepairing between the 3′ -segment of 

the miRNA and the mRNA target is not always essential for repression, but strong base-

pairing within this region can partially compensate for weaker seed matches or enhance 

repression.[44]  

miRNAs are thought to finely regulate mRNA translation in almost all cell types and tissues. 

Landgraf et al. performed expression profiling of mammalian miRNAs using small RNA 

library sequencing from 26 different cell types and organs of both human and rodents.[45] 
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They found that microRNAs are differentially expressed in almost all tissues and cell types, 

with certain single miRNAs or miRNA families clustering in specific samples. 

1.3.1 Biogenesis 

Primary miRNA transcripts (pri-miRNAs) are mostly transcribed by RNA Polymerase II, 

while in some exceptional cases RNA Polymerase III is used (Figure 3).[46] They are usually 

polycystronic with a length of more than 1kb. Each miRNA is comprised of a double stranded 

stem of 33 base pairs, a terminal loop and two flanking unstructured single-stranded 

segments.[47,48] Pri-miRNAs are cleaved to form pre-miRNAs, which are approximately 60-

100 nt long and have a hairpin-like structure.[49] Microprocessors handle this cleavage and 

are formed by the Drosha protein, an RNAase III endonuclease, and DGCR8/Pasha dsRNA 

binding protein; they cleave near the hairpin loop base to release both strands of the initial pri-

miRNA stem, leaving a 5’ phosphate and 3’ overhang of 2 nucleotides.[50] Pre-miRNAs are 

transported into the cytoplasm by Ran-GTP and the export receptor Exportin-5 and then 

undergo digestion by Dicer ribonuclease to shape a mature double stranded miRNA.[51] Dicer 

is again an RNAse III enzyme, that was previously shown to be involved in small interfering 

RNA (siRNA) generation, and is thought to recognize the pre-miRNA through the 5’ 

phosphate and 3’ overhang created by Drosha and cuts the terminal base pairs and the loop off 

the pre-miRNA again by the creation of a 5’ phosphate and 3’ overhang.[52,53] Finally, 

miRNAs use the miRNA ribonucleoprotein complex (miRNP), which encompasses RISC-like 

(RNA-induced silencing complex) structures to form complexes, in order to bind target 

mRNAs and effectively repress their levels of expression, cleave, deadenylate or destabilize 

them by decapping.[54,55] The miRNP/RISC complex in humans is formed by proteins like 

the elF2C2, an Argonaute protein homologue, and the Gemin3 and Gemin4 helicases. Thus 

far, eight Argonaute proteins have been found in humans and they are thought to perform the 

cleavage of target mRNAs bound by the RISC through an endonuclease named “Slicer”, yet of 

unknown nature.[56,57] 
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Figure 3: The miRNA biogenesis. See text for a detailed description of this pathway. Adopted by Kim NV, 2005.[58]  

1.3.2 Involvement in diseases 

In general there are two main mechanisms by which miRNAs can be involved in disease 

pathogenesis. A mutation on the miRNA itself can render it the primary causative gene. On 

the other hand, a miRNA can be indirectly involved in disease expression if the gene it targets 

is defined as the causative gene. The only evidence to our knowledge of a miRNA itself being 

the primary causative gene came from the work of Mencia et al., in which they identified a 

point mutation in the seed region of miR-96 which causes autosomal dominant non-syndromic 

hearing loss.[59] An engineered mouse model with a mutation in the seed region of miR-96, 

presented a phenotype similar to the human disease confirming the primary role of miR-

96.[60] In contrast, a miRNA can be considered as secondary cause to the disease when a 

genetic variation alters the binding of that miRNA to a causal gene. Evidence for such 
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mechanism was shown for miR-24 when a point mutation that altered its binding to SLITRK1 

gene was identified in patients with Tourette syndrome.[61] Similarly, point mutations on 

REEP1 which is a candidate gene for hereditary spastic paraplegia were found on the binding 

sites of two miRNAs (miR-140 and miR-691).[62,63]  

Involvement of miRNAs in inherited diseases is not limited to those two mechanisms. 

Evidence suggests that miRNAs can act as disease modifiers as a result of genetic variations 

on the precursor molecules or the miRNA-target binding sites. Single nucleotide 

polymorphisms (SNPs) can affect all states of the miRNA synthesis (pri-, pre-, and mature) 

and alter the miRNA biogenesis or function. Variations that alter the biogenesis of miRNAs 

were associated with predispositions to various diseases including congenital heart disease 

[64], schizophrenia [65], papillary thyroid carcinoma [66] and others. Despite that, it should 

be noted that genetic variations within the pre-miRNA sequence and specifically within the 

seed-region are rare and comprise less than 1% of the miRNA-related SNPs.[67] 

MicroRNA associated single nucleotide polymorphisms (miRSNPs) found on miRNA target 

sites within 3’UTRs of mRNAs, are relatively common. A miRSNP can eliminate or weaken 

the binding of a miRNA to its target site or increase the binding by creating a perfect sequence 

match to the seed of a miRNA that normally is not associated with the given mRNA, provided 

that both miRNA and mRNA share the same tissue of expression. In both cases the result will 

be a significant alteration in protein levels. There are currently three databases available 

(Patrocles, dbSMR and PolymiRTS) that compile SNPs on the mRNA 3’UTR region of 

human and mouse genes that create or destroy miRNA binding sites.[68,69,70] 

1.3.3 miRNAs in renal diseases 

The role of miRNAs in processes such as maturation of the mammalian kidney was recently 

established by the podocyte-specific inactivation of Dicer, the RNAse III endonuclease 

responsible for miRNA maturation, in mice.[71,72,73] Podocyte foot processes were 

consequently depleted, while apoptosis commenced. Animals initially developed albuminuria 

followed by glomerular sclerosis and tubulo-interstitial fibrosis with acute renal disease 

progression and eventually death of mice by 6-8 weeks. The pathological phenotype was 

completed by proteinuria, glomerular basement membrane abnormalities and mesangial 

expansion, assimilating a congenital glomerulopathy. This proves that miRNAs have a 
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fundamental role in regulating kidney physiological development; hence they must have a role 

in renal disease as well. 

Implication of miRNA in renal glomerular disease is evident in diabetic nephropathy. The 

development of glomerular nephropathy in patients diagnosed with type 1 or 2 diabetes is 

restricted to 30%, with most proceeding to end-stage renal disease depending on their genetic 

burden or environmental factors.[74] Diabetic nephropathy manifests with proteinuria, 

thickening of the glomerular basement membrane, expansion of the mesangium and 

accumulation of the extracellular matrix, where laminin, fibronectin and collagens type I and 

IV fail to preserve its normal structure.[15] In diabetic mice, miR-192 was found to be 

elevated in their glomeruli.[75] This miRNA can regulate E-box repressors expression, which 

in turn regulate Col4a1 and Col4a2 gene expression through TGF-β leading to their 

accumulation. In addition, hyperglycemia seems to induce the abnormally high expression of 

miR-377 in mesangial cells, causing the targeted PAK1 and mnSOD mRNA downregulation 

and finally enhanced production of fibronectin.[76] Furthermore, in early diabetic nephropathy 

miRNA-21 was found to have reduced levels in db/db mice, while its over-expression paused 

mesangial cell proliferation and decreased the albumin excretion rate.[77]   

In hypertensive nephrosclerosis, a disease where arterial sclerosis leads to glomerular sclerosis 

and hypertrophy, atrophy of the tubules and interstitial fibrosis, specific microRNAs were 

found to be highly expressed in a recent study; miR-200a and b, miR-141, miR-429, miR-205 

and miR-192 were found in abundance and their levels correlated with proteinuria in 

patients.[78] Impressively, microRNA expression in patients with IgA nephropathy, revealed 

the association of miR-192, miR-141, miR-205 and miR-200c with the disease.[79] In this 

case miR-200c was found to be downregulated with its levels of expression correlating with 

proteinuria, while the rest were upregulated with miR-192 being associated with 

glomerulosclerosis and decrease of glomerular filtration rate.  

MicroRNAs are also involved in the pathogenesis of polycystic kidney disease (PKD). In 

ADPKD and ARPKD, miR-15a was found to be downregulated, which in turn influenced the 

upregulation of Cdc25A, a regulator of the cell cycle, as it was no longer targeting this protein 

efficiently.[80] In addition, miR-21 was also found to have elevated expression in a PKD rat Greg
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model, while other microRNAs such as miR-31, miR-164a and miR-125 were found to be 

downregulated.[81] 

1.3.4 miRNAs as regulators of transcription 

RNA interference (RNAi) is a primary epigenetic regulator of gene translational silencing, 

acting at the chromatin level and transcriptional gene silencing (TGS) is a term introduced to 

engulf these RNAi properties.[82] Hence, compared to the miRNA/RISC pair, the RNA-

induced transcriptional silencing (RITS) complex is build by the cell to assist RNAi mediated 

TGS. Plant siRNAs do not only have complete complementarity against their targets, but they 

are usually longer than miRNAs and have been found to repress gene transcription by 

influencing methylation of promoter sequences at transcription start sites.[83]  This is the case 

in Arabidopsis, where such small RNAs were developed as a response against the invasion of 

foreign nucleic acids in order for the genome integrity to be preserved.[84] In yeast, the RNAi 

pathway has been associated with telomere chromatin assembly, as the RITS complex 

incorporates proteins such as Ago1 which in turn associate with other proteins that cause 

chromatin modifications to occur.[85] Evolutionarily lower organisms, such as 

Saccharomyces pombe demonstrate the involvement of RNA polymerase-II in TGS and this is 

suggestive of a strong association between the RISC and RITS acting RNAi molecules; they 

are both transcribed to serve as regulators of protein synthesis but only by acting on different 

kinds of targets.[86]  

As the miRNA field was evolving, researchers have well suspected that not only siRNAs but 

also miRNA molecules are entitled to extended roles in regulating gene expression. Not only 

should they bind on the 3’UTR of mRNAs, but it was inevitable to assume that miRNAs could 

exert control over gene transcription as well. There are three scenarios as to how miRNAs can 

preserve such relationships that involve binding onto DNA sequences in order to regulate gene 

transcription; by interfering with nucleotide methylation of particular promoter sites to 

enhance or repress transcription, by assisting for chromatin modifications to occur in order to 

block or release DNA regions or by binding directly onto specific DNA sequences to silence 

or promote gene expression.[87] If the latter is valid, one must argue on the actual mechanism 

that leads mature miRNAs back into the nucleus, on the possibility of a miRNA to bind 

directly on DNA and on the way that transcriptional repression/enhancement occurs. For RNA 
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to bind on complementary DNA sequences and regulate gene transcription, it is possible that 

the RNA binds directly onto the DNA molecule or not, as the RNA could bind to other newly 

synthesized RNA transcripts on specific sequences and influences the creation of an RNA-

protein-DNA bundle to inhibit translation.[87]  

There have been a number of publications that proved transcriptional regulation by miRNAs. 

Nevertheless, the published works used only artificially generated miRNA/siRNA LNA 

molecules and in high concentrations, thus suggesting an effect which cannot be occurring 

under normal circumstances keeping in mind the low concentration of miRNAs in cells. Kim 

et al., suggest that miRNAs whose genes are encoded within basal promoters of genes, are 

related to miRNA-induced transcriptional silencing of “host” genes, via their hybridization on 

their corresponding complementary regions, thus acting as cis-regulatory elements of 

transcription.[88] The same study demonstrated that miR-320 regulates the transcription of 

POLR3D (RNA Polymerase III – subunit D) by this manner. In other cases, there has been an 

attempt to target specific promoter sequences by using small RNA molecules in order to 

investigate for their regulatory properties. MiRNA influence on gene transcription was 

suggested in a study by Younger and Corey (2011), who succeeded in inhibiting the 

transcription of the human progesterone receptor (PR) gene via miRNA mimics that targeted 

non-coding RNA transcripts which overlapped with the promoter of the PR gene.[89] 

Silencing or repression is not always the case, as such antigene RNAs (agRNAs) were also 

found to promote PR gene expression in a methylation independent manner by targeting 

sequences on the promoter region of the PR gene in MCF7 cells, which express this protein at 

low levels.[90] 

The possible mechanisms by which a miRNA can pass through the nuclear envelope and enter 

the nucleus have also been addressed. Hwang et al., found that a miRNA 5’-end 

hexanucleotide element is responsible for the direction of miRNAs into the nucleus.[91] 

Furthermore, Argonaute proteins, the primary proteins to shape the miRNP/RISC complex 

which presumably assist miRNA mediated DNA binding, were found to be imported in the 

nucleus by importin 8.[92] Both Argonaute 1 (Ago1) and 2 (Ago2) proteins were found to be 

implicated in TGS.[93,94]  
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2 HYPOTHESES AND SPECIFIC AIMS 

In order to explain the variable course of progression of patients with glomerulopathies to 

ESKD, researchers are just beginning to focus on the identification of modifier genes. Such 

modifier genes belong to a category of factors that can alter the phenotypical spectrum in 

monogenic disorders; one gene bears a mutation that is found segregating in families and is 

mainly responsible for the pathological phenotype.[95] Furthermore, one should not overlook 

the pressure exerted from the environment, for example blood pressure control, protein 

consumption or drug intake.  

Governments worldwide are investing great sums of money for cure or prevention of renal 

disease; by improving prognosis of such diseases, mutation carriers would be able to delay 

disease progression when they are correctly guided by clinicians and have better lives away 

from hospitals.[96] Public hospitals in Cyprus have a high turn-over of patients in dialysis and 

the number of patients is destined to be multiplied. It is a well known fact that three factors 

contribute to CKD and ESKD, those being increasing trends for hypertension, diabetic 

nephropathy and aging, with increased life span. On top of these, there are genes contributing 

to either monogenic or multifactorial diseases and these should be identified and interfered 

with by various means. Unfortunately, existing clinical interventions cannot always alleviate 

symptoms effectively and most importantly cannot always prevent the end result and the need 

for hemodialysis or kidney transplantation.[97,98] 

MicroRNAs are an emerging class of molecules that have been implicated in most diseases 

with complex and non-mendelian inheritance. If the fine tuning they exert on mRNA 

translation is voided by any means, then a disease/phenotype should follow. Therefore, it is 

hypothesized that alteration of miRNA physiological control against target mRNAs can turn 

glomerular disease into more or less severe and this study is designed in a way to prove such 

interactions. This is the first attempt to associate this otherwise unpredicted deterioration of 

patients to ESKD with miRNAs.  

This study aims to prove that miRNAs play a pivotal role in kidney disease by regulating the 

normal levels of certain genes expressed in the glomeruli or the podocytes and presumably 

contribute to disease progression. Single nucleotide polymorphisms in miRNA target regions 
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of such genes can alter the physiological regulatory properties of a miRNA and thus function 

as a loss or gain-of-function mutations. In this manner, we hypothesized that SNPs located 

in miRNA target sites at the 3’UTRs of such genes could weaken or enhance 

physiological miRNA binding ability and thereby alter the capacity of miRNAs to 

regulate gene expression effectively, thus explaining the diverse phenotypic severity in 

glomerulopathies. By hypothesizing such a role for miRSNPs, they can be thought of as 

quantitative trait loci (QTL), acting synergistically with other SNPs or miRSNPs to orchestrate 

complex phenotypes. In multifactorial diseases, such as diabetes, progressive nephropathy can 

also be explained by the lack of miRNA tuning attributed to such miRSNPs. Future research 

will be focused on drug invention to invert the harmful effects of deregulated miRNA 

translational control and restore physiological mRNA levels in the renal tissue. For the basic 

workflow of this project, see Figure 4. 

In order to test the above hypothesis, the following methodological procedures were realized: 

1. Selection of candidate genes 

A list of candidate genes was generated which included genes expressed preferably in 

the kidney glomeruli, the basement membrane, podocytes, focal adhesions, slit 

diaphragms or genes that have been associated with a disease that manifests with a 

glomerular deficiency, based on available literature. Such diseases can be thin 

basement membrane nephropathy, CFHR5 nephropathy, hypertensive nephrosclerosis, 

diabetic nephropathy and IgA nephropathy. 

2. Prediction of miRNA target sequences at the 3’UTR and the promoter region of 

candidate genes using algorithms 

In the past few years target-miRNA prediction algorithms using various criteria and 

calculation approaches have been used greatly. Predictions in this study were 

performed using the miRWalk algorithm and for result filtering purposes, predictions 

were repeated by using four other algorithms available online. A gene target-miRNA 

pair was considered as a good candidate when it was predicted by all five algorithms. 

For this work, gene promoters were regarded as sequences located up to 10kb upstream 

of the 5’UTR, in order to explore for the possibility that a miRNA could target 

sequences that act as enhancer or suppressor elements. Greg
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3. Sequencing analysis of 3’UTR regions of top candidate genes in search for 

miRSNPs 

Starting from top candidates, sequencing analysis included patients diagnosed with 

thin basement membrane nephropathy and classified into one of two distinct classes in 

terms of severity. Only SNPs located at miRNA target sites and especially into the 

seed region were selected for further analysis. 

4. Validation of miRNA regulation on predicted target regions at the 3’UTR of 

candidate genes using “sensor constructs” 

Luciferase sensor construct assays were used to investigate direct binding and 

regulation by miRNAs against their predicted target sequences in the AB8/13 podocyte 

line. 

5. Further analysis of translational regulation of candidate genes using real-time 

PCR and Western blot analysis 

In support of luciferase assay data, both real-time PCR and western blots were utilized 

to evaluate target mRNA and protein levels respectively after experimentally 

increasing miRNA levels in cultured cells. 

6. miRSNP analysis in patients and examination of its association with the degree of 

severity in glomerulopathies under study. 

Patients manifesting the aforementioned glomerular diseases were scrutinized for 

every SNP that was experimentally proven to alter the binding ability of a certain 

miRNA to its target. Phenotypic severity was also evaluated for association with 

miRSNPs using statistical approaches. 
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Figure 4: Basic workflow for the identification of miRSNPS that act as genetic modifiers in glomerular diseases 

In addition, since preliminary bioinformatic analysis revealed high complementarity between 

specific miRNAs and promoter regions, we made an attempt to unveil further basic properties 

of miRNA regulation in terms of DNA transcriptional repression or enhancement. miRNA-

DNA coupling relationships have been previously examined and published results are thus far 

promising that transcription can also be controlled by miRNAs.[92,99,100,101] Herewith, we 

hypothesized that specific miRNAs can exert transcriptional regulation by their direct 

binding on DNA sequence elements located upstream of gene transcription starts. For 

this purpose, we aimed at using luciferase reporter constructs for the first time in order to 

prove direct interaction of miRNAs with DNA sequences and regulation of transcription by 

miRNAs. We also attempted to support our results by the isolation of endogenously expressed 

miRNAs and their DNA binding sites by developing a modified chromatin 

Immunoprecipitation (ChIP) protocol. Further elucidation of miRNA regulatory characteristics 
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will be an innovative and exceptional advancement in miRNA research. [See Figure 5 for 

basic workflow]. 

The specific aims of this part of the project based on the hypothesis are: 

1. Prediction analysis of miRNA targets on DNA sequences upstream of candidate 

genes. 

The miRWalk algorithm has the ability to scan genes for miRNA binding sites on 

regions upstream their 5’UTR regarded as their “promoter”. In reality, this region 

includes the core gene promoter but also genomic elements that enhance transcription. 

Hence, an extended region of 10kb was scrutinized for miRNA binding sites, based 

only on the degree of complementarity between the miRNA sequence and the target 

sequence. In lack of additional algorithms, filtering of results was based on the size of 

the complementary region and the site of the sequence in respect to its distance from 

the 5’UTR of the gene. 

2. Use of reporter constructs to investigate for miRNA/DNA target sequence 

coupling ability. 

The pGL4.27 vector bears its multiple cloning site right upstream the core promoter of 

a luciferase gene and it is generally used as a mean of examining the action of 

transcription factors over promoter/enhancer elements. After cloning the miRNA target 

site on the multiple cloning site of this vector, AB8/13 podocytes were transfected, 

together with miRNA mimics and inhibitors. Luciferase level fluctuations reflect the 

ability of a given miRNA to bind on its target DNA sequence and alter gene 

transcription. 

3. Chromatin Immunoprecipitation (ChIP) experiments for the isolation of AB8/13 

genomic DNA sequences as well as endogenously expressed miRNAs that are 

bound on these sequences. 

A modified ChIP protocol was designed and performed for capturing miRNAs, 

presumably facilitated by the RISC complex to bind directly onto DNA target 

sequences. These series of experiments were performed in order to evaluate the 

bionformatic prediction analyses and validate the luciferase experiments. Both DNA 

and miRNA presence was spotted and relatively quantified with Real-Time PCR 

experiments, as an altimate proof of our hypothesis. 
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Figure 5: Basic workflow for identifying miRNAs that are able to exert regulation of gene expression via target sites on 
their extended promoter regions. 
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3 METHODS 

3.1 Identification of miRSNPs that contribute to glomerular pathological phenotypes 

3.1.1 Patients 

Patients who participated in this study were diagnosed with TBMN or CFHR5 nephropathy 

and were all shown to have inherited germinal mutations in either the COL4A3/COL4A4 

genes or the CFHR5 gene respectively, in heterozygosity. All participants were informed by 

the clinicians and signed a consent form. The project is approved by the Cyprus National 

Bioethics Committee. A total of 232 anonymous DNA samples from our DNA bank served as 

controls.    

TBMN patients originate from 16 large Cypriot families. Seventy-eight of 103 patients are 

heterozygous for the G1334E–COL4A3 mutation, 19 of 103 are heterozygous for the G871C–

COL4A3 mutation and 6 of 103 are heterozygous for the c.3854delG–COL4A4 mutation.[98] 

Due to the slow disease progression patients with “mild disease” (see below) and younger than 

48-yo (born before January 1963) were excluded. The CFHR5 nephropathy group was 

comprised of 45 male and 33 female patients (born before January 1975), all sharing a 

common exons 2-3 heterozygous duplication in CFHR5 gene.[39] Pedigrees and analytical 

clinical data have been published in detail elsewhere.[98,102] For both, TBMN and CFHR5 

cohorts, “mildly” affected patients are those having only microscopic or macroscopic 

hematuria episodes (but no CKD) or hematuria plus low grade proteinuria (<400 mg/24 hrs, 

but no CKD). “Severely” affected patients are those having hematuria plus proteinuria >500 

mg/24 hrs or hematuria plus proteinuria plus CKD or ESKD. CKD was defined as an elevated 

serum creatinine over 1.5 mg/dl. Patients with remittent or borderline proteinuria were 

excluded. Patients with a concomitant renal disease (e.g., over five years diabetes, diabetic 

nephropathy, vesicoureteral reflux) or at the extreme of body weights (outside ±2 SD of the 

cohort mean) were also excluded (see Table 2). 
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Table 2: Basic symptoms table for distinguishing between mildly or severely affected patients in TBMN and CFHR5 
cohorts. 

 

For investigating results in further, additional glomerulopathy patient groups of variable cause 

were encompassed. Thus, patients diagnosed with IgA nephropathy, hypertensive 

nephrosclerosis, diabetic nephropathy and glomerulonephritis were also screened for C1936T 

functional variant of HBEGF.  

Control population was expanded to include around 700 samples from the Cyprus Study 

(Cyprus Cardiovascular Disease Education and Research Trust), which was established in 

order to study for risk factors leading to atherosclerosis in the Cyprus general population. This 

sample group was encompassed in order to examine the potential association between the 

C1936T variant in HBEGF and serum levels of various proteins, aminoacids and chemical 

substances.[103] Serum creatinine, folic acid, homocystein and B12 vitamin levels, as well as 

matrix metalloproteinases 1,2,8,9 and metalloproteinase inhibitors 1 and 2 levels, were 

statistically compared with C1936T genotypes. Correlation with serum level measurements of 

asymmetrical dimethylarginine (ADMA) – an inhibitor of nitric oxide synthase which is 

elevated in patients with chronic renal failure and cardiovascular disease, [104] nitric oxide 

(NO) and myeloperoxidase (MPO), implicated in membranous glomerulonephritis, were also 

examined.[105] 

 

 

 Mildly affected patients Severely affected patients 

Hematuria Microscopic (TBMN and CFHR5) 
or Macroscopic (only CFHR5) 

Microscopic (TBMN and CFHR5) 
or Macroscopic (only CFHR5) 

Proteinuria <400 mg/24 hrs >500 mg/24 hrs 

CKD/ESKD NO YES 

Age 
Older than 48 years old (TBMN) 

Older than 36 years old (CFHR5) 
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3.1.2 Gene selection 

In accordance with our hypothesis we searched for SNPs in the 3’UTR region of genes and 

specifically around the putative target regions of respective miRNAs (Appendix I - Table 19). 

Eighty seven genes were selected based on a wide spectrum of criteria. Candidate genes 

belong to four general categories based on their glomerular expression, their involvement in 

monogenic glomerular diseases, whether they were previously associated with a polygenic 

disease that presents secondary glomerulopathy and other genes expressed in the kidney or 

elsewhere that were found to be important for renal function or are closely related to genes 

selected in other categories. Podocyte specific genes, such as NPHS1, NPHS2 or PDPN are 

considered as good candidates, while polygenic diseases include diabetes, systemic lupus 

erythematosus, IgA nephropathy, glomerulonephritis and hypertensive nephrosclerosis. 

Published data regarding kidney or glomerulus specific gene expression microarray 

experiments enriched the candidate gene list, thus including genes coding for transcription 

factors, activators, structural proteins etc. In addition, genes implicated in tubular disease like 

PKD1 and PKD2 were also included. 

3.1.3 miRNA target prediction analysis 

Candidate gene names were imported into miRWalk algorithm (www.ma.uni-

heidelberg.de/apps/zmf/mirwalk) and prediction of miRNA target sequences on their mRNA 

3’UTR was performed using 7 nucleotides as the minimum seed number.[106] Multiple 

comparison using 4 additional algorithms was performed for filtering purposes by 

encompassing TargetScan, miRanda, miRDB and RNA22 algorithms. These algorithms work 

in a different way in order to perform prediction analyses. The miRWalk algorithm works by 

“walking” on the gene sequence in a window of seven or more nucleotides and a miRNA is 

predicted to target a specific mRNA based only on seed region complementarity.  TargetScan 

on the other hand, is searching for the presence of conserved 8mer and 7mer sites that match 

the seed region of each miRNA, while it “ranks” a predicted miRNA target based on site 

length, type, context and accessibility.[107] The miRanda algorithm considers the miRNA 

sequence as input and searches a sequence dataset for potential target regions and successful 

predictions are made based on the alignment score and the minimum free energy of the 

miRNA bound to the potential target sequence.[108] The miRDB algorithm uses a completely 
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different approach, as it is based on an SVM algorithm which is trained by a wiki database, in 

which users are able to input sequences of validated miRNA/mRNA couples.[109] Finally, the 

RNA22 algorithm uses a reverse approach as it first examines gene sequences for putative 

miRNA binding sites and then identifies a miRNA that could target an identified 3’UTR 

site.[110] Therefore, algorithms were selected based on how different they performed 

miRNA/target predictions, as to capture all the possible information as regards our predictions 

and at the same time to make result filtering stricter. 

Table 3: Primer sets and PCR conditions for sequencing analysis of miRNA target regions in mildly or severely affected 
patients of either the various cohorts. 

 

Pair Gene miRNA(s) 
Target site 

location 
Primer Sequence 

Annealing 

ToC 
Cohort 

A TJP1 hsa-mir-144 6469-6462 5’- GGAGGGTGAAGTGAAGACAA -3’ 
5’- GCATAGCCAGAAAGAACAGAA -3’ 58oC TBMN 

B PPARA hsa-mir-223 5877-5868 5’- GTTAGGGCAGGTGGGATG -3’ 
5’- TGTATGCGGCTGGTAAGTAG -3’ N/A TBMN 

C SP1 hsa-mir-31 6960-6951 5’- GACTTCCCCAAACCCAGA -3’ 
5’- CACCCATCCCTTCCAGAG -3’ 59oC TBMN 

D FN1 hsa-mir-96 
hsa-mir-144 

8340-8332 
8331-8322 

5’- TTGGGATCAATAGGAAAGCA -3’ 
5’- GAAGAGATGAAGTGACAAAAACC -3’ 58oC TBMN 

E GJA1 hsa-mir-495 2244-2237 5’- CATCCACTTGCACAATATCA -3’ 
5’- TTTACTTGCCACAGCAGGA -3’ 58oC TBMN 

F PDPN hsa-mir-485-5p 1453-1446 5’- GTTAGGGCAGGTGGGATG -3’ 
5’- TGTATGCGGCTGGTAAGTAG -3’ 58oC TBMN 

G PKD2 hsa-mir-183 4768-4760 5’- TCCAGGTTGAAAGTGAAAC -3’ 
5’- CAGGGAAAGATAATAGGGAAGA -3’ 58oC TBMN 

H HBEGF hsa-mir-132 
hsa-mir-212 

1584-1575 
1584-1576 

5’- TGAACTGGAAGAAAGCAACA -3’ 
5’-  ACCCCTACATCCTGACCATAC -3’ 58oC TBMN 

I HBEGF hsa-mir-379 1833-1826 5’- ACTCCTCATCCCCACAATCT -3’ 
5’- CCCACCTCCAACCTTCTC -3’ 58oC TBMN 

J PKD2 hsa-mir-372 4022-4014 5’- TTCCCATGTGGCTCTACTCA -3’ 
5’- AGACCCTCTCGTAAAGAAAACA -3’ 58oC TBMN 

K COL4A3 hsa-mir-579 
hsa-mir-656 

7957-7948 
8016-8008 

5’- CTCATGTGCATTATTTTCCAG -3’ 
5’- GGATGGGAGTGAGGATTAGA -3’ 56oC ESKD/CKD 

L COL4A3 hsa-mir-410 6596-6588 5’- TTGATACATTCCCAAGGTTACT -3’ 
5’- CAGCACCACCAACTCCAC -3’ 56oC ESKD/CKD 

M COL4A3/ 
COL4A4 Interval sequence N/A 5’- ACCTCCAGCCCCAATCCAC -3’ 

5’- CAGCCCCCACTCACCTTG -3’ N/A ESKD/CKD 

N COL4A1 miRNA target rich region 5133-5324 5’- GACTGATGTGGCGGGACT -3’ 
5’- TCGCTGTCTTTTTCTCCTTC -3’ N/A TBMN 

O COL4A2 miRNA target rich region 5446-5668 5’- TGACACTCATGGTTTGCTGT -3’ 
5’- CTGCTCCTGGCTTTCTGT -3’ 60oC TBMN 

P COL4A5 miRNA target rich region 5303-5715 5’- AAACCATTAAGTCACCAAGAGAG -3’ 
5’- CGGGATACAGCAGGATTAG -3’ 59oC TBMN Greg
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In search for polymorphic variants by DNA sequencing around the miRNA target sequences, 

our attention was restricted only to pairs of miRNA-mRNA targets that were predicted by all 

five algorithms and gave a p-value<0.05. This p-value was automatically calculated by the 

miRWalk algorithm by using Poisson distribution and depicts the distribution of the 

probability of a miRNA 5’-end sequence to be randomly paired with a given 3’UTR mRNA 

sequence. On a later stage, prediction analysis was repeated using the same selection of genes 

but encompassing 5 additional algorithms to confirm initial predictions; DIANA-mT, 

RNAhybrid, PITA, PICTAR4 and PICTAR5.  

3.1.4 DNA sequencing analysis of miRNA target regions 

DNA sequencing of predicted target regions (Table 3) was performed using BigDye™ V3.1 

chemistry on an ABI Prism™ Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). 

Sequencing primers (all supplied by MWG, Ebersberg, Germany) were designed to flank the 

target region but also included an additional 300 bp on average on each side. Sequence 

electropherograms were obtained from the ABI Sequencing Analysis™ V5.2 Software 

(Applied Biosystems, California, USA) and sequences were imported into BioEdit™ Software 

to be aligned against a reference sequence with ClustalW algorithm.[111] SNPs that were 

identified in positions other than the predicted ones were evaluated using the miRanda tool 

(http://www.microrna.org) and cross-referenced with initial predictions. 

3.1.5 Expression reporter system constructs 

To evaluate the binding efficiency of miRNAs onto predicted target sequences, the pMiR-

REPORT™ miRNA Expression Reporter Vector System (AMBION, Texas, USA) was used 

(Figure 6). For the case where we identified a SNP in the 3’UTR region, each allele was 

obtained with a polymerase chain reaction (PCR) amplification from two patients, each one 

homozygous for either allele and primers were designed to introduce a SpeI and a HindIII 

restriction enzyme sites to be cloned into the pMiR-REPORT™ Luciferase vector. Ligation 

products were transformed into competent DH5a E. coli cells (Takara, Japan). Insert 

verification included a restriction reaction with SpeI and HindIII and sequencing using 100ng 

of DNA. 
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Figure 6: The pMIR-REPORT™ kit vectors by Ambion (Texas, USA). A. The luciferase vector, B. The β-gal vector [Taken 
from the Ambion website – www.ambion.com] 

3.1.6 Transfection of AB8/13 podocytes 

The AB8/13 undifferentiated podocyte cells, supplied by Dr Moin A. Saleem,[112] were 

incubated at 33oC at 5% CO2 and cultured in RPMI medium, supplemented with 10% Fetal 

Bovine Serum (FBS) (Invitrogen, Carlsbad, CA, USA), 1% of 100 units/ml 

Penicillin/Streptomycin (Invitrogen, Carlsbad, CA, USA) and 1% Insulin-Transferrin-

Selenium (Invitrogen, Carlsbad, CA, USA). AB8/13 cells were triply transfected with equal 

amounts of the pMIR-REPORT™ Luciferase and β-gal vectors and 25nM of miScript™ hsa-

miR-1207-5p mimic (QIAGEN, West Sussex, UK) or the AllStars™ Negative Control 
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scrambled sequence LNA (QIAGEN, West Sussex, UK), using Lipofectamine 2000 

(Invitrogen, Carlsbad, CA, USA). The β-gal vector was used for normalization (see Table 4). 

Every experiment was performed in triplicates in 6-well cell culture plates with the 

appropriate controls. Cells were harvested 12h after transfection. The Dual-Light Assay™ Kit 

(Applied Biosystems, Foster City, CA, USA) was used for the quantification of both luciferase 

and β-gal in an automated luminometer (Sirius, Berthold Detection Systems, Pforzheim, 

Germany).  

Table 4: Series of experiments in AB8/13 undifferentiated podocyte cells using luciferase sensor constructs and miRNA 
mimics or inhibitors in order to examine direct binding of miRNAs on the HBEGF mRNA 3’UTR target site. 

Experiment 

 

Additive 

A B C D E F G H I J K 

pMiReport- Luciferase 
vector - + - + + - - - - - - 

pMiReport-  

β-gal vector 
- - + + + + + + + - - 

pMiReport- Luciferase 

vector w/C1936 
- - - - - + + - - + - 

pMiReport- Luciferase 

vector w/T1936 
- - - - - - - + + - + 

AllStars miRNA 
negative control - - - + - + - + - - - 

miRNA mimic - - - - + - + - + - - 

3.1.7 Western blot experiments 

AB8/13 cells were lysed in equal volumes of pre-heated 2xSDS loading buffer (Sodium 

Dodecyl Sulphate–125mM Tris-HCl pH 6.8, 20% Glycerol, 2% SDS, 2% β-mercaptoethanol 

and bromophenol blue) and homogenized using a 2ml syringe. Whole cell lysates were 

subsequently electrophoresed in a 12% SDS-Polyacrylamide gel. Gel transfer was held in a 

wet transfer system on Hybond Polyvinylidene Fluoride (PVDF–Millipore, Massachusetts, 

USA) membranes. Membranes were blocked with 5% non-fat dry milk in PBS/0.01% 

Tween20 for 1 hour at room temperature. Primary antibody was diluted in milk and added to 

the membrane for one hour. HBEGF protein was detected with the murine primary 

monoclonal antibody G-11 (SantaCruz Biotechnology, California, USA) at around 24kDa. β-

Tubulin was used as loading control by using the T-4026 primary antibody (SIGMA, 
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Taufkirchen, Germany). As secondary antibody we used the rabbit anti-mouse antibody 

(SantaCruz Biotechnology, California, USA), conjugated with Horseradish Peroxidase (HRP). 

Proteins were detected using the Enhanced ChemiLuminescence (ECL) Plus Blotting 

Detection system (Amersham Biosciences, Buckinghamshire, UK) and were visualized by 

autoradiography on photographic film (KODAK X-OMAT, New York, USA). Band density 

was defined by ImageJ Software (http://imagej.nih.gov/ij). 

3.1.8 microRNA specific Real-Time PCR 

To investigate whether AB8/13 podocytes endogenously express miRNAs of interest miRNA 

specific Real-Time PCR was performed. Real-Time PCR involves two main steps; miRNA 

specific reverse transcription and subsequently real-time PCR. In lack of biopsies from 

patients, mature miRNA levels were comparatively investigated in both differentiated and 

undifferentiated podocytes, in HEK293 cells, in SHSY-5Y neuroblastoma cells and in miRNA 

enriched RNA extracted from human renal epithelial cells (HREpiC - supplied from 

ScienCell, Carlsbad, CA, USA).  

For miRNA detection, the miScript Reverse Transcription Kit (QIAGEN, West Sussex, UK) 

was used for reverse transcription. This kit includes the miScript™ Reverse Transcriptase Mix 

and the miScript™ RT Buffer. The first is a mix of enzymes comprised of a poly-A polymerase 

and a reverse transcriptase, while the buffer contains Mg2+, dNTPs, oligo-dT primers and 

random primers. The poly-A polymerase introduces a poly-A tail to miRNAs, which are not 

naturally polyadenylated, while the reverse transcriptase converts all RNAs, including 

miRNAs, into cDNA. Template RNA was thawed on ice and the RT mix was added in tubes 

right before adding the RNA (10pg to 1μg of RNA). After incubation for 60min at 37oC, 

inactivation of the RT mix followed by incubating for 5min at 95oC. Samples were kept on ice 

until they were used for Real-Time PCR.  

Real-Time PCR to detect mature miRNA levels was performed using the miScript™ Primer 

Assay Kit (QIAGEN, West Sussex, UK) and the miScript™ SYBR Green PCR Kit (QIAGEN, 

West Sussex, UK), on the Roche LightCycler® available in our lab. miScript™ Primer Assay 

Kit includes both a universal primer that helps amplify miRNAs and the miRNA specific 

primer. Greg
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Each Real-Time PCR reaction was set up in a 20 μl reaction volume, by adding 10μl of 2x 

SYBR Green PCR Master Mix, 2μl of 10x miScript™ Universal Primer and 2μl of 10x 

miScript™ Primer Assay miRNA specific primer, 2μl of cDNA and RNase-free water. Cycling 

starts with an initial activation step at 95oC for 15 minutes in order to activate the HotStar™ 

DNA polymerase contained in the PCR Master Mix and 40 cycles will follow, with the 

denaturation step at 94oC for 15 seconds, the annealing step at 55oC for 30 seconds and the 

extension step at 70oC for 30s. A small nucleolar RNA (snoRNA) was used as a reference. A 

calibrator sample was also used for each experiment for the relative quantification of each 

sample. The calibrator cDNA was a pool of randomly selected cDNAs from every experiment 

and was used for normalization when comparing target and reference samples. 

3.1.9 Genotyping of miRSNP C1936T 

Genotyping for the C1936T SNP was performed in all samples, either by direct re-sequencing 

(TBMN samples) or by restriction reaction analysis (CFHR5 and healthy control samples). For 

this purpose, a restriction recognition site for BsrI was engineered in the forward PCR primer, 

by substituting the penultimate T by an A (Forward primer:  5’- CAA AGT GTA ACA GAT 

ATC AGT GTC TCC CCG TGT CCT CTC CCA G – 3’, Reverse Primer: 5’- GCT TTG CTA 

ATA CCT TCT CCA GAC TGT CCT CTG CTG CAC TGA -3’). The recognition site is 

created upon PCR amplification of the T allele (Figure 7). 

3.1.10 Statistical analysis 

Genotyping results were statistically evaluated using two-sided Barnard’s unconditional test of 

superiority, as it was shown that it is more powerful for 2x2 contingency tables with limited 

observations than conventional conditional tests.[113,114,115] The reported Wald statistic is 

the standardized difference between the two binomial proportions of each category.[113] For 

the analysis of contingency tables we used StatXact 9 (Cystat, Cambridge, MA, USA).[116] as 

suggested in a publication by Ludbrook J. (2008).[117] In order to provide an open-source 

alternative for performing the Barnard's test, the "Barnard" package has been developed for 

the statistical scripting language R, by Dr Kamil Erguler. The package is currently waiting to 

be included in the Comprehensive R Archive Network (http://cran.r-project.org). C1936T was 

tested for Hardy-Weinberg equilibrium using Pearson’s chi-square test in controls.  Luciferase 
Greg

ori
s P

ap
ag

reg
ori

ou



38 

 

expression levels were analyzed using one-way non-parametric ANOVA after being 

normalized against β-gal expression levels.  

 

 

Figure 7: A. Primer pairs for introducing an A at position 1936 of the HBEGF 3’UTR, in order to create a restriction site 
for BsrI restriction enzyme. Bases colored in green, are the ones changing after the PCR (transversion of a T to an A). 
Bases colored in blue, indicate the C1936T SNP position. B. The BsrI restriction site. BsrI will only digest the PCR product 
if the sample is homozygous for the T1908 allele. Homozygous C1936 PCR products will remain undigested. C. Schematic 
of agarose gel electrophoresis following BsrI digestion of PCR products. C/T heterozygotes will be presented as having 3 
bands, sized 238bp, 198bp and 40bp respectively. 
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3.2 Investigation of the role of miRNAs as regulators of transcription 

3.2.1 Prediction analysis of miRNA targets at DNA regions up to 10kb upstream of 

gene transcription start points 

3.2.1.1 Prediction analysis for hsa-miR-548c-5p 

The miRWalk miRNA prediction algorithm was used for the prediction analysis of miRNA 

targets. Target predictions of the 3’UTR of candidate genes (Appendix I - Table 19) was 

supplemented with predictions concerning the “promoter” region for each gene, which was 

regarded as the first 10kb immediately upstream their transcription start. Interesting results 

concerning the sequence upstream the FOXC2 gene and miRNA hsa-miR-548c-5p as well as 

the sequence upstream the SPP1 gene and miRNA hsa-miR-548d-5p, re-directed this project 

to study in depth the putative regulatory roles of miRNAs in gene transcription. Hence, a 

concise list of gene promoter targets of miR-548c-5p was compiled after bioinformatic 

analysis using the MiRWalk algorithm. In addition, miR-548-5p mature sequence was aligned 

against all mature sequences of all other members of the miR-548 family (Appendix II - 

Figure 24).  

3.2.1.2 Bioinformatic examination of miR-548 family 

As preliminary results were indicative of putative lengthy target sites in the first 10kb 

sequence upstream of gene transcription start points, further predictions were performed using 

the MiRWalk algorithm. Predictions aimed at examining the recurrence of such sites, targeted 

by the miR-548 family members. The miR-548 family of consists of 69 miRNA stem loop 

sequences, among which only 56 mature miRNA sequences are non redundant. In other 

words, 13 of the miRNAs share the same mature sequence, but are encoded from different 

genomic loci. Predictions included 20.728 genes, which were scanned for miRNA binding 

sites on their 5’UTR, their coding sequence, their 3’UTR, and their “promoter” regions which 

were regarded as the first 10kb upstream their transcription start. 
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3.2.2 Cloning of miRNA target sites into the pGL4.27 luciferase vector 

The pGL4.27 firefly luciferase vector, together with the pGL4.74 renilla luciferase vector was 

supplied from Promega (Fitchburg, WI, USA). This vector system is widely used in studies 

examining the role transcription factors exert on transcription enhancer elements. The 

pGL4.27 vector has a basal promoter sequence right before a gene encoding for the firefly 

luciferase protein, which keeps a minimal level of gene transcription (Figure 8). A multiple 

cloning site positioned upstream of the basal promoter is used for the introduction of a 

sequence of interest, tested by its influence on luciferase expression levels. Hence, the 

predicted target sequences of miR-548c-5p found more than 8kb upstream the transcription 

start of the FOXC2 gene was cloned on the multiple cloning site, using specific PCR primers 

(For: 5’-GCT AGC TGG AAG GAA TAG CGT AGA-3’, Rev: 5’-AAG CTT GAA AAT 

AAC AAT GCC CAC AG-3’) bearing restriction sites for enzymes NheI and HindIII. PCR 

products were first subcloned in the pGEM-T Easy vector supplied by PROMEGA, and then 

in the pGL4.27. 

 

Figure 8: The pGL luciferase reporter vector system. The upper panel depicts plasmid maps for the pGL4.27 firefly 
luciferase vector and the pGL4.74 renilla luciferase vector. The lower panel demonstrates the multiple cloning site for 
pGL4.27 in relation to the firefly luciferase gene minimal promoter and gene. Greg
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3.2.2.1 Site directed mutagenesis (SDM) 

A pGL4.27 vector lacking the miR-548c target site was generated in order to check for target 

site specificity on luciferase gene expression. For this purpose, a set of primers were designed 

for the removal of 23 nucleotides from the FOXC2-pGL4.27 vector. The primers used were: 

FOXC2-548rem2-F: 5’-AAG TTG GTT GGT GCA TTA CTT TGA ATG TAG ATT GAA 

AGT-3’ and FOXC2-548rem2-R: 5’-CTA CAT TCA AAG TAA TGG CAC CAA CCA 

ACT TAA CAA AAT G-3’. Sequence in bold represents primer overhangs for the easier re-

ligation of the vector. The PCR was performed on the pGEM-T Easy vector bearing the 

FOXC2-miR-548c insert and then cloned in the pGL4.27 vector. PCR was performed using 

the Pfu Polymerase from Agilent (Santa Clara, CA, USA) together with 100ng of template 

DNA. The SDM cycling protocol started with 2 minutes denaturation at 95oC, followed by 20 

cycles of 95oC for 1 minute, 63oC for 1 minute and 3 minutes at 72oC and completed with 10 

minutes incubation at 72oC. Products were treated with DpnI, activated for 1h at 37oC and 

deactivated for 20 minutes at 80oC.After PCR purification of products with the NucleoSpin 

Extract II kit (Macherey Nagel, Düren, Germany), products were ligated using the T4 DNA 

Ligase (Promega, Fitchburg, WI, USA) for 1 hour at room temperature and transformed into 

DH5a E. coli competent cells (Invitrogen, Carlsbad, CA, USA). Colonies were checked with 

sequencing analysis after colony PCR and the plasmid was purified using the Nucleospin 

Plasmid Mini kit (Macherey Nagel, Düren, Germany). Inserts were digested out of the vector 

with the NheI and HindIII restriction enzymes for 1 hour and 30 minutes and purified with the 

Nucleospin Extract kit to be cloned into the pre-digested pGL4.27 vector.  

3.2.3 Transfection of AB8/13 and luciferase assay experiments 

The AB8/13 undifferentiated podocyte cells were triply transfected in 6-well plates with the 

pGL4.27 vector, the pGL4.74 vector and 25nM of miRNA mimics/inhibitors/AllStars 

Negative control LNAs, all supplied from QIAGEN (West Sussex, UK), using Lipofectamine 

2000 (Invitrogen, Carlsbad, CA, USA). Cells were scraped off the plate 12 hours after 

transfection using the 5X Passive Lysis buffer (Promega, Fitchburg, WI, USA), and lysate was 

collected in a 1.5ml amber coloured tube (Eppendorf, Hamburg, Germany) and kept frozen at 

-80oC until its use or was used directly. Transfection conditions are described in Table 5. The 

Dual-Light Assay™ Kit (Applied Biosystems, Foster City, CA, USA) was used for the 
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quantification of both luciferase and β-gal in an automated luminometer (Sirius, Berthold 

Detection Systems, Pforzheim, Germany). 

3.2.4 Chromatin Immunoprecipitation (ChIP) experiments 

In general, Chromatin Immunoprecipitation (ChIP) assays are useful tools in molecular 

biology and epigenetic research, in terms of discovering protein-DNA interactions. To 

undoubtedly verify direct functional interaction between endogenously expressed miRNAs in 

cell cultures, and their gene promoter target sites, we will attempt to isolate miRNA/DNA 

complexes using a novel protocol. We hypothesize that miRNAs which target promoter-

localized DNA sequences can be isolated together with their target sequence. The miRNA is 

postulated to hybridize with its target sequence using the RISC complex; for this purpose the 

Anti-pan Ago (clone 2A8) antibody from Millipore (Temecula, CA, USA) was used in order 

to isolate this complex by immunoprecipitation while bearing the miRNA bound on its target 

DNA sequence. ChIP experiments were performed using the EZ-ChIP Kit supplied from 

Millipore (Temecula, CA, USA), which was modified to include miRNA isolation and 

analysis. 

Table 5: Series of experiments in AB8/13 cells using luciferase sensor constructs and miRNA mimics or inhibitors in order 
to examine direct binding of miRNAs on predicted target sites. 

Experiment 

 

Additive 

A B C D E F G H I J K L 

pGL4.24 – Firefly 
Luciferase vector - + - + + - - - - - - - 

pGL4.74 – Renilla 
Luciferase vector - - + + + + + + + - - - 

pGL4.24 – Firefly 
Luciferase vector FOX2-

548c-5p+SITE 
- - - - - + + - - + - - 

pGL4.24 – Firefly 
Luciferase vector FOX2-

548c-5p-SITE 
- - - - - - - + + - + - 

miR-410 mimic (Negative 
Control) - - - + - + - + - - - - 

miRNA mimic/inhibitor - - - - + - + - + - - - 
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Additionally, in order to isolate miRNAs acting in the nucleus, there has been an attempt to 

design and perform a modified custom-made ChIP protocol. For this purpose a series of 

buffers, reagents and protocols were unified, modified and tested for the successful isolation 

of such miRNA-DNA couples and are reported throughout the text. Nevertheless, this protocol 

has to be tested thoroughly and repeatedly in a large number of samples and have consistent 

results. Protocols and reagents are documented as the ChIP protocol is analyzed below. 

3.2.4.1 Crosslinking and lysis of AB8/13 undifferentiated podocytes 

AB8/13 undifferentiated podocytes were cultured in RPMI 1640 medium in a 150mm dish, as 

described above. After reaching a confluency of around 90%, cells were washed with 1x PBS 

on ice and growth medium was replaced over cells after washes. Cells were then crosslinked 

with 1% formaldehyde (final concentration) and after 10 minutes incubation in room 

temperature, 10X Glycine was added. The plate was then placed on ice and the medium was 

removed for the cells to be washed twice with ice cold 1XPBS. Cells were then scraped off the 

culture plate, in 20ml 1XPBS containing 0.1U of Protease inhibitors (PIs) and RNase 

inhibitors (RIs) and were harvested in a sterile falcon tube. Cells were then pelleted by 

centrifugation and were subsequently lysed in 1ml lysis buffer containing SDS, PIs and RIs 

which was included in the EZ ChIP kit. For cell lysis we used a lysis buffer which consisted of 

25mM Hepes pH 7.8, 1.5mM MgCl2, 10mM KCl, 0.1% NP-40, 1mM DTT and 0.1U of PIs 

and RIs. Culture plates were found to have at least 1x107 AB8/13 cells, therefore reagent 

volumes were calculated accordingly. Lysed cells were then aliquoted in microfuge tubes 

(300μl of lysate per tube and 3 tubes per culture plate). Lysates were kept at -80oC until they 

were used as required in downstream experimentation. 

3.2.4.2 DNA shearing by sonication 

Crosslinked DNA was sonicated using the Diagenode BioRuptor (Diagenode, Denville, NJ, 

USA) with a protocol optimized for AB8/13 cells. Prior to sonication 20μl of cell lysate was 

removed from tubes in order for the sonication procedure to be tested by agarose gel 

electrophoresis. Podocyte cell lysates were sonicated in 13 cycles - 30s of High Power 

sonication followed by 30s of rest. Tubes were immersed in circulating cold water during the 

whole procedure and were constantly rotated to keep a uniform low temperature in the lysate 
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solution. Specialized RNase and DNase free microfuge 2ml tubes were used, that had a 

straight body ending to a conical bottom. After sonication, lysates were centrifuged at 10.000 

rpm at 4oC for insoluble material to be removed. Consequently, 20μl of sonicated lysate was 

removed from tubes and was compared with non-sonicated lysate after being de-crosslinked 

with 5M NaCl. Lysates were tested with 2% agarose gel electrophoresis and sonication was 

considered as successful if a smear sized from 1000-200bp was observed in the sonicated 

sample. DNA that failed to be sonicated appeared as band at around 10kb. 

It was important at this stage to be able to isolate only the nuclear fraction and discard 

cytoplasmic debris, as we aim at reducing cytoplasmic contamination for miRNA isolation. 

Hence, successful isolation of nuclei by the kit was tested with western blot analysis of a 

number of samples. A rabbit antibody against Lamin A/C, supplied from SantaCruz 

Biotechnology (Santa Cruz, CA, USA) was used in a working concentration of 1:3000 to 

detect for the nuclear fraction, while a mouse β-tubulin was selected as a cytoplasmic marker 

supplied from SantaCruz Biotechnology (Santa Cruz, CA, USA) in a working concentration of 

1:2000. Lysates were de-crosslinked prior to western blotting to release proteins, by adding 

8μl 5M NaCl in 200μl of lysate and incubating at 65oC overnight. The desired result in every 

case would be minimal levels of β-tubulin and enhanced levels of Lamin A/C compared to 

controls. Controls were both a non-treated lysate and a sonicated non-decrosslinked lysate. 

When DNA shearing was considered as successful per batch of samples, sonicated lysates 

were aliquoted in 100μl aliquots to be used in Immunoprecipitation experiments and were kept 

frozen at -80oC until they were used. 

3.2.4.3 Immunoprecipitation (IP) 

It is possible that if miRNAs are able to re-enter the nucleus after their maturation in the 

cytoplasm, the RISC complex might be used as their vehicle as it normally is when they are 

active in the cytoplasm. Therefore, the Anti-pan Ago (clone 2A8) antibody from Millipore 

(Temecula, CA, USA) was used in order to immunoprecipitate the Ago2 protein and hence the 

RISC complex together with the miRNA it carries and the DNA piece bound on that miRNA. 

As a positive control, an antibody against the Anti-RNA Polymerase II (Millipore, Temecula, 

CA, USA) was used as well as a negative control, a normal mouse anti-IgG antibody 

(Millipore, Temecula, CA, USA). Prior to IP, sonicated lysates were defrosted on ice and 
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diluted in Dilution Buffer, enforced with PIs and RIs, up to 1ml. Homemade IP Dilution 

Buffer consisted of 0.01% SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7 mM Tris-HCl pH 

8.0 and 150mM NaCl. Lysates were pre-cleared using 60μl of Protein G Agarose beads 

(included in the kit) or Protein A/G Agarose beads (Santacruz, CA, USA) for the homemade 

protocol, for 1h rotating at 4oC. Agarose beads were then pelleted by centrifugation at 

3000rpm for 1 minute and the supernatant was collected. Right before the IP, 20μl of the 

supernatant were removed to be used as the “Input” control in end-point or real-time PCR. For 

every IP, 1-2μg of every antibody used were added in the supernatant and left rotating 

overnight at 4oC. Then, 60μl of agarose beads were added and left rotating for one hour more. 

Each IP was centrifugated and the supernatant was removed and subsequently washed once in 

Low Salt Immune Complex Wash Buffer, once in High Salt Immune Complex Wash Buffer, 

once in LiCl Immune Complex Wash Buffer and twice in TE buffer, after been let rotating in 

room temperature for 5 minutes. Homemade buffer recipes were the following: a. Low salt 

buffer contained 50mM Hepes pH 7.8, 140mM NaCl, 1mM EDTA, 1% Triton-X 100, 0.1% 

Na-deoxycholate and 0.1% SDS, b. High salt buffer contained 50 mM Hepes pH 7.9, 500 mM 

NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate and 0.1% SDS, c. LiCl wash 

buffer contained 20mM Tris pH 8.0, 1mM EDTA, 250mM LiCl, 0.5% NP-40 and 0.5% Na-

deoxycholate, d. TE buffer contained 50mM Tris pH 8.0, 1mM EDTA and 1% SDS. 

3.2.4.4 Elution of Protein/DNA/miRNA complexes 

Protein, DNA and miRNAs were eluted using 200μl of freshly prepared elution buffer (10μl 

20% SDS, 20μl 1M NaHCO3 and 170μl ddH2O) added to all IP pellets and Input samples. For 

IP pellets, 100μl of elution buffer were added followed by 15 minutes incubation at room 

temperature and collected after centrifugation for 1 minute at 3000 rpm, repeated twice to 

obtain a final volume of 200μl. All samples were reverse crosslinked with 8μl of 5M NaCl at 

65oC overnight. Tubes to be used for DNA extraction were treated with RNaseA for 30 

minutes at 37oC, followed by incubation in Proteinase K solution (4μl 0.5M EDTA, 8μl 1M 

Tris-HCl, 1μl Proteinase K) for 1 hour at 45oC. DNA was purified with spin columns, 

following the EZ-ChIP kit manufacturer’s protocol, buffers and columns. The miRNA fraction 

was extracted from IP and Input samples with the miRNeasy Kit from QIAGEN (West 

Sussex, UK) and the mirVana Kit from AMBION. Greg
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3.2.4.5 Validation and enrichment analysis of DNA target regions and miRNAs 

DNA target regions and miRNAs were investigated using real-time PCR, using both IP and 

Input samples. For miRNA specific Real-Time PCR procedure see paragraph 3.1.8. DNA and 

a miRNA enriched fraction of the input and IP samples were isolated from each sample using 

the NucleoSpin miRNA Kit (Macherey-Nagel, Düren, Germany) partnered with the 

NucleoSpin RNA/DNA buffer (Macherey-Nagel, Düren, Germany) simultaneously. 

For DNA targets, primers were specifically designed to flank the desired target region and 

giving a product of 100-200bp (Table 6). Control primers amplified for GAPDH promoter, 

which should give an enriched DNA fraction in RNA Polymerase II IPs, while the same 

product should be absent or non-enriched in mouse IgG ChIPs. If a ChIP experiment worked 

appropriately and efficiently, then control primer sets should not amplify the respective 

genomic region or the region should be under-represented in ChIPed samples. In addition, two 

primer sets were designed, one to amplify the miR-548c-5p target region on the FOXC2 

promoter and a second amplifying a different region closer to the gene that is not targeted by 

this miRNA (Figure 9). Real-Time PCR experiments were performed in a Roche LightCycler 

with glass capillaries, using the QIAGEN SYBR Green PCR Kit (West Sussex, UK) and the 

running protocol was prescribed by the manufacturer. As regards microRNA analysis, 

miScript Primer Assays that detect mature miRNAs were supplied by QIAGEN (West Sussex, 

UK) for miR-548c-5p, the U6b small nuclear RNA (snRNA) and the miR-23b, which was 

previously demonstrated to have enhanced expression in podocytes.[73] 

Table 6: Primer sequences for different DNA regions examined in Real-Time PCR experiments after ChIP assays. 

GENE PRIMER SEQUENCES SITE 

GAPDH 
5’-TACTAGCGGTTTTACGGGCG-3’ 

5’-TCGAACAGGAGGAGCAGAGAGCGA-3’ 
Proximal Promoter 

FOXC2 
5’-GAATCTCCAAGCTGTGTTCC-3’ 

5’-ACATTTTGTTAAGTTGGTTGGT-3’ 
miR-548c-5p 

FOXC2 
5’-GGTTAGAAAAAGAGCCCAGAA-3’ 

5’-CCAATAAAAGAACAGAAGACGA-3’ 
Non miR-548-5p 
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Results in each case are depicted as the immunoprecipitated enrichment of a product versus 

the Input. For this purpose, dCPs were calculated for every pair by detracting the CP of the 

ChIPed sample from the CP of its Input. Furthermore, ddCPs were calculated using the 

equation dCPsample-dCPnegative control (mouse IgG) and finally the fold change for every product is 

demonstrated as 2-ddCPsample. Fold change ratios were statistically analyzed with t-test using 

GraphPad Prism 5. 

 

 

Figure 9: Placement of primers used for Real-Time PCR experiments after ChIP assays. The first set (blue arrows) 
amplifies the region predicted to target the miR-548c-5p, while the second set (red arrouws) a non-miR-548c-5p target 
region on the promoter of FOXC2. 
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4 RESULTS 

4.1 Identification of miRSNPs that contribute to glomerular pathological phenotypes 

4.1.1 Bioinformatic analysis for identification of miRNAs as modifiers of 

glomerulopathies  

Heritable monogenic glumerulopathies that present with MH display interfamilial and 

intrafamilial phenotypic heterogeneity, thereby suggesting the involvement of modifier genes 

in disease progression.[118] We herewith hypothesized the putative role of miRNAs as 

disease modifiers and we searched for functional polymorphic variants in the predicted target 

sites of miRNAs for genes expressed or located in the glomerulus. To this end, we guided our 

search for SNPs within the miRNA target sites of genes selected as described in Methods. 

Expression in podocytes, localization in the slit diaphragm and the glomerulus basement 

membrane rendered genes as good candidates for our study. 

Table 7: Prediction results using five different miRNA-target prediction tools. Ticks under algorithm names indicate the 
successful prediction of each miRNA-mRNA pair per prediction tool. “Start” and “end” columns state the exact position of 
the putative miRNA target region on the 3’UTR of the respective mRNA. Numbering refers to position from the start of the 
mRNA 3’UTR. For sequencing analysis, pairs that had p-values of less than 0.05 were selected. 

GENE miRNA RNA22 miRANDA miRDB miRWalk TargetScan SEED 
LENGTH START SEQUENCE END p-VALUE 

PDPN hsa-mir-485-5p      8 1453 AGAGGCUG 1446 0.031 

HBEGF hsa-mir-212      9 1584 UAACAGUCU 1576 0.0056 

HBEGF hsa-mir-132      10 1584 UAACAGUCUA 1575 0.0014 

HBEGF hsa-mir-379      8 1833 UGGUAGAC 1826 0.0223 

FN1 hsa-mir-96      8 8340 UUUGGCAC 8333 0.0169 

FN1 hsa-mir-144      9 8331 UACAGUAUA 8323 0.0042 

GJA1 hsa-mir-495      8 2244 AAACAAAC 2237 0.0261 

PKD2 hsa-mir-183      8 4768 UAUGGCAC 4761 0.0315 

PKD2 hsa-mir-372      9 4022 AAAGUGCUG 4014 0.008 

PPARA hsa-mir-223      9 5877 UGUCAGUUU 5869 0.0314 

SP1 hsa-mir-24      7 5240 UGGCUCA 5240 0.2725 

SP1 hsa-mir-31      9 6960 AGGCAAGAU 6952 0.0197 

SP1 hsa-mir-105      7 5548 UCAAAUG 5542 0.2725 

SP1 hsa-mir-155      8 2560 UUAAUGCU 2553 0.0764 

TJP1 hsa-mir-144      8 6469 UACAGUAU 6462 0.0218 
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With the use of miRWalk (http://www.ma.uni-heidelberg.de/apps/zmf/mirwalk) and four other 

prediction algorithms (miRANDA, TargetScan, miRDB and RNA22), we looked for validated 

miRNAs that target the candidate genes. We narrowed down the candidates of interest by 

selecting only miRNA-mRNA pairs that were predicted by all five algorithms (Table 7). 

Table 8: Results after re-sequencing of 103 samples with mutations in COL4A3 or COL4A4 genes and thin basement 
membrane nephropathy. Sequencing primers were designed to flank the predicted target sites and also include about 
300bp on either side. 

GENE miRNAs SNPs 
FOUND NOTES 

PDPN hsa-mir-485-5p 

T1226A 

G1545A 

G1262A 

1251DEL-G 

SNPs not on miRNA target sites 

HBEGF 
hsa-mir-132 

hsa-mir-212 
None No SNPs found 

HBEGF hsa-mir-379 C1936T 
SNP found at neighboring position, which is target for  

hsa-miR-1207-5p 

FN1 
hsa-mir-96 

hsa-mir-144 
None No SNPs found 

PKD2 hsa-mir-183 None No SNPs found 

PKD2 hsa-mir-372 
G4003A 

G4210A 
SNPs not on miRNA target sites 

PPARA hsa-mir-223 None No SNPs found 

SP1 hsa-mir-31 None No SNPs found 

TJP1 hsa-mir-144 A6485C SNPs not on miRNA target sites Greg
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4.1.2 Identification of candidate SNPs by sequence analysis 

A segment of about 500-600 nt encompassing the miRNA binding site in the 3’UTR of 

selected genes, was re-sequenced in 103 patients with TBMN, classified as severe or mild.  

Table 8 summarizes the results of the sequencing analysis depicting the gene sequenced, the 

miRNA predicted to bind to the 3’UTR of that gene and the SNPs identified. Although various 

SNPs were identified in the group of patients sequenced, none was located on the predicted 

miRNA binding sites. However, a SNP was identified in the binding site of another miRNA 

that was originally excluded due to a lower significance compared to top candidates. 

Specifically, while sequencing around the hsa-miR-379 target site in the HBEGF 3’UTR, we 

identified a biallelic variation of C or T at position 1936 (C1936T) in the target region of hsa-

miR-1207-5p which is also predicted to target HBEGF. The C1936T SNP is found at what 

corresponds to position 2 of the ‘seed’ region of hsa-miR-1207-5p (Figure 10) suggesting a 

possible elimination or severe compromise of the ability of this miRNA to bind on HBEGF 

mRNA. Phylogenetic alignment of this SNP using the Ensembl genome browser 

(http://www.ensembl.org) in 10 eutherian animals, demonstrated in Table 9, shows a 

conservation of the C1936 allele in all aligned species, with the exception of the primate M. 

mulatta in which the T1936 allele is predominant. This region is absent from non-mammalian 

species such as Xenopus, Zebrafish, Zebrafinch and Gallus. 

Table 9:Multiple phylogenetic alignment of the C1936T SNP. All species appear to have this position conserved, except M. 
mulatta, which has the T allele in the same position. Shown is the sense sequence of the region examined. By definition, 
the miRNA hybridizes to the anti-sense sequence. 

SPECIES CHROMOSOME ALIGNMENT 
Homo sapiens 5 CTGAGACTTGGCAGGGAGAGG 

Pan Troglodytes 5 CTGAGACTTGGCAGGGAGAGG 
Gorilla gorilla 5 CTGAGACTTGGCAGGGAGAGG 

Macaca mulatta 6 CTGAGACTTGACAGGGAGAGG 
Mus musculus 18 CTGGGATTTGGCAGGAAGAGG 

Rattus norvegicus 18 CTGAGATTTGGCAGGGAGAGG 
Bos taurus 7 CTGGGATTGGGCAGGGAGAGG 
Sus scrofa 2 CCGAGATGGGGCAGGGAGAGG 

Canis familiaris 2 AGGAGATTTGGCAGGGAGAGG 
Equus caballus 14 CTGAGATTTGGCAGGGAGAGG 
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4.1.3 Verification of functional significance by in vitro experimentation 

In order to verify whether HBEGF is a true target of hsa-miR-1207-5p and that the presence of 

C1936T SNP alters the binding and regulation incurred by the miRNA, we performed 

luciferase ‘sensor’ assays. A segment of the HBEGF 3’UTR containing the 1936C (pMIR-

REPORT-HBEGF-1936C) or 1936T (pMIR-REPORT-HBEGF-1936T) variant was cloned 

into the 3’UTR of the luciferase gene in pMIR-REPORT plasmid. Reporter plasmids and β-gal 

reference plasmid were co-transfected in AB8/13 podocyte cell line with either hsa-miR-1207-

5p mimic or negative control mimics for 12 hours followed by luciferase and β-gal 

measurement. Co-transfection of hsa-miR-1207-5p mimics with the pMIR-REPORT-HBEGF-

1936C resulted in significant reduction in luciferase expression (47.14% +/- 0.42 SEM of 

normalized RLU relative to control) demonstrating that this miRNA directly binds on HBEGF 

3’UTR region (Figure 11).  

In agreement, transfection of hsa-miR-1207-5p mimics in AB8/13 cells significantly reduced 

the endogenous levels of HBEGF protein as demonstrated by Western blot analysis at about 

20% of total expression, while hsa-miR-1207-5p inhibitors boosted HBEGF levels by 

reducing the endogenously expressed miRNA levels (Figure 12 – upper panel). Densitometry 

of western blots revealed a significant decrease or increase of HBEGF levels on mimic or 

inhibitor transfection respectively. (Figure 12 – lower panel). 

 

 

Figure 10: Schematic depicting the position of miRSNP C1936T on the target region of hsa-miR-1207-5p on HBEGF. 
This miRSNP corresponds to the second base of the seed region of hsa-miR-1207-5p, underlined C. 
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Figure 11: Normalized luciferase relative light units (RLUs) in AB8/13 cell lysates after transfection with sensor 
constructs. Co-transfection of the pMIR-REPORT- HBEGF -1936C with hsa-miR-1207-5p miRNA LNA mimics resulted 
in significant reduction of luciferase expression, with a p-value of 0.0026 using one-way non-parametric ANOVA test. In 
contrast, the pMIR-REPORT construct bearing the 1936T allele (pMIR-REPORT- HBEGF -1936T) abolished the hsa-
miR-1207-5p binding site as demonstrated from the loss of RLU reduction. Results represent mean values of triplicates ± 
SEM. 

 

 

 

 

 

 

Figure 12: Western blot of HBEGF from AB8/13 cells 
after transient transfection with hsa-miR-1207-5p 
miRNA LNA mimics, inhibitors and the AllStars™ 
Negative Control scrambled sequence LNA. This is a 
representative of six experiments. Lower panel 
presents the statistical analysis of western blot 
densitometry results, normalized against the Negative 
Control. Values represent the mean ± SEM. Results 
illustrate the reduction of HBEGF protein levels at 
the presence of hsa-miR-1207-5p mimics (p=0.014), 
while miRNA inhibitors significantly increased 
HBEGF levels (p=0.024).  
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On the contrary, in the presence of pMIR-REPORT- HBEGF -1936T, transfection of hsa-

miR-1207-5p mimics did not significantly alter luciferase expression (90.56% +/- 3.8 SEM of 

normalized RLU relative to control) in AB8/13 cells (Figure 11). Combined these results 

demonstrate that hsa-miR-1207-5p can directly regulate HBEGF expression and this 

regulation is abolished if there is a T nucleotide at position 1936 of HBEGF’s 3’UTR. 

The hsa-miR-1207-5p is highly enriched in podocytes as demonstrated by miRNA specific 

Real-Time PCR experiments. Specifically, miR-1207-5p is expressed 2-fold higher in 

differentiated AB8/13 podocytes, compared to undifferentiated cells (Figure 13). In addition, 

human renal epithelial cells express 4-fold higher miR-1207-5p than differentiated AB8/13 

cells. Other cell lines, such as HEK293 and SHSY-5Y demonstrate limited expression levels 

of miR-1207-5p when compared to podocytes. 

 

 
Figure 13: Relative expression analysis of mature hsa-miR-1207-5p levels in various cell types, as tested by miRNA 
specific Real-Time PCR experiments. Both AB8/13 differentiated and undifferentiated podocytes revealed significantly 
high expression levels of miR-1207-5p, compared to HEK293 and SHSY-5Y neuroblastoma cells. Further examination of 
miR-1207-5p levels in human renal epithelial cells (HREpiC), recorded 4-fold higher mature miRNA than the AB8/13 
differentiated podocyte cell line. Results represent the mean of quadruplicate values ± SEM. 
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4.1.4 C1936T genotyping in various cohorts including control samples 

4.1.4.1 Control samples 

A total number of 232 control samples, was genotyped in order to test for general population 

frequency of the C1936T miRSNP genotypes and 70% were CC homozygotes, 27% CT 

heterozygotes and 3% TT homozygotes. The control population obeys the Hardy-Weinberg 

equilibrium (p = 0.772), as tested by the Pearson’s chi-square test. Allele frequencies are C: 

83.4% and T: 16.6%. 

4.1.4.2 TBMN and CFHR5 cohorts 

Sequencing analysis showed that 68.2% of patients having mild TBMN are homozygous for 

the C allele, 6.8% are homozygous for the T allele and 25.7% CT heterozygotes (Table 10). 

Concerning patients with severe TBMN disease, 76.3% were CC homozygotes, 1.7% TT 

homozygotes and 22% CT heterozygotes. There was no statistical significance between the 

two groups, upon two-sided Barnard’s testing (p-value = 0.368).  

Table 10: Genotype and allele frequencies in TBMN and CFHR5 groups. Under each group label, left columns 
demonstrate the number of subjects for each genotype and allele, while right columns the respective percentages. 
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CC 30 68.2% 45 76.3% 39 86.6% 21 63.6% 

CT 11 25% 13 22% 6 13.4% 12 36.4% 

TT 3 6.8% 1 1.7% 0 0% 0 0% 

CT/TT 14 31.8% 14 23.7% 6 13.4% 12 36.4% 

MILD  

vs 
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p=0.368 p=0.018 
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In a separate cohort of 78 patients diagnosed with CFHR5 nephropathy, among 45 CHFR5 

patients with milder disease progression, 86.6% are homozygous for the C allele, while the 

remaining are CT heterozygotes. In contrast, 63.6% of the 33 severely affected CFHR5 

patients are CC homozygotes and 36.4% are CT heterozygotes. Barnard’s test with a 95% 

confidence interval revealed an association between mild CFHR5 and the CC genotype, with a 

p-value of 0.018 and Wald statistic of -2.385 (Figure 14). Further grouping of TT 

homozygotes and CT heterozygotes, indicated a significant difference between mild CFHR5 

patients and mild TBMN patients with a p=0.038 after Barnard’s test with a Wald statistic of 

2.089. The corresponding frequencies did not differ significantly between severe CFHR5 and 

severe TBMN patients. Collectively, evidence suggests that the CT/TT genotype has no 

significant effect on the severity of TBMN, but it increases the risk for a severe outcome in 

patients with CFHR5 nephropathy, by 3.7 times.  

 

Figure 14: Mildly affected CFHR5 patients have lower occurrence of the 1936T allele. Graphical representation of both 
TBMN and CFHR5 nephropathy cohorts used in this study in relation to the number of CT and TT patients. Nephropathy 
patients with mild CFHR5 have significantly lower percentage of the CT genotype when compared with severe CFHR5 
patients (p=0.018), indicating a protective effect of the CC genotype. Statistical comparison between mild TBMN and mild 
CFHR5 patients demonstrated a significant underrepresentation of the 1936T allele in mild CFHR5 patients (p=0.038). 
Mild TBMN patients did not differ from severe TBMN patients (p=0.368). All statistical analyses were performed using 
two-sided Barnard’s test. 
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A separate evaluation of women in our CFHR5 cohort, revealed significance between mildly 

and severely affected women with a p-value of 0.035 and a Wald statistic of -2.234 (Figure 

15). As women are known to have a milder course of the disease, it is 8 times more likely to 

have a severe phenotype if the patient is a female and a carrier of a CT/TT genotype.  

 

Figure 15: The 1936T HBEGF genotype is overrepresented in women affected with severe CFHR5. Comparison of 
C1936T genotypes in women manifesting CFHR5 nephropathy. Women are known to have a milder course of the disease 
when compared to men and this is also demonstrated when they are statistically compared with severe CFHR5 women as 
regards the C1936T SNP. The 1936C allele has a significantly lower representation in severe CFHR5 women, compared to 
mild women, thus suggesting a protective effect for this allele (p=0.035). 

4.1.4.3 Genotyping of additional groups of patients 

4.1.4.3.1 CKD and ESKD cohort 

The CKD and ESKD cohorts include two phenotypically distinct groups of patients that are 

diagnosed with CKD or progressed to ESKD and belong to three disease groups, hypertensive 

glomerulosclerosis (HGS), glomerulonephritis (GN) and diabetic nephropathy (DN). From 17 

patients diagnosed HGS and having CKD, 76.5% have CC genotype, 17.6% have CT and 
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5.9% have the TT genotype. Respectively, 76.9% of ESKD HGS patients have CC genotype 

and the remaining 23.1% have CT. The two groups do not appear to differ on Barnard’s two-

sided testing with p=1, after grouping of CT heterozygotes and TT homozygotes (Table 11). 

From patients presenting GN and a mild course of renal disease, 57.1% are CC homozygotes, 

33.4% CT heterozygotes and 9.5% TT homozygotes, while from GN patients proceeding to 

ESKD, 67.9% have a CC, 28.6% CT and 3.5% TT genotype. When CT heterozygotes and TT 

homozygotes were grouped, groups did not differ upon Barnard’s two-sided test, with p=0.569 

(Table 11). 

In DN patients, 83.3% of CKD patients and 71.4% of patients with ESKD have CC genotype, 

while 16.7% and 25.7% have CT genotype respectively. TT homozygotes are absent from the 

CKD DN group, while one patient (2.9%) appears to have this genotype in the ESKD DN 

group. These two groups did not differ on Barnard’s two-sided test with p=0.674, after CT and 

TT grouping (Table 11). 

Table 11:  Results of genotyping of patients with either CKD or ESKD, diagnosed with mild or severe GN, HN and DN, for 
the C1936T miRSNP of HBEGF. 
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Collectively, when C1936T genotype results from CKD patients from all groups were 

statistically compared to ESKD patient results by using Barnard’s two-sided test, they appear 

not statistically different with p=0.795. This is proving that in these specific disease groups, 

the de-regulation of HBEGF expression by miR-1207-5p due to the C1936T miRSNP is not 

implicated in the disease severity. 

4.1.4.3.2 IgA nephropathy and familial hematuria cohorts  

The IgA nephropathy (IgAN) cohort is composed of 24 patients with CKD and 25 patients 

with ESKD, while the familial hematuria (FH) cohort consists of 35 patients with CKD and 43 

patients with ESKD. Genotyping of the IgAN CKD cohort revealed that 54.2% of patients 

have CC genotype, while the remaining 45.8% are CT heterozygotes. Absence of TT 

homozygotes was also observed in IgAN ESKD patients, with 68% of them being CC 

homozygotes and 32% CT heterozygotes. These two groups did not differ statistically upon 

Barnard’s testing, with p=0.397 (Table 12). 

The FH cohort alone was genotyped in the same way as the IgAN cohort and results showed 

that 74.3% of FH patients having a milder disease course have a CC genotype, while in the 

same group of patients 17.1% have a CT genotype and 8.6% are TT homozygotes. In FH 

patients that progressed to ESKD, 74.4% are CC homozygotes, 18.6% are CT heterozygotes, 

while 7% are TT homozygotes. Similarly, these two FH groups did not differ statistically, with 

p=0.999 after tested with Barnard’s two-sided test (Table 12). 

Table 12: Genotyping and allele frequencies of IgAN and FH cohorts, for the C1936T miRSNP. 
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CC 13 54.2% 17 68% 26 74.3% 32 74.4% 

CT 11 45.8% 8 32% 6 17.7% 8 18.6% 

TT 0 0% 0 0% 3 8.6% 3 7% 

CT/TT 11 45.8% 8 32% 9 25.7% 11 25.6% 

MILD vs SEVERE p=0.397 p=999 
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4.1.4.3.3 The “Cyprus Study” cohort 

This cohort was provided to us, by the Cyprus Cardiovascular Disease Education and 

Research Trust, through Dr Andy Nicolaides. A significant number of subjects participating in 

the “Cyprus Study” cohort were genotyped for the C1936T miRSNP on HBEGF, in an attempt 

to spot a differentially expressed protein, aminoacid or substance in the serum of patients, 

which is implicated in pathology of renal function. Expression levels of different proteins were 

previously identified in this cohort, using commercially available biochemical assays. Matrix 

metalloproteinase expression levels, together with their inhibiting enzymes TIMP1 and 

TIMP2, were the first to be studied. Statistical analysis with Kruskal-Wallis test for 

independent samples did not reveal any significance among groups (genotyping results with 

mean serum levels of proteins are reported in Table 13). 

Table 13: Genotyping results and mean serum levels for each group for MMP1, MMP2, MMP8, MMP9, TIMP1 and 
TIMP2 proteins. 

 

The contribution of homocysteine levels in renal decline has been well investigated in the past. 

Thus, it was inevitable to compare C1936T to serum homocysteine levels, supplemented by 

serum levels of folic acid and vitamin B12, both known to alleviate symptoms of renal 

disease. Genotyping results and serum level means for all these proteins are recorded in Table 
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14 – Panel a. Statistical analysis using Kruskal-Wallis test for independent variables, revealed 

weak statistical significance between the CT genotype and lower levels of folic acid with 

p=0.047, while B12 and homocysteine levels did not. Further analysis regarding the same 

proteins was performed, by performing statistics after filtering for samples having both high 

homocysteine and low folic acid levels, a combination known to increase the risk for 

developing renal disease. Under these circumstances, subjects having the CC genotype 

demonstrated statistically significant higher levels of homocysteine when compared to 

subjects having CT or TT C1936T genotypes, suggesting a protective effect for the 1936T 

genotype with p=0.027 (Table 14 – Panel b). Kruskal-Wallis testing for both folic acid and 

B12 levels did not reveal any statistical significance for the C1936T genotype distribution.  

Table 14: Association of the C1936T miRSNP in subjects of the "Cyprus Cohort" and serum levels of folic acid, vitamin 
B12 and homocysteine. Panel (a) includes all samples, while panel (b) includes only samples belonging to the upper 
quartile of homocysteine levels and the lower of folic acid. 

a.                                                                b. 

 

Furthermore, serum creatinine, ADMA, NO and myeloperoxidase levels in subjects of the 

same cohort were also correlated with C1936T miRSNP. After Kruskal-Wallis testing, MPO 

levels were found to be strongly associated with C1936T, with CC homozygotes having 

significantly lower serum levels of MPO compared with CT heterozygotes and TT 
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homozygotes (p=0.0001). Neither creatinine, nor NO or ADMA levels showed any statistical 

association with the C196T miRSNP on HBEGF (Table 15). 

Table 15: Correlation of ADMA, NO, creatinine and MPO serum levels with the C1936T genotype in subjects of the 
“Cyprus Study” cohort. 
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4.2 Investigation of the role of miRNAs as regulators of transcription 

4.2.1 Bioinformatic analysis of gene “promoter” regions 

Genes listed in Appendix I were initially tested using the miRWalk algorithm for miRNA 

target regions, defined only by their degree of complementarity against mature miRNA 

sequences, located at their promoter regions. “Promoter” regions were considered as the first 

10kb immediately upstream the 5’UTR of any gene. Surprisingly, miR-548c-5p and miR-

548d-5p appeared to have almost complete complementarity with sequences located upstream 

genes FOXC2 and SPP1 respectively (Table 16). In other upstream gene sequences, such as of 

HBEGF and TCF21 lengthy target sites were also observed that corresponded to miR-1273 

and miR-1285 respectively. Target site position upstream FOXC2 and SPP1 are demonstrated 

on Figure 16. The miRWalk algorithm displays results in reverse numbering, therefore a 

“start” site of 1310 for miR-548c-5p target site upstream FOXC2  implies that the site is 

located upstream the 10kb region and far away from the 5’UTR of the gene.  

 

Figure 16: Position of the miRNA target sites on FOXC2 (upper panel) and SPP1 (lower panel) genes. Position 1 is the 
first nucleotide 10 kb upstream and numbering continues in the right direction until it reaches the transcription start at 
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In order to investigate whether this kind of target side length is a widespread phenomenon 

observed amongst genes, a reverse prediction approach was carried out by importing all 

validated mature miRNAs into miRWalk and searching for target sites in the same regions of 

all known genes. The genes presenting the highest length of miRNA complementary 

sequences appear on Table 17. The hsa-miR-548c-5p seems to have a high number of lengthy 

target sites in intergenic regions with proximity to gene transcription start sites, while other 

miRNAs did not.  

Pathway analysis using the DAVID algorithm (http://david.abcc.ncifcrf.gov/), did not reveal 

any functional correlation between these genes. This result led us to assume that this specific 

miRNA, miR-548c-5p, can potentially bind to such sequences and we decided to further 

investigate its putative binding and regulatory properties. In order to investigate the miR-548c-

5p predicted target site region further, we used the Blat algorithm from the UCSC Genome 

Browser (http://genome.ucsc.edu). It appears that this sequence is located downstream of a 

non-coding RNA gene and upstream the MTHFSD gene, which is transcribed in an anti-sense 

direction. In addition, testing of this target sequence demonstrated that it is non palindromic 

nor similar to a MADE1 type transposable element nor located on any kind of a transcript. 

 

Table 16: The lengthiest target sites on the promoter region of candidate genes using the miRWalk algorithm 

 

 

 

 

GENE miRNA Seed 
Length Start Sequence End 

FOXC2 hsa-miR-548c-5p 21 1310 AAAAGUAAUUGCGGUUUUUGC 1290 

SPP1 hsa-miR-548d-5p 19 8687 AAAAGUAAUUGUGGUUUUU 8669 

HBEGF hsa-miR-1273 19 5113 GGGCGACAAAGCAAGACUC 5095 

TCF21 hsa-miR-1285 19 181 UCUGGGCAACAAAGUGAGA 163 
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Table 17:  List of genes that contain the lengthiest target sites for hsa-miR-548c-5p, in the sequence 10kb upstream of their 
5’UTR. Prediction analysis included all human genes. 

Gene 
Seed 

Length 
Start Sequence End 

CDC23 21 3638 AAAAGUAAUUGCGGUUUUUGC 3618 

ASB5 21 6948 AAAAGUAAUUGCGGUUUUUGC 6928 

NSUN5 21 3023 AAAAGUAAUUGCGGUUUUUGC 3003 

RBP4 21 3050 AAAAGUAAUUGCGGUUUUUGC 3030 

NR0B1 21 4270 AAAAGUAAUUGCGGUUUUUGC 4250 

EBI2 21 1515 AAAAGUAAUUGCGGUUUUUGC 1495 

FGF23 21 140 AAAAGUAAUUGCGGUUUUUGC 120 

ANXA3 21 9753 AAAAGUAAUUGCGGUUUUUGC 9733 

PLAC1 21 8757 AAAAGUAAUUGCGGUUUUUGC 8737 

ATHL1 21 7462 AAAAGUAAUUGCGGUUUUUGC 7442 

ZNF418 21 9269 AAAAGUAAUUGCGGUUUUUGC 9249 

PSTPIP2 21 9206 AAAAGUAAUUGCGGUUUUUGC 9186 

FOXC2 21 1310 AAAAGUAAUUGCGGUUUUUGC 1290 

LBP 21 3246 AAAAGUAAUUGCGGUUUUUGC 3226 

UBQLN2 21 8250 AAAAGUAAUUGCGGUUUUUGC 8230 

C11orf65 20 8063 AAAAGUAAUUGCGGUUUUUG 8044 

SSH1 20 4823 AAAAGUAAUUGCGGUUUUUG 4804 

AOX1 19 9533 AAAAGUAAUUGCGGUUUUU 9515 

HRK 19 212 AAAAGUAAUUGCGGUUUUU 194 

PTER 19 9160 AAAAGUAAUUGCGGUUUUU 9142 
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4.2.2 Bioinformatic investigation of the promoter targeting properties of the miR-548 

family 

After demonstrating that miR-548c-5p has lengthy target sites on a number of different genes, 

we examined further the binding properties of the miR-548 family members by using the 

miRWalk algorithm. The miR-548 family consists of 68 mature miRNAs emerging from 

different premature transcripts that eventually give 56 non-redundant sequences, as it is 

recorded by miRBase. This implies that some miRNAs that belong to this family have the 

same mature sequence, with one of them being miR-548c-5p sharing the exact same sequence 

with miR-548o-5p and miR-548am-5p. Furthermore, a number of miRNAs that are classified 

into the miR-548 family have a mature sequence that differs from miR-548c-5p in one, two or 

more nucleotides (Table 18).  

Table 18: List of miRNAs that belong to the miR-548 family and share extended similarities in their sequence with miR-
548c-5p. The difference in base numbers between each miRNA and miR-548c-5p is also displayed, together with a rough 
grouping depending on how they differ. 

miRNA 
Name Start End Seed 

Length 
Difference in Bases 
from miR-548c-5p Group 

548c-5p 1310 1289 21 0 1 
548am-5p 1310 1289 21 0 1 
548o-5p 1310 1289 21 0 1 
548au-5p 1310 1289 21 -1 1 

548j 1310 1296 15 3 2 
548as-5p 1310 1297 14 1 2 

548i 1310 1297 14 1 2 
548a-5p 1210 1298 13 3 2 
548ar-5p 1310 1299 12 1 2 

548ab 1310 1300 11 3 3 
548b-5p 1310 1200 11 2 3 
548d-5p 1310 1300 11 1 3 
548h-5p 1310 1302 9 2 4 

548y 1310 1302 9 3 4 
548aj-5p 1313 1299 15 1 (+3,-2) 5 

548n 1311 1300 12 3 (+1,-1) 5 
548aq-5p 1309 1299 11 2 3 

548aw 1314 1305 10 3(+4,-6) 6 
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The length of target sites in accordance to their location (Promoter region, 5’UTR, coding 

sequence and 3’UTR of all human genes) was also examined by miRWalk. Target sites of 25-

15 complementary nucleotides clustered in the promoter region of genes (10kb upstream the 

5’UTR), while hits on the 3’UTR remained low in number, thus indicating a specificity of 

miR-548 family members for promoter sequences (Figure 17).  

In general, most predicted target sites (Figure 18) by miRWalk regarding the miR-548 family 

are located on the promoter regions of genes (44.13%), followed by the 3’UTR (34.39%), the 

coding sequence (16.02%) and finally the 5’UTR (5.46%). This analysis included only target 

sites that had a pValue of equal or less than 0.05 after an automatic statistical analysis 

performed by the miRWalk algorithm and targets are defined by their complementarity against 

the mature sequence of miRNAs as they appear in miRBase. 

 

Figure 17:  Distribution of target site length for miR-548 family members in relation to all human protein coding genes as 
predicted by the miRWalk algorithm. The promoter region seems to have more sites than any other region, as target sites 
remain extended in length. Each site is unique for a specific miRNA and the lengthiest target site was always taken into 
account. 
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Figure 18: Pie chart displaying the distribution of predicted target sites of miR-548 family members throughout the human 
genome genes. Prediction analysis demonstrated an enrichment of target sites at the promoter regions of genes, termed as 
the first 10kb located upstream the 5’UTR. The predicted target sites include sites with at least seven complementary 
nucleotides in the seed region. 

4.2.3 Experiments with reporter constructs 

Reporter constructs bearing a multiple cloning site at the promoter’s enhancer element of the 

firefly luciferase gene were encompassed in order to investigate for the binding properties of 

miRNAs against their predicted promoter target sites. Affinity of miRNA mimics and removal 

of endogenously expressed miRNAs by inhibitor LNAs was demonstrated by the 

determination of luciferase expression levels with a luminometer. The lengthy binding site of 

miR-548c-5p located more than 8kb upstream the 5’UTR of the FOXC2 gene was firstly 

examined. 

The significance of miR-548c-5p binding site upstream FOXC2 was demonstrated by 

transfecting AB8/13 podocytes with equal amounts of reporter plasmids. Each plasmid either 

had (548c-5p+SITE) or not (548c-5p-SITE) the target site, as it was previously removed with 

side-directed mutagenesis from the pGL4.27 vector. The 548c-5p-SITE vector only carried the 

flanking sequence of the miR-548c-5p target site upstream the FOXC2 gene. The luciferase 

vector without an insert was used as a control. ANOVA with Tuckey post-testing was used to 

test for trend significance, with p<0.0001. Statistical analysis of luciferase expression levels 

with t-test demonstrated that cells transfected with the plasmid having the miR-548c-5p target 

site on the promoter enhancer element of the luciferase gene, expressed significantly more 

10kb upstream 
region 

5'UTR 

Coding 
Sequence 

3'UTR 
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luciferase compared to the empty vector (p=0.002). The transcriptional suppression caused by 

the miRNA target site was eliminated after determining luciferase expression levels in cells 

transfected with the plasmid lacking the site, with p=0.0006 compared to the plasmid bearing 

the target site with t-test (Figure 19). These results suggest that the specific region flanking the 

target site could be acting as a transcription enhancer element, while the miRNA target site 

itself limits this effect possibly via the hybridization of miR-548c-5p miRNA on its respective 

target sequence.  

 

Figure 19: Luciferase expression levels after transfection of AB8/13 podocyte cells with luciferase reporter plasmids. The 
plain vector (pGL4.27) kept a minimal rate of transcription for the luciferase gene, while the miR548c-5p target site boosts 
luciferase expression (548c-5p+SITE). When the site was removed (548c-5p-SITE), repression is released and luciferase 
levels increase at least 2.5 times more than in cells transfected with the plain vector. Firefly luciferase expression levels 
were normalized against renilla luciferase levels, expressed by the pGL4.74 reporter vector. Results represent the mean of 
values from 6 experiments ± SEM. Greg
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Binding properties of miR-548c-5p were then examined using miRNA mimics, inhibitors and 

Negative Control scrambled sequence LNA in AB8/13 undifferentiated podocytes. Initial 

experiments demonstrated significant reduction of luciferase levels in cells transfected with 

the 548c-5p+SITE vector and the Negative Control LNA, probably caused by the non-specific 

binding of the Negative Control LNA on the firefly luciferase plasmid. Therefore, we made an 

effort to replace the Negative Control LNA by a different miRNA mimic, which would keep 

normalized luciferase levels the same as when the 548c-5p+SITE plasmid is not co-transfected 

with any LNAs. ANOVA with Tuckey post-testing was used to test for trend significance, 

with p=0.004. The miR-410 mimic demonstrated good resemblance, with p=0.205 after t-

testing, to the non-LNA transfected cells (Figure 20) and replaced the negative control in 

mimic/inhibitor transfection experiments. 

 

Figure 20: Normalized luciferase relative light units (RLUs) in AB8/13 cell lysates after transfection with sensor 
constructs. AB8/13 cells transfected with the pGL4.27 plasmid bearing the 548c-5p site together with negative control 
scrambled sequence LNA, miR-410 mimics or no LNA. The negative control LNA demonstrated a significant reduction in 
luciferase levels and was excluded from future experiments as the negative control. The miR-410 mimic showed no 
difference when compared to the non-LNA containing samples and was considered as having no effect over the 
pGL4.27luciferase vector. Results represent mean values of triplicates ± SEM. 

Greg
ori

s P
ap

ag
reg

ori
ou



70 

 

After transfecting AB8/13 cells with miR-548c-5p mimics and inhibitors and the firefly 

luciferase expressing plasmid with the miR-548c-5p target site, luciferase expression was 

affected. ANOVA with Tuckey post-testing was used to test for trend significance, with 

p<0.0001. MiR-548c-5p mimics managed to significantly reduce luciferase levels, compared 

with cells transfected with miR-410 mimics, with p=0.02 after t-testing. As expected, miR-

548c-5p inhibitors boosted luciferase levels compared to cells transfected with miR-410 

mimics, with p=0.005. In addition, miRNA mimics of miR-548c-5p appeared to have 

significantly reduced luciferase levels compared to miRNA inhibitors, with p<0.0001 after t-

testing (Figure 21). 

 

Figure 21: Normalized luciferase relative light units (RLUs) in AB8/13 cell lysates after transfection with sensor 

constructs. AB8/13 cells transfected with the pGL4.27 plasmid bearing the 548c-5p site and miR-548c-5p mimics 

demonstrated reduced luciferase expression, while miR-548c-5p inhibitors boosted luciferase levels compared to miR-410 

mimics. Results represent mean values of triplicates ± SEM 
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4.2.4 Examination of endogenously expressed miRNA binding efficiency on predicted 

DNA target sites using ChIP experiments 

A modified ChIP protocol was developed in order to isolate DNA that is potentially bound on 

the RISC complex, via a miRNA which is targeting a specific site located upstream the 

transcription start of a given gene. Hence, the final eluate after the IP was analyzed by using 

Real-Time PCR. Analysis involved the degree of enrichment of a specific piece of DNA 

precipitated with each antibody, normalized against the background signal given by the 

negative control anti-mouse IgG antibody. The GAPDH proximal promoter site was 

considered as the positive control for RNA Polymerase II (RNAP2) and the negative control 

for the anti-mouse IgG antibody. 

 

Figure 22: Real-time PCR results after ChIP assays for RNA Polymerase II and AGO. Both proteins appear to be 
precipitated together with the predicted miR-548c-5p DNA target region compared to a different nearby DNA region 
without a miR-548c-5p binding site (p=0.0006 and p=0.005 respectively). Results represent the mean of normalized fold 
change values from 3 experiments ± SEM.  
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The target site of miR-548c-5p appeared to be enriched in AGO processed samples (Figure 

22). ANOVA with Tuckey post-testing was used to test for trend significance, with p=0.0014. 

Region specificity is demonstrated by the statistically significant under-representation of a 

neighboring DNA region that did not have a miR-548c-5p target site (Figure 9), with p=0.005 

after t-testing.  

 

Figure 23: Real-time PCR results after ChIP assays for the miR-548-5p. This miRNA appears to be enriched in AGO 
ChIPed samples, with statistically significant differences when compared to the U6b snRNA (p=0.015) and the podocyte 
specific miR-23b (p=0.0036). Results represent the mean of normalized fold change values from 3 experiments ± SEM.  

 

A miRNA enriched fraction of ChIPed samples was extracted using commercially available 

kits and analyzed with Real-Time PCR.  After AGO ChIP, the miR-548c-5p was found to be 

highly enriched compared to the podocyte specific miR-23b and the U6b small nuclear RNA. 

ANOVA with Tuckey post-testing was used to test for trend significance, with p<0.0011. 
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Statistical examination with t-test of these results demonstrated an enhanced representation of 

the miR-548c-5p with p=0.0036 compared to miR-23b and p=0.015 compared to the U6b 

snRNA (Figure 23). These results indicate that miR-548c-5p has increased levels of presence 

in the nucleus of AB8/13 cells. 
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5 DISCUSSION 

5.1 A miR-1207-5p binding site polymorphism abolishes regulation of HBEGF and is 

associated with disease severity in CFHR5 nephropathy 

The phenotypic heterogeneity and variable expression, exemplified as a broad spectrum of 

symptoms in a cohort of patients, is the norm in many monogenic disorders including renal 

conditions, such as glomerulopathies. The role of genetic modifiers, at least partly, is 

frequently invoked as they are hypothesized to act in symphony with a validated mutation in a 

single gene. For example, recent publications have reported several occasions where SNPs in 

genes confer a higher risk for progression of pathology, for example a SNP in the DKK3 gene 

or in the eNOS gene in polycystic kidney disease.[119,120,121]  

Having in mind recent advances in our understanding of molecular pathogenetic mechanisms, 

it is reasonable to expect that a class of modifiers, among others, could be sequence variations 

on the target sites of miRNAs, in genes whose function relates to the disease under study. 

Inheritance of such variants is not expected to cause a disease in a Mendelian fashion; 

however their stochastic co-segregation with a primary disease-causing mutation may affect 

the risk for slower or faster progression of the phenotype. A mutation in a miRNA gene itself 

that is responsible for a Mendelian phenotype has been reported once, to our knowledge, 

whereas several publications report on the presence of pathology-associated variants in the 

target sites of known miRNAs. At the same time miRNAs can act as disease modifiers as a 

result of genetic variations on the precursor molecules. Specifically, SNPs may occur at the 

level of the pri-miRNA, pre-miRNA or mature miRNA. Such SNPs may affect either the 

biogenesis or the action of the mature miRNA, contributing to deregulation of target gene 

expression and consequently to disease development.[122] Notwithstanding this situation, 

most common are the miRNA-associated single nucleotide polymorphisms (miRSNPs) that 

are located in the miRNA target sites within the 3’UTRs of corresponding mRNAs. Several 

studies have identified associations of miRSNPs with complex trait diseases such as diabetes 

[123], asthma [124], Parkinson [125], hypertension [126], breast cancer with early age at onset 

[127] and others. 
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In this study, we show data according to which a reduction of hsa-mir-1207-5p binding ability 

on its target site in the 3’UTR of HBEGF due to the presence of C1936T SNP, is associated 

with the severity of CFHR5 nephropathy in patients inheriting the pathogenic CFHR5 gene 

duplication of exons 2-3. To our knowledge this is the first time a miRSNP is shown to be 

correlated with the phenotypic manifestation of a monogenic glomerular disease. Specifically, 

we showed that in a cohort of patients inheriting this CFHR5 nephropathy, the 1936C allele at 

the binding site for miRNA hsa-miR-1207-5p is associated with a less severe phenotype, as 

this is exemplified in patients who are protected from the development of high grade 

proteinuria and CKD (p=0.018, Figure 14). When concentrating on the subgroup of women, 

only three of 27 with mild disease inherited the T allele, compared to three of six women with 

severe disease (Figure 15). This finding obtains particular significance in view of the fact that 

women follow a much milder course of disease compared to men, according to previous work 

of our group.[39,102] The exact mechanism by which HBEGF can alter disease phenotype is 

currently unknown and under investigation. However, we hypothesize that the role of HBEGF 

in proliferation and fibrosis of mesangial cells is very critical to this end. In support of its 

functional significance, we showed in cell culture experiments that the presence of the T allele 

eliminates the binding of the miRNA, thus resulting in higher HBEGF protein levels (Figure 

11).  

This is a rather reverse approach for identifying such a SNP, by first collecting genes from the 

literature known to be involved in glomerular structure and function and then examining SNPs 

for functional significance. In order to narrow down our search, we utilized prediction 

algorithms to filter out the best candidate genes for sequencing analysis. In our case, the miR-

1207-5p was predicted to target HBEGF by two out of five algorithms. Although not a top 

candidate, luckily enough hsa-miR-1207-5p target site is positioned nearby a site for an 

alleged good candidate miRNA (hsa-miR-379). As a result, we managed to prove the 

functional interaction of hsa-miR-1207-5p with HBEGF; cell culture experiments as well as 

the statistical evaluation in our cohort of patients supported its implication in gene regulation 

at post-transcription level. This case is a prime example where despite the improvement in 

bioinformatics tools and methods for predicting miRNA targets, some valuable information 

can still escape. The systematic approach we used, along with the flexibility of our tools, 

enabled us to identify a functional SNP that otherwise would have been missed. 
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HBEGF belongs to the epidermal growth factor superfamily. It is also known as the 

Diphtheria toxin receptor since it is required for the surface binding of diphtheria toxin and 

entry into the cell.[128] This growth factor is expressed at high levels in podocytes, tubular 

epithelial cells and mesangial cells.[129] Several studies have emphasized the role of HBEGF 

in kidney function under normal or pathologic conditions. Ischemia/reperfusion (IR) injury 

was shown to be mediated by HBEGF, as the reduction in expression of this protein has 

protective effect in various IR models.[128,130,131] As a member of a growth factor family, 

HBEGF can promote cellular proliferation in both mesangial and renal epithelial cells. 

Specifically, studies using renal proximal tubular cells revealed that proliferation in this cell 

type is mediated by HBEGF through an autocrine/paracrine mechanism, which antagonizes 

the action of Src kinases.[132] In addition, HBEGF is expressed in mesangial cells and is 

involved in their proliferation in glomerulonephritis. Also, it contributes to lesion formation in 

focal glomerular sclerosis through stimulation of mitogens at those sites.[133,134] Similarly, 

HBEGF participates in renal fibrosis by regulating both TGF-β-mediated fibronectin 

expression and collagen expression in mesangial cells.[135] 

Further analysis of this miRSNP in additional groups manifesting with glomerular disease of a 

variable cause, did not show any significance between mildly and severely affected patients. 

In addition, the 1936T allele appeared to have a relatively high appearance in healthy controls, 

which led in deciphering its role regarding the expression levels of other genes implicated in 

renal disease. For this purpose, we gained access to data and samples from the Cyprus Study 

cohort, in which more than 1000 healthy population individuals originating from two villages 

in Cyprus take part in order for several genetic, pathological and lifestyle factors influencing 

atherosclerosis to be studied. After a careful examination of data available, we performed 

statistical analysis by comparing the C1936T genotype of 700 samples to serum levels of 

proteins involved in renal disease such as MMP1,2 and 9, TIMP1 and 2, as well as MTHFR, 

B12, folic acid, creatinine, ADMA and NO and MPO1. With a marginal statistical 

significance (p=0.047), the 1936CT genotype appeared to have the lowest serum levels of 

folic acid. To further explain this, we selected cases that had low folic acid and high MTHFR 

levels in order to include samples with increased risk of developing renal disease. Results 

demonstrated a significant reduction of MTHFR, with p=0.027 after Kruskal-Wallis testing, in 

1936TT homozygotes. Still, no useful information can be extracted after this test, as sample 
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numbers dramatically dropped and perhaps interfered with the statistical testing. Furthermore, 

higher levels of serum MPO1 were statistically correlated with the 1936T allele in 

homozygotes, with p=0.001 after Kruskal-Wallis testing (Table 15). Myeloperoxidase is 

involved in antimicrobial immune responses and is expressed in neutrophils and identified in 

phagocytes, where it participates in various biochemical reactions but most importantly serves 

as a substrate for chloride to form hypochlorous acid; the latter acts as a chlorination agent in 

response to bacterial infection.[136,137] It is also contained in atherosclerotic lesions and has 

been implicated in kidney IR injury, while it is highly expressed in kidney inflammatory 

lesions.[136,138,139] Tissue damage following ischemic episodes, promotes the venular 

permeability to leucocytes, where activated neutrophils interact and adhere to endothelial cells 

and downstream expression of pro-inflammatory agents is induced to extend the initial 

damage.[140] In glomeruli, tissue degradation can be extended to the basement membrane 

through the generation of reactive oxygen species, thus implicating MPO in this 

procedure.[141]  HBEGF on the other hand, is highly expressed by differentiated macrophages 

in response to conditioned media cultures.[142] Under IR conditions, HBEGF was found to 

repress the expression of neutrophil adhesion molecules, such as selectins, and other pro-

inflammatory proteins, thus limiting neutrophil activation and damage expansion at the 

endothelium.[143] Collectively, MPO and HBEGF potential interaction during IR injury 

cellular responses, requires further understanding and elucidation. In addition, proof of this 

interaction could assist in a better comprehension of the variable phenotypic severity recorded 

in CFHR5 nephropathy, where complement deposits in the glomerulus are evident in biopsies 

and could contribute in ischemic episodes.[102,144]  

In humans, the miR-1207-5p is transcribed from the PVT1 locus on chromosome 8q24.[145] 

The PVT1 gene encodes for a non-translated RNA and has been found to be implicated in 

diabetic nephropathy, breast and colon cancer and in translocations related to Burkitt’s 

lymphoma and associated with Hodgin’s lymphoma.[146,147,148,149] Interestingly, end-

stage renal disease occurring in patients with type 2 diabetes has been associated with PVT1, 

while variants in the same gene were associated with ESKD in patients with type 1 

diabetes.[150,151] A recent study by Alvarez and DiStefano investigated PVT1 properties in 

depth and confirmed its high expression in mesangial cells. Moreover, an up-regulation in the 

levels of the miRNAs emerging from PVT1 was proposed, by elevated glucose in the 
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mesangium.[146] These findings can supplement the results of our study and together are 

suggestive of novel roles for PVT1 influenced miR-1207-5p expression and translational 

regulation of HBEGF in terms of maintaining the physiological function of the mesangium or 

the glomerulus in general.  

In conclusion, this study presented evidence for the novel genetic modifier role of miRNA 

hsa-miR-1207-5p in predisposing patients with CFHR5 nephropathy, to more severe 

phenotype. At the same time HBEGF is implicated as the gene through which this miRNA 

exerts its effect. Further work at the cellular level and perhaps with the use of animal models 

will help elucidate in more detail the exact mechanism by which this hsa-miR-1207-

5p/HBEGF pair plays its role. This work has been partially published by Papagregoriou G. et 

al, 2012.[152]  

5.2 Investigation of the role of miRNAs as regulators of transcription 

It is believed that miRNAs have additional regulatory roles that are not constrained in the 

cytoplasm and mRNA translational repression, but also extend inside the cell’s nucleus and 

target DNA to regulate transcription. This kind of properties for miRNAs is suggested by quite 

few publications in regards to mammalian cells. Nonetheless, direct interactions between 

DNA sequences and miRNAs remain elusive as the literature presents an artificially evoked 

regulation of gene transcription by miRNA mimics. Initial predictions of miRNA target 

sequences on the 10kb upstream region of candidate genes demonstrated an extended degree 

of complementarity between a number of miRNAs and DNA sequences. Therefore, we 

hypothesized that miRNAs are able to directly interact with predicted DNA target sequences 

and regulate gene transcription levels and used luciferase expression vector systems to prove 

that. 

 Preliminary miRNA-10kb upstream sequences of genes recorded in Appendix I (Table 19) 

were performed using the miRWalk algorithm and had at least one interesting outcome (Table 

16): the miR-548c-5p had almost complete complementarity with 21 out of 22 nucleotides of 

its mature molecule against its predicted target sequence, found more than 8kb away from the 

5’UTR of the FOXC2 gene (Figure 16). Such lengthy sites are rarely observed in 3’UTR sites; 

hence we decided to perform further prediction analyses to eliminate the possibility of them 
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occurring by chance or being a frequent phenomenon. For this purpose, all validated miRNAs 

listed in miRBase at the time were imported into miRWalk and prediction analysis against the 

10kb upstream sequences of all known genes was performed. As reported in the results 

section, a significant number of lengthy target sites were observed, but they all corresponded 

to the sequence of miR-548c-5p, thus establishing this miRNA as a strong contender in 

miRNA induced transcriptional regulation. Target sites were spread out in the region under 

investigation from some bases upstream the 5’UTR up to almost 10kb (Table 17). It was 

expected that miRNAs able to act as siRNAs would have extended complementarity to their 

target sequences, hence miR-548c-5p seemed like a good candidate miRNA to start with. If 

the latter is valid, then miR-548c-5p could be regulating but perhaps not silencing the 

expression of its target genes, and therefore cause at least subtle changes in gene 

transcriptional levels. Such changes could be the outcome of a miRNA binding on a DNA 

enhancer/repressor element rather than the proximal core promoter, assisted by the RISC 

complex. Furthermore, if a transcription factor binds on such sites, then its binding would be 

either impeded or enhanced. Hence, an extended region (10kb) upstream the 5’UTR of genes 

under study was taken into account rather than the first bases, as to look for transcription 

regulatory elements as well. 

An extended site containing the miR-548c-5p target site was cloned into the pGL4.27 

luciferase vector. This particular vector is usually used in studies examining transcription 

regulatory elements by bearing a MCS right upstream the basal promoter of the firefly 

luciferase gene. A different construct was assembled by specifically removing the miRNA 

target site, which succeeded in characterizing this sequence as a repressor of transcription 

(Figure 19). Co-transfection of AB8/13 podocytes with the pGL4.27 vector bearing the miR-

548c-5p target site together with miR-548c-5p mimics demonstrated a statistically significant 

reduction of luciferase levels. In the same manner, when miR-548c-5p inhibitors were used, 

luciferase levels were enhanced; hence miR-548c-5p can target its predicted target sequence 

and regulate luciferase expression levels (Figure 21). Collectively, results demonstrated the 

transcriptional regulation exerted by the direct binding of miR-548c-5p on this specific 

predicted sequence located more than 8kb upstream the FOXC2 gene. This study is the first to 

encompass such reporter constructs for miRNA research and it is anticipated that they will be 

broadly used in the future to prove such direct interactions. Further elucidation of miR-548c-
Greg

ori
s P

ap
ag

reg
ori

ou



80 

 

5p binding properties on this site, will be examined in the future using a site-specific mutation 

on the pGL4.27 miR-548-5p+SITE plasmid and/or with the use of mimics that differ from 

miR-548c-5p in a number of residues, such as miRNAs that belong to the miR-548 family 

(Table 18). For example, the significance of the miRNA target site will be further investigated, 

by generating luciferase plasmids bearing mutations at various target site positions. In 

addition, the potential regulation exerted by miR-548c-5p on the levels of transcription of 

various genes, such as FOXC2 or MTHFSD, which is located 3kb upstream the miRNA target 

sequence will be investigated with Real-Time PCR experiments after the transfection of 

AB8/13 cells with miRNA mimics and inhibitors. This study provides preliminary data 

regarding the potential role of miR-548c-5p in transcriptional regulation and supportive 

experiments are required in order to verify our hypothesis. 

The miR-548c-5p belongs to the miR-548 family, together with other 69 miRNAs. The miR-

548 family of miRNAs is believed to have originated from transposable elements (TE) that at 

some point of the primate evolution were placed into various places and supposedly have 

regulatory roles.[153] Family members preserve the TE architecture by having palindromic 

DNA sequence elements, from which each miRNA is generated. The cell’s response against 

TE assisted the RNA interference pathway to be evolved as a protection mechanism against 

these rather malignant molecules.[154] We investigated this family in further by implementing 

prediction analyses with the miRWalk algorithm. Impressively, only 56 out of 69 members 

have a “unique” sequence. Concerning the miR-548c-5p, two other miRNAs, miR-548am-5p 

and miR-548o-5p, appear to have exactly the same mature sequence although they are 

encoded from different premature transcripts (Table 18). Therefore, they share the same target 

sequences and given that the mature miRNA molecule drives all the way to the nucleus to be 

functional, any one of these three miRNA transcripts could be functioning in that sense. In 

addition, by performing a multiple sequence alignment of the miR-548 family members 

(Appendix II - Figure 24) it was observed that there are two distinct groups of miRNAs: each 

group has miRNAs that have more or less similar mature sequences, but when groups are 

compared to each other they seem to have complementary sequences. This can be explained 

by considering that for any given miRNA, its 3p and 5p strands emerge from the same RNA 

hairpin premature molecule and at least partial complementarity was expected. Greg
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Furthermore, in support to the luciferase assay data presented above, we aimed at isolating 

endogenously expressed miR-548c-5p, together with other miRNAs, by capturing them using 

Chromatin Immunoprecipitation. Various recent publications have elaborately examined the 

role of siRNA or miRNA induced transcriptional silencing in mammalian cells; nonetheless, 

all this work is based on synthetic siRNA mimics, a parameter which is usually overlooked. 

For this purpose, a ChIP analysis protocol corresponding to our goal in isolating a nuclear 

enriched miRNA fraction was generated. In agreement to our luciferase reporter vector results, 

both the predicted DNA target region and the miR-548c-5p were found to be significantly 

enriched, when compared to a different DNA sequence region located nearby and the GAPDH 

proximal promoter (Figure 22 and Figure 23). This protocol was developed after combining 

different kinds of ChIP protocols, with emphasis on transcription factor associated ChIPs and 

was finalized after several trials resulting in isolating both DNA and miRNAs from the same 

tube by the successful combination of different commercially available kits. Future projects 

should be revolved around the isolation of nucleus-acting miRNAs. Also, the possible 

formation of a genomic library of miRNAs being able to exert transcriptional regulation is 

important, in order to study this phenomenon in depth. It could be possible that miRNAs other 

than miR-548c-5p have similar properties and should be efficiently isolated. Furthermore, it is 

essential to elucidate the functional mechanism assisting miRNAs to interact with DNA target 

sequences in a direct manner. miRNA targeted DNA regions positioned upstream of gene 

transcription start points, are not necessarily expected to be located near or at the transcription 

start, but at distal spots which are used as transcriptional repressors or enhancers; thus target 

prediction algorithms would be effectively used or developed for the recognition and 

documentation of such sites. 

The miR-548c stem loop is encoded by a gene located in the first intron of RASSF3, which is 

coding for a Ras association factor considered to suppress tumor generation by controlling 

apoptosis and the cell cycle.[155] The same first intron codes for the miR-548z stem loop, 

which coincidentally expresses miR-548z which has the exact complementary mature 

sequence as 548c-5p. This fact is suggestive for a common role between these two miRNAs: 

they both target the same sequence but in complementary strands perhaps in a cis- and/or 

trans- manner of transcriptional regulation of gene expression.  Greg
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Collectively, we provided data which suggest that miRNAs are able to bind directly onto DNA 

target sequences and regulate gene transcription by encompassing bioinformatics, luciferase 

reporter constructs and a novel modified ChIP protocol. The exact mechanism assisting the 

miR-548c-5p to act as a transcriptional repressor through its binding onto DNA target 

sequences remains to be established, as well as the role of the RISC complex and the RNA 

Polymerase II in this procedure. It is possible that this miRNA influences the methylation of 

its target sites or blocks the attachment of other protein complexes that enhance transcriptional 

levels. In addition, as the miR-548 family members exhibit high sequence similarity for 

sequences at the promoter region of genes, they could act preferably in the nucleus and be of 

great importance in buffering gene transcription in a direct manner rather than targeting 

secondary elements in a siRNA similar fashion. Further examination of miR-548c-5p targeting 

ability against other sequences upstream of genes, as well as the establishment of a strong 

context in which this regulation takes place in the cell and the proteins involved, are required 

in order to expand our understanding in such basic cellular functions that involve miRNAs. 
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6 CONCLUSIONS 

In this study we postulated that miRSNPs in the 3’UTR of genes associated with glomerular 

function can be regarded as phenotype modifiers in monogenic diseases manifesting with 

proteinuria and hematuria, such as TBMN and CFHR5 nephropathy. We demonstrated the 

direct interaction between miRSNP C1936T on the 3’UTR of HBEGF and microRNA hsa-

miR-1207-5p. The T1936 allele reduced normal translational regulation of HBEGF by miR-

1207-5p and was found to be underrepresented in patients with mild course of CFHR5 

nephropathy. In addition, elevated levels of MPO in the normal population were found to be 

statistically associated with the same allele, thus suggesting a potential interaction between 

HBEGF and MPO. This is the first time where such a SNP is correlated with the progression 

of a hereditary glomerulopathy. 

Furthermore, after performing prediction analysis in search for miRNA binding sites on 

candidate gene promoter regions (10kb upstream their 5’UTR), we managed to spot a target 

sequence for miR-548c-5p located more than 8kb away from the transcription start point of the 

FOXC2 transcription factor gene. In addition, we proceeded in a bioinformatic investigation of 

the miR-548 family, in which miR-548c-5p belongs to, and found that members of this family 

have more predicted targets on sequences upstream of genes, rather than in any other region. 

Direct interaction between the miRNA and its target sequence were sequentially demonstrated 

by encompassing luciferase reporter constructs, while we succeeded in isolating both the DNA 

target region and miR-548c-5p from AB8/13 undifferentiated podocytes using a modified 

ChIP protocol. Hence, we reported for the first time the use of luciferase reporter constructs in 

such experiments, as well as provided evidence for the direct interaction of miR-548c-5p with 

a DNA sequence located 8kb upstream of the FOXC2 gene transcription start point. 
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APPENDIX I 

Table 19: List of genes that are considered candidates for miRNA targeting predictions. The list is comprised of a variety 
of genes; some are implicated in glomerular diseases, while others have podocyte, glomerular basement membrane or 
glomerular endothelium specific expression. 

Gene Name Chromosome Information 

ACE Angiotensin I converting enzyme 1 17q23.3 Associated with diabetic and IgA nephropathy 
[156,157,158] 

ACE2 Angiotensin converting enzyme 2 Xp22 Associated with diabetic and IgA nephropathy 
[158,159] 

AGRN Agrin 1p36.33 Principal component of the glomerular basement 
membrane [160] 

AGT Angiotensinogen 1q42.2 Variants confer to susceptibility for diabetic 
nephropathy and interstitial nephritis [161,162] 

AGTR1 Angiotensin II receptor, type 1 3q24 Associated with diabetic nephropathy and its 
inhibitors are used for therapeutic purposes [163,164] 

AGTR2 Angiotensin II receptor, type 2 Xq23 Implicated in diabetic nephropathy[165] 

ANGPT1 Angiopoietin 1 8q23.1 Expressed by podocytes [166] 

AQP6 Aquaporin 6 12q13.13 Expressed and localized in podocytes [167] 

BMP6 Bone morphogenetic protein 6 6p24.3 Involved in diabetic nephropathy and exacerbates 
renal fibrosis after injury[168] 

BMP7 Bone morphogenetic protein 7 20q13.31 
Proposed as a therapeutic agent for diabetic 

nephropathy, as it improves the fibrotic image and 
kidney’s return to normal function [169,170] 

CASK Calcium/calmodulin-dependent 
serine protein kinase Xp11.4 

Member of the nephrin interacting complex, activated 
at slit diaphragms and tight junctions of the 

podocyte[171] 

CD2AP CD2-associated protein 6p12.3 Slit diaphragm protein that its mutations cause Focal 
Segmental Glomerulosclerosis 3[172,173] 

CFHR5 Complement factor H-related 5 1q22-q23 Mutations cause CFHR5 nephropathy[39] 

CLU Clusterin 8p21.1 Adjusts inflammation reactions in podocytes during 
membranous glomerulonephritis[174] Greg
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Gene Name Chromosome Information 

COL4A1 Collagen, IV, alpha 1 13q34 
Deposes in the mesangium of mice with diabetic 
nephropathy and an early component of the GBM 
which remains in XL Alport syndrome [175,176] 

COL4A2 Collagen, IV, alpha 2 13q34 Forms a trimer with COL4A1 (α1α1α2) in fetal GBM 
and is not substituted by α3α4α5 in XL Alport[176] 

COL4A3 Collagen, IV, alpha 3 2q36.3 
Mutations cause TBMN or AR Alport syndrome 

[38,177] 

COL4A4 Collagen, IV, alpha 4 2q36.3 Mutations cause TBMN or AR Alport syndrome 
[38,178] 

COL4A5 Collagen, IV, alpha 5 Xq22 Mutations cause XL Alport syndrome [179,180] 

COL4A6 Collagen, IV, alpha 6 Xq22.3 Mutations cause alport syndrome with diffuse 
leiomyomatosis [181,182] 

CR1 Complement component 1q32 
Associated with SLE nephropathy and diffuse 
proliferative glomerulonephritis as its levels of 

expression fall in the damaged glomerulus [183,184] 

CRIM1 Cystein rich transmembrane BMP 
regulator 1 2p21 Expressed in podocytes and found on slit 

diaphragms[185] 

CTGF Connective tissue growth factor 6q23.2 
Increased in diabetic nephropathy and are correlated 

with proteinuria and increased creatinine 
clearance[186] 

CTTN Cortactin 11q13.3 
Normally expressed in podocyte foot processes but 
dislocated to the cell body, the cytoplasm and the 

apical cell membrane [187] 

CXCL12 Chemokine (C-X-C motif) ligand 
12 10q11.21 

Expressed by podocytes and contributes in glomerular 
sclerosis, proteinuria and loss of podocytes in diabetic 

mice[188] 

DDN Dendrin 12q13.11 

Interacts with CD2AP to promote apoptosis in 
glomerulopathy podocytes, by relocating from the slit 

diaphragm to the nucleus, and is associated with 
podocyte injury in glomerulopathies [189,190] 

EFNB1 Ephrin-B1 Xq13.1 Expressed in podocytes and found on slit 
diaphragms[191] 

FAT1 FAT tumor suppressor homolog 1 4q35.2 
Expressed predominantly in podocytes and FAT1 
knockout mice exhibit loss of slit diaphragms and 

podocyte fusion [192] 

FGF23 Fibroblast growth factor 23 12p13.32 Marker of progression of renal disease in patients with 
non-diabetic CKD[193] 

FGFR3 Fibroblast growth factor receptor 3 4p16.3 Expressed in the mature glomerulus of rats and 
involved in kidney development [194] 
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Gene Name Chromosome Information 

FN1 Fibronectin 1 2q35 
Mutations cause fibronectin deposits at the glomerulus 

leading to ESKD[195] 

FOXC2 Forkhead box C2 16q24.1 
Controls the differentiation of podocytes and the 
expression of genes such as Col4a3, Col4a4 and 

Nphs2. [196] 

GJA1 Gap junction protein, alpha 1 
(Connexin 43) 

6q22.31 Downregulated by elevated glycose and is possibly 
involved in diabetic nephropathy[197,198]  

HBEGF Heparin-binding EGF-like growth 
factor 5q31.3 

Expressed in mesangial cells, where it is involved in 
their proliferation in glomerulonephritis and 

contributes to lesion formation in focal 
glomerulosclerosis via site specific mitogen 

stimulation.[133,134] 

HGF Hepatocyte growth factor 7q21.1 

Has a protective effect in podocytes against 
proteinuria and fibrosis, while it preserves the normal 

turnover of mesangial matrix in the glomerulus 
[199,200] 

KIRREL Nephrin related 1 (NEPH1) 1q23.1 Localizes at slit diaphragms of podocytes [201] 

KIRREL2 Filtrin (NEPH3) 19q13.12 Expressed at the glomerulus and its levels are reduced 
in FSGS [202] 

KIRREL3 Nephrin-like protein 2 (NEPH2) 11q24.2 Expressed at the glomerular slit diaphragm and 
interacts with nephrin[25] 

LRRC7 Leucine rich repeat containing 7 
(Densin) 1p31.1 Expressed in podocytes and is associated with nephrin 

and its interaction complex at the slit diaphragm[203]  

MAGI1 
Membrane associated guanylate 
kinase, WW and PDZ domain 

containing 1 
3p14.1 

Expressed in podocytes, is member of the nephrin 
complex and interacts with various podocyte specific 

proteins[171,204] 

MMP1 Matrix metalloproteinase 1 11q22.2 
Found with MMP2 to be associated with crescentic 

nephropathy and is enhanced in mesangial 
glomerulonephritis[205,206] 

MMP2 Matrix metalloproteinase 2 16q12.2 
Polymorphisms are associated with ESKD and 

activated in the damaged glomeruli of crescentic 
nephropathy. [205,207] 

MMP3 Matrix metalloproteinase 3 11q22.2 Responsible for GBM collagen degradation [208] 

MMP4 Matrix metalloproteinase 4 12q24.33 Expressed in the early stages of kidney development 
and is involved in branching morphogenesis[209] 

MMP7 Matrix metalloproteinase 7 11q22.2 
Marker of CKD as it was found to be co-activated 

with the Wnt/β-catenin signaling[210]  

MMP9 Matrix metalloproteinase 9 20q13.12 
Responsible for the extracellular matrix accumulation 
in diabetic nephropathy and enhances the pathological 

phenotype of Alport Syndrome. [208,211]  

NCK1 NCK adaptor protein 1 3q22 Expressed in podocytes where it connects nephrin to 
the actin cytoskeleton [212] 

NDST1 N-deacetylase/N-sulfotransferase 
(heparin glucosamyl) 1 5q33.1 

Involved in puromycin aminonucleoside nephrosis by 
influencing heparan sulfate assembly in GBM [213] 

NID1 Nidogen 1 1q43 Part of the glomerular basement membrane [214] 
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Gene Name Chromosome Information 

NID2 Nidogen 2 14q22.1 Part of the glomerular basement membrane [214] 

NOTCH1 Notch 1 9q34.3 
Involved in kidney development and its increasingly 
expressed in podocytes during diabetic nephropathy 

and FSGS [215,216] 

NPHS1 Nephrin 19q13.12 Nephrotic syndrome (Finnish type) [22] 

NPHS2 Podocin 1q25.2 Steroid resistant nephrotic syndrome 1, minimal 
change nephritis, FSGS [31] 

NUDT16L1 
Nucleoside diphosphate linked 
moiety X-type motif 16-like 1 

(nudix, syndesmos) 
16p13.3 Member of focal adhesion complexes and interacts 

with syndecan-4 [217] 

PDGFC Platelet derived growth factor C 4q32.1 
Elevated expression in podocytes of patients with IgA 

nephropathy, membranous nephropathy, minimal 
change disease and transplant glomerulopathy[218] 

PDGFRA Platelet derived growth factor 
receptor, alpha polypeptide 4q12 

Expressed at the mesangium in glomerulonephritis 
and is reduced in anti-Thy-1 glomerulonephritis 

[219,220] 

PDPN Podoplanin 1p36.21 
Expressed by the podocyte and is believed to have a 
value as a diagnostic marker in glomerular diseases 

manifesting with proteinuria [221,222] 

PIGR Polymeric immunoglobulin receptor 1q32.2 Gene variants associated with IgA nephropathy [223] 

PKD1 Polycystic kidney disease 1 16p13.3 AD Polycystic kidney disease type 1 [224] 

PKD2 Polycystic kidney disease 2 4q22.1 AD Polycystic kidney disease type 2 [225] 

PLCE1 Phospholipase C, epsilon 1 10q23.33 
Steroid-resistant nephrotic syndrome type 3, 

Childhood nephrotic syndrome [226,227] 

PODN Podocan 1p32.3 

Secreted from podocytes to the glomerular 
extracellular matrix and appears in glomerular 

sclerotic lesions caused by HIV-associated 
glomerulopathy [228,229] 

PPARA Peroxisome proliferative activated 
receptor, alpha 22q13.3 

Proposed as a therapeutic agent in mesangial 
glomerulonephritis against inflammation and podocyte 

apoptosis [230,231] 

PTPRO Protein tyrosine phosphatase, 
receptor type, O (GLEPP1) 12p13-p12 

Glomerular epithelial podocyte membrane protein that 
is responsible for childhood-onset nephrotic 

syndrome, is suggested as a marker for FSGS steroid 
therapy outcome and has reduced expression in IgA 

nephropathy [232,233,234] 

REN Renin 1q32.1 Elevated expression by podocytes in diabetic 
nephropathy [235]  
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Gene Name Chromosome Information 

SDC1 Syndecan 1 2p24.1 

Heparan sulfate proteoglycan of the GBM, where in 
knockout mice causes basement membrane nephritis 

by the influx and accumulation of immune complexes 
[236] 

SDC2 Syndecan 2 8q22.1 
In syndecan-4 knockout mice, nephrectomy causes the 

up-regulation of syndecan-2 and eventually 
glomerulosclerosis[237] 

SDC4 Syndecan 4 20q13.12 Expressed in podocytes and associates with focal 
adhesions and alpha-actinin cytoskeleton[238] 

SDK1 Sidekick homolog 1, cell adhesion 
molecule 7p22.2 Overexpressed in podocytes in FSGS [239]  

SELL Selectin L 1q24.2 
Promotes binding of leukocytes to kidney glomerular 

epithelial cells [240] 

SERPINB7 
Serine (or cysteine) proteinase 
inhibitor, clade B (ovalbumin), 

member 7 (megsin) 
18q21.33 

The most abundant protein of the mesangium.[241] It 
is overexpressed in diabetic nephropathy and 

promotes mesangial expansion, while SNPs on its 
3’UTR have been associated with IgA 

nephropathy.[242,243] 

SERPINE1 
Serpine peptidase inhibitor, clade E, 

(Nexin, plasminogen activator 
inhibitor type 1), member 1 

7q22.1 Expression is induced in the mesangium due to 
diabetic nephropathy or renal fibrosis in general [244] 

SERPINE2 
Serpine peptidase inhibitor, clade E, 

(Nexin, plasminogen activator 
inhibitor type 1), member 2 

2q36.1 
Found to be increased during cryoglobulinemic 
membraniproliferative glomerulonephritis and 

influence glomerulosclerosis[245] 

SLC13A2/ 
NADC1 Solute carrier family 1, member 2 17p13.2 Influences the excretion of urinary citrate in kidneys 

and is responsible for calcium urolithiasis.[246] 

SLCO4C1/ 
OATPX 

Solute carrier organic anion 
transporter family, member 4C1 5q21.2 Transports uremic toxins accumulated in chronic 

kidney disease.[247] 

SP1 SP1 transcription factor 12q13.13 
Regulator of NEPH3 and NPHS1 expression in 

podocytes. [248,249] 

SPP1 Secreted phosphoprotein  4q22.1 
Important mediator of proteinuria, implicated in 
diabetic nephropathy and is highly expressed in 

stressed podocytes[250,251] 

SYNPO Synaptopodin 5q33.1 

Expressed in podocytes and interacts with actin to 
regulate the shape and motility of podocyte foot 
processes. Synaptopodin levels are dramatically 

reduced in idiopathic nephrotic syndrome.[252,253] 

TCF21/POD1 Transcription factor 21 6q23-q24 Responsible for glomerulogenesis in mice and 
podocyte differentiation.[254,255] 

TGFB1 Transforming growth factor beta 1 19q13.2 
Involved in podocyte differentiation and apoptosis, 

while it is elevated in hyperglycemic conditions 
causing diabetic nephropathy. [256,257] 
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Gene Name Chromosome Information 

TIMP1 Tissue inhibitor of metallopeptidase 
1 

Xp11.23 
Inhibits MMPs and is elevated in diabetic 

nephropathy, thus influencing extracellular matrix 
accumulation. [258] 

TIMP2 Tissue inhibitor of metallopeptidase 
2 17q25.3 Inhibitor of MMP2 and implicated in extracellular 

matrix accumulation in diabetic nephropathy. [259]  

TIMP3 Tissue inhibitor of metallopeptidase 
3 22q12.3 TIMP3 knocked out mice developed chronic fibrosis 

in kidney proximal tubules. [260] 

TIMP4 Tissue inhibitor of 
metalloproteinase 4 3p25 

Found to interact with MMP2 and MMP9 in matrix 
accumulation and glomerulosclerosis observed in 

hypertensive rat models. [261] 

TJP1 Tight junction protein 1 (zona 
occludens 1) 15q13.1 Expressed at the slit diaphragms of the glomerular 

epithelium [262] 

TRPC6 Transient receptor potential cation 
channel, subfamily C, member 6 11q22.1 Focal segmental glomerulosclerosis type 2 (FSGS2) 

[263] 

WT1 Wilms Tumor 1 11p13 

Regulates the functionality of podocytes and is found 
to be reduced in glomerulonephritis and mesangial 

sclerosis, while a mutation in WT1 causes 
membranoproligerative glomerulonephritis. [264,265] 
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APPENDIX II 

 

Figure 24: Multiple sequence alignment of all miR-548 family members. 

 

Greg
ori

s P
ap

ag
reg

ori
ou


	eksofyllo.pdf
	THESIS-1stPARTtoprint
	THESIS-2ndstPARTtoprint
	LIST OF FIGURES
	LIST OF TABLES
	LIST OF ABBREVIATIONS
	1. INTRODUCTION
	1.1 Kidney physiology and glomerular function
	1.1.1 The human kidney
	1.1.2 The glomerulus and its filtration barrier

	1.2 Inherited glomerulopathies
	1.3 microRNAs (miRNAs)
	1.3.3 miRNAs in renal diseases
	1.3.4 miRNAs as regulators of transcription


	2 HYPOTHESES AND SPECIFIC AIMS
	3 METHODS
	3.1 Identification of miRSNPs that contribute to glomerular pathological phenotypes
	3.1.2 Gene selection
	3.1.3 miRNA target prediction analysis
	3.1.4 DNA sequencing analysis of miRNA target regions
	3.1.5 Expression reporter system constructs
	3.1.6 Transfection of AB8/13 podocytes
	3.1.8 microRNA specific Real-Time PCR
	3.1.9 Genotyping of miRSNP C1936T
	3.1.10 Statistical analysis

	3.2 Investigation of the role of miRNAs as regulators of transcription
	3.2.1 Prediction analysis of miRNA targets at DNA regions up to 10kb upstream of gene transcription start points
	3.2.1.1 Prediction analysis for hsa-miR-548c-5p
	3.2.1.2 Bioinformatic examination of miR-548 family

	3.2.2 Cloning of miRNA target sites into the pGL4.27 luciferase vector
	3.2.2.1 Site directed mutagenesis (SDM)

	3.2.3 Transfection of AB8/13 and luciferase assay experiments
	3.2.4 Chromatin Immunoprecipitation (ChIP) experiments
	3.2.4.1 Crosslinking and lysis of AB8/13 undifferentiated podocytes
	3.2.4.2 DNA shearing by sonication
	3.2.4.3 Immunoprecipitation (IP)
	3.2.4.4 Elution of Protein/DNA/miRNA complexes
	3.2.4.5 Validation and enrichment analysis of DNA target regions and miRNAs



	4 RESULTS
	4.1 Identification of miRSNPs that contribute to glomerular pathological phenotypes
	4.1.4.1 Control samples
	4.1.4.2 TBMN and CFHR5 cohorts
	4.1.4.3.1 CKD and ESKD cohort
	4.1.4.3.2 IgA nephropathy and familial hematuria cohorts 
	4.1.4.3.3 The “Cyprus Study” cohort


	4.2 Investigation of the role of miRNAs as regulators of transcription
	4.2.1 Bioinformatic analysis of gene “promoter” regions
	4.2.2 Bioinformatic investigation of the promoter targeting properties of the miR-548 family
	4.2.3 Experiments with reporter constructs
	4.2.4 Examination of endogenously expressed miRNA binding efficiency on predicted DNA target sites using ChIP experiments


	5 DISCUSSION
	5.1 A miR-1207-5p binding site polymorphism abolishes regulation of HBEGF and is associated with disease severity in CFHR5 nephropathy
	5.2 Investigation of the role of miRNAs as regulators of transcription

	6 CONCLUSIONS
	REFERENCES
	APPENDIX I
	APPENDIX II




