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1. Abstract 

 

Systemic lupus erythematosus (SLE) is a challenging autoimmune disease with manifestations 

derived from the involvement of multiple organs including the kidneys, the joints, the nervous 

system as well as hematopoietic organs. Lupus nephritis (LN) is one of the most severe 

manifestations of SLE and a major risk factor for morbidity and mortality. The frequency is 

particularly high in juvenile-onset SLE and in patients of African ancestry. Ten percent of 

patients with LN will develop end stage renal disease (ESRD). The main pathological feature 

in LN is immune complex formation and deposition in the kidney, which results in 

intraglomerular inflammation with recruitment of leucocytes and activation and proliferation 

of resident renal cells. Gene expression studies in LN have revealed gene networks that involve 

not only immune cell infiltration but also extracellular matrix formation and renal tissue repair 

and fibrosis.  

Micro-RNAs (miRNAs) come from a large family of small non-coding RNA sequences, which 

are about 22 nucleotides in length. They constitute critical posttranscriptional regulators of 

gene expression and act either as translational inhibitors of gene expression or by degrading 

mRNA transcripts since they bind to complementary sequences in the 3’ untranslated region 

(3’UTR) of target mRNAs. Multiple studies have shown that a cluster of key miRs are highly 

expressed in the kidney and play a critical role in renal development and function. They also 

affect the diabetic or polycystic kidney, the kidney with IgA, acute injury or renal cell 

carcinoma. 

The role of miRNAs as transcriptional modulators in the pathogenesis of SLE has recently 

emerged and their regulatory effects on DNA methylation pathway, type I IFN pathway, 

estrogen and regulatory T-cells are becoming clear. MiRNA expression has been studied in 

peripheral blood mononuclear cells (PBMCs), CD4 T cells, kidney biopsy tissue and Epstein-

Barr virus transformed B-cell lines from patients with SLE. 

In this study, we investigated the role of miRNAs in human LN. To this end, we analysed the 

miRNA profile in kidney biopsy samples of patients with LN by TaqMan based array aiming 

to identify novel genes involved in disease pathogenesis. We identified important miRNA-

gene pairs and constructed gene networks that are potentially involved in LN pathogenesis. 

We focused on miR-422a, which is the most upregulated miRNA that correlates with active 
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histological lesions and its target Kallikrein-4 (KLK-4), a serine esterase with putative 

renoprotective properties. 

Compared to normal tissue a 24-miRNA signature defines human LN with 9 miRNAs up-

regulated and 15 miRNAs down-regulated, and miR-422a exhibits the highest up-regulation 

(17.2-fold). These mi-RNAs with altered expression are predicted to target genes involved in 

inflammatory signaling pathways, membrane transporters and cell homeostasis such as TGF-

β, protein kinase A, ERK/MAPK, NF-κB, HNF4A, Wnt/β-catenin signaling. Bioinformatic 

analysis predicted that miR-422a has a binding site in the 3’UTR of KLK4 gene, a member of 

the kallikrein family of serine proteases. This was validated by overexpression of miR-422a, 

which suppressed by 65% KLK4 luciferase activity and by 82% KLK4 mRNA levels in 

Human embryonic kidney - 293 cells (HEK-293). 

In order to monitor miR-422a/KLK4 expression during LN progression, we used NZB/W F1 

lupus mice. We found that at early stages miR-422a was 4.1-fold up-regulated, while KLK4 

mRNA levels were 3.4-fold down-regulated while at later stages miR-422a was 9.4-fold up-

regulated and KLK4 mRNA levels were 7.6-fold down-regulated. In unaffected NZW kidney 

and human control specimens, KLK4 protein was strongly expressed, mainly in the cytoplasm 

of renal tubular as well as mesangial cells. In contrast, KLK4 showed absent or faint or 

moderate expression in renal parenchymal cells of proteinuric NZB/W F1 and most patients 

with active LN. Together, these data implicate miRNAs and KLK4, a secreted serine esterase 

with angiogenic and extracellular matrix remodeling properties, in the pathogenesis of 

immune-mediated LN.  
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2. Περίληψη 

 

Ο Συστηματικός Ερυθηματώδης Λύκος (ΣΕΛ) αποτελεί ένα συστηματικό νόσημα 

αυτοάνοσης αιτιολογίας με προσβολή πολλών οργάνων όπως οι νεφροί, οι αρθρώσεις, το 

νευρικό σύστημα και τα αιμοποιητικά όργανα. Η νεφρίτιδα του λύκου αποτελεί από τις πιο 

σοβαρές εκδηλώσεις της νόσου με σημαντικά ποσοστά νοσηρότητας και θνητότητας. 

Εμφανίζεται κυρίως σε νεαρές ηλικίες και σε ασθενείς Αφρικανικής καταγωγής. Δέκα τοις 

εκατό των ασθενών θα εμφανίσουν νεφρική νόσο τελικού σταδίου. Τα κύρια ιστοπαθολογικά 

χαρακτηριστικά της νόσου αφορούν την εναπόθεση ανοσοσυμπλεγμάτων στο σπείραμα, που 

οδηγεί σε φλεγμονή με ενεργοποίηση λευκοκυττάρων και κυττάρων του σπειράματος. 

Γονιδιακές μελέτες έχουν αποκαλύψει δίκτυα που εμπλέκουν τόσο το ανοσοποιητικό σύστημα 

όσο και τη δημιουργία εξωκυττάριας θεμέλιας ουσίας και τη συμμετοχή των «τοπικών» 

κυττάρων στη παθογένεια της νόσου. 

Τα miRNAs αποτελούν μια νέα ομάδα εξελικτικά καλά διατηρημένων μικρών μορίων RΝΑ 

που δεν κωδικοποιούν για πρωτεΐνες και έχουν μήκος 22 νουκλεοτιδίων. Θεωρούνται 

σημαντικοί αρνητικοί ρυθμιστές της έκφρασης γονιδίων σε μετα-μεταφραστικό επίπεδο. 

Ανάλογα με τον βαθμό συμπληρωματικότητας, τα miRNAs προσδένονται στα mRNAs-

στόχους τους και είτε  προκαλούν την αποικοδόμηση τους, είτε αναστέλλουν την μετάφραση 

τους σε πρωτεϊνικά μόρια. Πολλές μελέτες έχουν δείξει ότι εκφράζονται στο νεφρό και 

εμπλέκονται τόσο στην ανάπτυξη και τη φυσιολογική λειτουργία του, όσο και σε παθολογικές 

καταστάσεις όπως η διαβητική νεφροπάθεια, η πολυκυστική νόσος, η IgA νεφροπάθεια, η 

οξεία νεφρική βλάβη ή οι κακοήθεις όγκοι του νεφρού. 

Ο ρόλος των miRNAs ως μεταγραφικοί ρυθμιστές στη παθογένειά του ΣΕΛ έχει μελετηθεί 

εκτενώς και έχει βρεθεί ότι εμπλέκονται σε μονοπάτια μεθυλίωσης του DNA, IFN-I, 

οιστρογόνων και ρυθμιστικών Τ-λεμφοκυττάρων. Η έκφραση τους έχει επίσης μελετηθεί σε 

μονοκύτταρα περιφερικού αίματος, CD4 T-λεμφοκυττάρων, βιοψίες νεφρού καθώς και Β-

κυτταρικές σειρές επιμολυσμένες με EBV. 

Με στόχο την ανεύρεση νέων γονιδίων που συμβάλλουν στην νεφρίτιδα στο ΣΕΛ, στην 

παρούσα εργασία μελετούμε την έκφραση και λειτουργία των miRNAs στο νεφρικό ιστό 

ασθενών με νεφρίτιδα του ΣΕΛ με την χρήση της τεχνολογίας των μικροσυστοιχείων 

(microarrays). Ταυτοποιήσαμε έναν αριθμό miRNAs – γονιδίων στόχων με διαφορετική 



7 

 

έκφραση και κατασκευάσαμε δίκτυα γονιδίων που πιθανόν εμπλέκονται στη παθογένεια της 

νόσου. Το miR-422a βρέθηκε να έχει τη μεγαλύτερη έκφραση, να συσχετίζεται με ενεργείς 

ιστολογικές βλάβες στο σπείραμα και να ελέγχει την έκφραση της Καλλικρεϊνης 4  (KLK-4), 

μίας σερίνης εστεράσης με πιθανή προστατευτική δράση στο νεφρό. 

Σε σύγκριση με τον υγιή ιστό, στους νεφρούς των ασθενών με νεφρίτιδα ΣΕΛ παρατηρήθηκε 

μεταβολή της έκφρασης σε 24 miRNAs (αυξημένη έκφραση σε 9, μειωμένη έκφραση  σε 15 

miRNAs). Το miR-422a παρουσίασε τη μεγαλύτερη αύξηση (17.2 φορές). Τα προβλεπόμενα 

γονίδια – στόχοι εμπλέκονται σε σηματοδοτικά μονοπάτια φλεγμονής, μεταφορέων 

μεμβράνης , κυτταρικής ομοιόστασης  όπως TGF-β, protein kinase A, ERK/MAPK, NF-κB, 

HNF4A, Wnt/β-catenin. Η βιοπληροφορική ανάλυση έδειξε ότι το miR-422a συνδέεται στην 

3’UTR περιοχή του γονιδίου της KLK4 και καταστέλλει την έκφρασή της. Σε πειράματα 

διαμόλυνσης των κυττάρων HEK293, η υπερέκφραση του miR-422a κατέστειλε κατά 65% τη 

λουσιφεράση του γονιδίου της KLK4 και κατά 82% τα επίπεδα του mRNA της. 

Μελετήθηκε η έκφραση των miR-422a/KLK4 κατά την εξέλιξη της νεφρίτιδας του λύκου σε 

ποντίκια NZB/W F1. Στα πρώιμα στάδια νεφρίτιδας ΣΕΛ (ποντικοί ΝΖΒx NZW F1 ηλικίας 

2 μηνών) παρατηρήθηκε αύξηση του miR-422a κατά 4.1 φορές και μείωση του KLK4 mRNA 

κατά 3.4 φορές. Οι παραπάνω μεταβολές ενισχύθηκαν σε προχωρημένο στάδιο της νόσου 

(ποντικοί ηλικίας 6 μηνών) με αύξηση του miR-422a κατά 9.4 φορές και μείωση του KLK4 

mRNA κατά 7.6 φορές σε σύγκριση με νεφρικό ιστό από υγιείς ποντικούς. Σε υγιείς μάρτυρες 

(ανθρώπινο ή δείγμα από ποντίκι) η KLK4 εκφραζόταν στο κυτταρόπλασμα τόσο των 

σωληναριακών όσο και των μεσαγγειακών κυττάρων. Αντιθέτως, δεν παρατηρήθηκε έκφραση 

της στα παρεγχυματικά κύτταρα NZB/W F1 ή ασθενών  με πρωτεΐνουρία. Συνολικά, τα 

παραπάνω δεδομένα αναδεικνύουν το πιθανό ρόλο των miRNAs και της KLK4 στη 

παθογένεια της νεφρίτιδας του λύκου.  
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3. Abbreviations 

 

AKI                     Acute kidney injury 

CKD                   Chronic kidney disease 

ESRD                  End stage renal disease 

HEK-293            Human embryonic kidney - 293 cells 

KLK-4                Kallikrein-related peptidase 4 

LN                       Lupus nephritis 

LncRNAs             Long noncoding RNAs 

MiRNA              MicroRNA 

          PBMCs                Peripheral blood mononuclear cells 

     pre-miRNA        Precursor miRNA (micro ribonucleic acid) 

     pri-miRNA        Primary miRNA 

     3’UTR                3’ untranslated region 

SLE                   Systemic lupus erythematosus  

NETs                 Neutrophil Extracellular Traps 

  



9 

 

4. Introduction 

 

4.1. Systemic lupus erythematosus (SLE) 

 

Systemic lupus erythematosus (SLE) is a challenging autoimmune disease with manifestations 

derived from the involvement of multiple organs including the kidneys, the joints, the nervous 

system as well as the hematopoietic organs [1]. The incidence of SLE seems to be increasing, 

most probably because of the identification of milder cases and the improved survival of the 

patients. It mainly affects women of childbearing age, with a male-to-female ratio of about 9:1 

and the prevalence is reported substantially higher in individuals of African-American or 

African-Caribbean descent [2]. The diagnosis of lupus is based on particular clinical and 

serological profiles while prognosis and disease severity vary significantly among patients 

with SLE [3]. 

Lupus is a multifactorial disease with evidence of genetic susceptibility and environmental 

effects. Dysfunction in both innate and adaptive immunity manifest by disturbances in 

apoptotic cell clearance, cytokines, B-cell immunity and T-cell signaling [4]. Deficiencies in 

components of the complement cascade as well as multiple disease susceptibility loci are well 

known to predispose to the development of SLE. Excessive apoptotic debris and defects in 

their clearance have an important pathogenic effect. Studies have also shown intense 

polyclonal B-cell activation as well as T-cell dysfunction to be implicated in disease 

pathogenesis [5-7]. 

Lupus nephritis (LN) is one of the most severe manifestations of SLE and a major risk factor 

for morbidity and mortality [8]. The frequency is particularly high in juvenile- onset SLE and 

in patients of African ancestry [9, 10]. Ten percent of patients with LN will develop end stage 

renal disease (ESRD) [8]. The risk is higher in certain classes of LΝ. In class IV lupus 

nephritis, the risk of ESRD may be as high as 33% over 10 years [11].  The main pathological 

feature in LN is immune complex formation and deposition in the kidney, which results in 

intraglomerular inflammation with recruitment of leucocytes and activation and proliferation 

of resident renal cells. The location of immune complex is linked to histopathology and the 

intensity of the inflammatory response. 
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Lupus is developed in susceptible individuals exposed to certain environmental triggers. This 

leads to the development of autoantibodies that cause inflammation and tissue injury. The 

human HLA loci has been most prominently associated with SLE, while the expression of 

neutrophil-associated genes have been linked to LN [12-14]. IFN – related genes seem to 

precede neutrophil activation with the latest to contribute to LN pathogenesis even in death. 

When they die, neutrophils release neutrophil extracellular traps (NETs), which facilitate 

inflammation, endothelial damage and more IFN-a release [15, 16]. Complement is another 

factor to play important role in LN pathogenesis either directly by mediating kidney injury or 

indirectly through recruitment of leucocytes to the kidney and consequently increasing renal 

inflammation. Autoantibodies to complement C1q (anti-C1q) are associated with the diagnosis 

of LN, while anti-C3b IgG might be used as biomarker of LN flare [17]. 

 

4.2. Renal response to injury 

 

Although the activation of immune system is essential for the development of LN, renal 

response to immune-complex deposits is an important factor for the progression of the disease. 

Gene expression studies in LN have revealed gene networks that involve not only immune cell 

infiltration but also extracellular matrix formation and renal tissue repair and fibrosis [18, 19]. 

Renal infiltration with mononuclear cells, which are dominant in the interstitium is associated 

with poor prognosis in SLE. These cells acquire an activated phenotype during active nephritis 

that reverses upon remission induction. During disease onset they are a major renal source of 

several pro-inflammatory cytokines and chemokines but they secrete molecules associated 

with tissue protection and repair that in excess may contribute to tissue degradation [20, 21]. 

Noticeably, macrophage gene-expression profile is different between the glomerular and 

interstitial compartments, confirming that distinct renal mononuclear phagocytes infiltrate the 

different intrarenal structures in LN [20]. After intergrossing the C57L/J Cgnz1 locus to 

NZM2328 lupus-prone mice, the hybrid female mice developed acute glomerulonephritis 

mediated by immune complex deposits in the kidney and complement activation; nevertheless, 

they were resistant to development of severe proteinuria and ESRD [19]. The Cgnz1 locus 

contains mitochondrial, autophagy-related and cell survival genes that might regulate clearing 

of deposited immune-complexes and podocyte survival. These data suggest that both 
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autoimmunity and end-organ damage may contribute to pathogenesis and progression of 

nephritis [19]. 

 

4.3. MiRNAs: emerging role in gene regulation and human disease 

 

Micro-RNAs (miRNA) come from a large family of small non-coding RNA sequences, which 

are about 22 nucleotides in length. They constitute critical posttranscriptional regulators of 

gene expression and act either as translational inhibitors of gene expression or by degrading 

mRNA transcripts [22-24]. Victor Ambros and his colleagues discovered the miRNAs in 1993. 

Lin-4 and let7-a were the first members of the miRNA family and were identified in C. Elegans 

and in H.sapiens, respectively [25-27]. These regulatory miRNA are conserved among species 

and are implicated in virtually every biological process in multicellular organisms. In humans, 

they play a vital role in a number of biological functions like developmental abnormalities, 

carcinogenesis, autoimmunity, apoptosis and cell proliferation [28-30]. Today more than 1800 

miRNAs have been identified in humans (www.mirbase.org). The function of a miRNA can 

be interpreted as the sum of the function of genes it regulates. Based on complementarity, 

miRNA target-prediction algorithms have been developed and it is assumed that each miRNA 

could target several hundred genes and make fine-scale adjustments to protein output [31, 32]. 

On the contrary, different miRNAs can control a single mRNA target and on the whole they 

could be used to identify new players implicated in disease pathogenesis in terms of 

diagnostics and therapeutics [31, 33].  

MiRNAs differ from long noncoding RNAs (lncRNAs) that are defined as transcript RNA 

molecules, longer than 200 nucleotides, without the capacity of coding proteins and reside 

within the intergenic stretches or overlapping antisense transcripts of protein coding genes 

[34]. Anomalous expressions of lncRNAs are associated with various human diseases and it 

is hypothesized that lncRNAs, in combination with mRNAs, are also involved in the in the 

pathogenesis of autoimmune and inflammatory diseases, involving the development of SLE 

as well [35-37]. 

 

http://www.mirbase.org/
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4.3.1. MiRNA biogenesis 

The biogenesis of single-stranded miRNAs occurs through a multi-step process that involves 

several different enzymes in the cell nucleus and the cytoplasm. The genes encoding miRNAs 

are much longer than the processed, mature miRNA molecules and approximately half of them 

are contained within the introns of protein-coding genes or in the exons of untranslated genes 

[38, 39]. Most of the miRNA genes are transcribed by the RNA polymerase II (Pol II) as long 

primary transcripts termed primary miRNAs (pri-miRNAs), which can be several hundred or 

thousand nucleotides long (Figure 4.1). Pri-miRNAs are capped and polyadenylated and 

contain a local stem–loop structure that encodes miRNA sequences in the arm of the stem [40].  

 

 

Figure 4.1. MicroRNA biogenesis 

 

This stem–loop structure is cleaved in the nucleus by a complex consisting of the dsRNA-

specific ribonuclease Drosha and its binding factor DiGeorge syndrome critical region gene 8 

(DGCR8) in a process known as ‘cropping’[41, 42]. Other cofactors such as p72, p68, FUS 
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and hnRNPA1 regulate efficiency and specificity of cleavage or act as scaffold proteins for 

complex formation, while other alter biogenesis of the entire miRNAome or demonstrate 

activity against a defined miR [43]. Drosha and cofactors generate either the 5’ or 3’ end of 

the mature miRNA, depending on which strand of the pre-miRNA is selected by RNA-induced 

silencing complex (RISC) [44]. 

Precursor miRNA (pre-miRNA) which is approximately 70 nt RNAs with 1–4 nt 3’ overhangs, 

25–30 bp stems and relatively small loops, is released and then is actively transported to the 

cytoplasm via a mechanism that involves exportin- 5 (Exp5),  the role of which can be 

complemented by alternative mechanisms as well [45, 46]. Some spliced-out introns in 

mammals and in other species as well, correspond precisely to pre-miRNAs (mirtrons) and 

bypass the requirement for Drosha–DGCR8 cropping [47]. 

Pre-miRNAs are subsequently cleaved by the cytoplasmic RNase III Dicer into ~22-nt miRNA 

duplexes [48]. One strand is then degraded while the other strand is selected to function as 

mature miRNA and is incorporated into the RISC. The strand with lower stability in base 

pairing at the 5’ and 3’ end of the duplex associates with RISC and becomes the functionally 

active miRNA [49]. The repression of gene expression is carried out by this miRNA-

programmed RISC (miRISC) which has additional processing elements like Argonaute RISC 

catalytic component 2 (AGO2). AGO2 functions as a Dicer co-factor in pre-miRNA 

processing and is also loaded with the mature miRNA strand, making an active RISC [50, 51]. 

 

4.3.2. Function of miRNAs (Tuning) 

The most important requirements for successful mRNA-miRNA interaction are a contiguous 

and perfect base pairing of the miRNA nt 2–8, potential mismatches to be present 

preferentially in the central region of the duplex precluding the AGO-mediated 

endonucleolytic cleavage of mRNA and at last reasonable complementarity to the miRNA 3′ 

half [52, 53]. MiRNAs bind to complementary sequences in the 3’UTR of target mRNAs and 

inhibit protein synthesis by either translation inhibition or deadenylation and subsequent 

degradation of the target mRNA [24].  

In the first case, which account for the majority of the repression of protein production, miRNA 

is only partially complementary to its mRNA and mRNA levels are not affected. Translation 

inhibition mechanism remains in dispute. Translation may be hindered at initiation involving 
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cap-dependent processes or at a subsequent stage directed by various internal ribosome entry 

site (IRES) elements, including some that do not require any of the translation initiation factors 

[47, 54, 55]. MiRNAs might also cause retarded elongation by translating ribosomes, possibly 

coupled to premature termination or induce cotranslational degradation of nascent 

polypeptides [56, 57]. In the second case there is a near-perfect complementarity between 

miRNA and mRNA and the second undergoes either endonucleolytic cleavage by Ago2 or 

poly (A) removal by deadenylase (Figure 4.2) [54, 58].  

 

 

Figure 4.2. Micro-RNA post-transcriptional gene repression 

4.4. MiRNAs and the kidney 

 

Multiple studies have shown that a cluster of key miRs are highly expressed in the kidney and 

have a crucial role in kidney development and normal physiologic function. Altered miRNA 

expression can result in kidney disease such as diabetic nephritis, glomerulonephritis or cancer 

(Table 4.1). According to Sun et al, 6 miRNAs are expressed preferentially in the renal cortex 

and 11 in the renal medulla with functional implications [59, 60].  
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Table 4.1. MiRNAs with known function in kidney disease 

As mentioned before, miRNAs play a critical role in renal development and function. In the 

growing mouse kidney, the expression of several miRNAs changes significantly during the 

phases of development, such as miR-30 and miR-200 [61-63]. These specific miRNAs have 

key roles in regulating the epithelial-mesenchymal transition through targeting transcriptional 

repressors of E-cadherin [64]. Removal of Dicer or Drosha from renal cell lines or animals 

promoted apoptosis, caused termination of nephrogenesis or dysplasia in early developing 

glomeruli [65, 66]. The pathways involved are TGF-β, Wnt and Notch signaling [22, 67, 68]. 

Dicer knock out in murine podocytes led to progressive glomerular and tubular injury ending 

with animal death by 4 weeks [69]. 

In diabetic nephropathy, miR-192 was found to control TGF-β induced collagen expression 

and to regulate fibrosis in the diabetic kidney [70-72]. MiR-29a as well as miR-377 have been 

associated to regulate collagen and fibronectin genes, respectively, under diabetic conditions 

[73-75]. Studies involved miR-15a to affect hepatic cystogenesis in a murine model of 

polycystic kidney disease, while cysts in kidney samples from patients with ADPKD had 

increased levels of miR-21 [76, 77]. In IgA nephropathy, miR148b and miR-155 may 

modulate IgA1 aberrant O-glycosylation providing a therapeutic target for the disease [78, 79]. 

In renal cell carcinoma, up-regulated miRNAs include miR-210, -155, -21, -142-3p, -185, -34, 

and -224, which down-regulate tumor suppressor genes and some are known to be related to 

HIF molecules and hypoxia. On the other hand, down-regulation of miR-149, -200c and -141 

leads to activation of oncogenes [80, 81].  
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MiRs have also been studied in kidney transplantation. The combined downregulation of 

miRNA-15B, miRNA-16, miRNA-103A, miRNA-106A and miRNA-107 may help to identify 

severe T cell-mediated vascular rejection after renal transplantation [82]. Urinary miRs could 

be used as non-invasive biomarkers that provide information about the status of the 

transplanted kidney before irreversible damage has occurred through rejection, drug toxicity 

or other pathological events [83]. MiRs are also implicated in the pathogenesis of various types 

of acute kidney injury (AKI) [84]. A recent study showed changes both of plasma and kidney 

miR-192 levels in AKI and plasma miR-192 could be a predictor for ischemic AKI [85]. 

Expression of other miRs, like miR-146a and miR-324 has been associated with CKD 

progression and renal fibrosis [86, 87]. 

 

4.5. MiRNA in SLE and lupus nephritis 

 

The role of miRNAs as transcriptional modulators in the pathogenesis of SLE has recently 

emerged and their regulatory effects on DNA methylation pathway, type I IFN pathway, 

estrogen and regulatory T-cells are becoming clear. MiRNA expression has been studied in 

peripheral blood mononuclear cells (PBMC), CD4 T cells, kidney biopsy tissue and Epstein-

Barr virus transformed B-cell lines from patients with SLE [88-92]. 

Various studies show involvement of miRNAs in lupus nephritis (Table 4.2). One study 

identified specific miRNAs in the peripheral blood of LN patients [92]. Dai et al reported the 

differential expression of miRNAs in kidney biopsy specimens from patients with lupus 

nephritis. MiRNA microarray data identified 30 downregulated and 36 upregulated miRNAs: 

miR-296, miR-150, and miR-365 were the most downregulated miRNAs, whereas miR-15, 

miR-124a, and miR-195 the most upregulated [89]. The same group had previously identified 

16 differentially expressed miRNAs in PBMCs of SLE patients that are not included in the list 

of the 66 miRNAs in LN kidney biopsies [88]. MiR-let-7a has been found to be increased in 

the mesangial cells of NZB/W mice and to increase the expression of IL-6 in vitro [93, 94]. 

Another study by Lu et al confirmed that miR-146a is upregulated in glomerular tissue from 

LN patients and found that is not overexpressed in LN tubulointerstitial tissue [95]. MiR-638 

expression was under expressed in glomerular tissue but higher in tubulointerstitial tissue and 

was positively correlated with proteinuria and SLE Disease Activity Index (SLEDAI) score 

[95]. ΜiR-150 was found significantly increased in renal biopsies with high chronicity index 
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and led to increased production of profibrotic molecules through downregulation of suppressor 

of cytokine signaling 1 (SOCS1), a negative regulator of fibrosis [96]. MiR-23b, which 

suppresses autoimmune inflammation by targeting proinflammatory cytokine-mediated 

signaling, was reported to be downregulated in the autoimmune prone MRL/lpr mouse strain. 

IL-17 was shown to cause this under expression of miR-23b in mouse primary kidney cells 

[97]. In podocytes, miR-26a was found to be down-regulated in LN, which in turn decreased 

the expression of genes associated with podocyte differentiation and cytoskeleton integrity 

[98]. 

                                                   

Table 4.2 MicroRNAs in lupus nephritis 

 

 

Tissue microRNA Importance Reference 

Renal 
/PBMCs(
H) 

 36up-regulated 

 30down-regulated 

 hsa-miR-223 down 
regulated 

 16 different miRNAs 
identified in  PBMCs of 
SLE patients 

miRNA organ/cell 
specific 

[88, 89] 

Renal 
(H+M) 

Down-regulated miR-23b IL17, TNFa,IL1β 
signaling inhibition 

[97] 

Renal 
(M) 

Up-regulated let-7a Promotion of IL 6 
production 
Cell hyperplasia, 
proinflammatory 
response 

[93, 94] 

Renal 
(M) 

Down-regulated miR-26a Podocyte 
differentiation, 
cytoskeletal integrity 

[98] 

Renal (H) Upregulated miR-150 in high 
chronicity index biopsies 

Promotes renal 
fibrosis through 
downregulation of 
SOCS1 

[96] 

PBMCs hsa-miR-371-5P, hsa-miR-423-
5P, hsa-miR-638, hsa-miR-1224-
3P and hsa-miR-663: 
differentially expressed in LN 

First miRNAs 
associated with LN 

[92] 

Renal (H) Deregulated expression of miR-
638, miR-198, miR-146a 

Different glomerular  
and tubulointerstitial 
expression 
Correlation with 
clinical disease 
activity 

[95] 
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5. Aim of the study 

 

Emerging evidence has shown that aberrant miRNA expression influence a wide range of 

biological processes including immune cell differentiation, maturation and normal function 

and can be detected in tissues, serum or other body fluids. The role of miRNAs is evident in 

malignant as well as nonmalignant diseases including cancer, inflammatory and autoimmune 

diseases and there is accumulating evidence for an important role in SLE; to monitor disease 

activity and effects of treatment and to help understand the pathogenesis of the disease. 

MiRNA expression profiles of human or murine renal tissue have provided differentially 

expressed miRNAs in LN, suggesting that these patterns are cell or organ specific [89, 95, 96]. 

The studies that have examined miRNAs expression in kidney inflammatory lesions of SLE 

and their results are limited by the inclusion of only relatively mild forms of nephritis or the 

lack of comparison with disease-free control group [89, 96]. 

We aimed to identify micro-RNAs that are associated with acute inflammation in kidney 

biopsies from LN patients and to evaluate their potential implication in end-organ injury. More 

specifically, the objectives of this study are to characterize the miRNA signature in human LN 

and to explore their potential role as disease biomarkers. Additionally, we aim to identify 

important microRNA-gene pairs and construct gene networks and molecular pathways that are 

potentially involved in LN pathogenesis. We focused on miR-422a, which is the most 

upregulated miRNA that correlates with active histological lesions and its target KLK-4, a 

serine esterase with putative renoprotective properties.  
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6. Materials and methods 

 

Human kidney tissue samples 

Formalin-fixed paraffin-embedded (FFPE) kidney specimens from 20 patients with active LN 

were obtained at the ‘Hippokration’ Hospital of Thessaloniki. Twelve patients had 

proliferative nephritis (class III or IV [99]), five patients had membranous (class V) and three 

patients had mixed (V+III/ IV) nephritis (Supplementary data, Table S1). The National 

Institutes of Health indexes were used to calculate activity and chronicity [100]. Twelve LN 

specimens (eight proliferative and four membranous) were used for miRNA profiling and RT-

PCR. For the subsequent validation immunohistochemistry studies eight additional specimens 

were used. The controls included uninvolved parts of kidneys surgically resected due to renal 

tumor and with no histological evidence of renal disease or tumor (n = 3). The study was in 

accordance with the Declaration of Helsinki and was approved by the local ethics committees 

of the participating centers. 

 

Animal models 

New Zealand White (NZW), New Zealand Black (NZB) and NZB/NZW F1 (NZB/W) mice 

were obtained from The Jackson Laboratory (Bar Harbor, ME, USA) and were housed in a 

pathogen free facility with 12-h light/dark cycles and unlimited access to food and water. The 

NZB/W strain included groups of females 8 weeks old (pre-disease control group without 

proteinuria) and 24 weeks old (proteinuria ≥300 mg/dl). As controls, NZW mice of the same 

age were used. Kidneys were removed from perfused mice and immediately snap frozen. All 

experiments were approved by the Veterinary Department of the Region of Crete and the 

University of Crete Medical School. 

 

Micro-RNA profiling 

FFPE kidney specimens (three to four 7–10 μm thick slides from each sample) were 

deparaffinized and total RNA was extracted with TRIzol® (Invitrogen) [101]. RNA 

concentration was determined with NanoDrop ND-1000 spectrophotometer and RNA quality 

was assessed by the OD 260/280 and 260/230 ratios. RNA (100 ng) was used for multiplex 
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reverse transcription reactions with micro-RNA-specific reverse transcriptase (RT) primers 

(Human Multiplex RT Set, Applied Biosystems). The expression of 365 micro-RNAs was 

analyzed by PCR using the TaqMan Low Density Array (TLDA) Human Micro-RNA Panel 

1.0 (Applied Biosystems) in the Dana-Farber Molecular Diagnostics Facility. RNU48 

expression was used for data normalization. 

 

Prediction of potential mi-RNA targets and gene network analysis 

Potential mi-RNA gene targets were identified using the following engines; miRDB 

(http://mirdb.org/miRDB/index.html), MicroCosm Targets (http://www.ebi.ac.uk/enright-

srv/microcosm/htdocs/ targets/v5/) and TargetScan (http://www.targetscan.org/index.html). A 

potential gene target should be predicted by at least two out of three abovementioned engines 

and the targeted sequence be conserved among species. Experimentally validated targets were 

retrieved from the miRTarBase and miRecords. We analyzed gene ontology for each set of 

mi-RNA targets and their participation in biological pathways, gene networks and disease 

signatures, using the GeneCoDis and Ingenuity Pathway Analysis tools. 

 

Transfection experiments 

Human embryonic kidney 293 (HEK-293) cells were maintained in Dulbecco’s Modified 

Eagle’s Medium supplemented with L-glutamine and 10% heat-inactivated fetal bovine serum 

(Life Technologies). Cells were transfected using the siPORT NeoFX agent (Invitrogen) with 

50–75 nM of mirVana hsa-miR-422a micro-RNA mimic (miR-422a), hsa-miR-422a micro-

RNA inhibitor (as-miR-422a) or their respective negative controls (miR-NC, as-miR-NC) 

(Ambion). Transfections were performed three to four times either in duplicates or triplicates. 

Cells were collected 48 hours post-transfection for total RNA or protein isolation. 

 

3’-untranslated region luciferase assay 

HEK-293 cells were plated for 24 hours and were cotransfected using Fugene6 reagent 

(Roche) with renilla reporter plasmid constructs (pLightSwitch) carrying the 3’-untranslated 

region (3’-UTR) of KLK4 (SwitchGear Genomics) plus miR-422a, as-miR-422a or their 

negative controls (NCs) [102]. After 36 h cell lysates were prepared and the luciferase assays 

were performed using the Dual-Luciferase Reporter Assay (Promega). 
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RT-PCR 

TLDA results were confirmed with the mirVana qRT-PCR miRNA Detection Kit and qRT-

PCR Primer Sets (Ambion). Total RNA was also extracted from mouse kidneys and HEK-293 

cell lysates using TRIzol® and the RNAeasy Mini Kit (QIAGEN), respectively. Hsa-miR-

422a was quantified with TaqMan Micro-RNA Assay (Applied Biosystems) using RNU48 as 

reference gene. Mmu-miR-378 (mmu-miR-378a-3p), which is the mouse paralog of hsa-miR-

422a, was quantified with TaqMan Micro-RNA Assay (Applied Biosystems) using U6 snRNA 

for normalization. For mRNA quantification, reverse transcription was performed with the 

PrimeScript 1st strand cDNA Synthesis Kit (TAKARA). Human and mouse KLK4 was 

measured with TaqMan Assay (Applied Biosystems) using GAPDH as reference gene. CT 

values were normalized to endogenous control and the fold-change relative to a control sample 

(2ΔΔCT) was used for relative expression analysis. 

 

Western blot 

Mouse kidneys or transfected HEK-293 cells were lysed in RIPA buffer containing complete 

protease inhibitor cocktail (Roche). Proteins were separated by 10% sodium dodecyl 

sulphatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membrane. After 

blocking, membrane was incubated overnight at 4°C with rabbit polyclonal antibody to KLK4 

(orb13527, Biorbyt Ltd) and mouse monoclonal antibody to β-actin (MAB1501, Millipore 

Corporation). Blots were probed with secondary horseradish peroxidase (HRP)-conjugated 

anti-rabbit or anti-mouse IgG antibodies (Jackson ImmunoResearch Laboratories) and 

membranes were visualized with the ECL Western Blotting Detection System (GE Healthcare 

Life Sciences). Protein density was quantified by ImageJ software (National Institutes of 

Health, Bethesda, MD, USA). 

 

Immunohistochemistry 

Paraffin-embedded renal tissue sections (4 µm thick) were deparaffinized in xylene and 

rehydrated in ethanol [103]. Rabbit polyclonal anti-KLK4 antibody (1:200) was applied 

overnight at 4°C. Heat-induced epitope retrieval was performed using a 10 mMcitrate buffer 

(pH 6.0). Detection of the immunoreaction was performed using an HRP-labeled polymer 

secondary antibody (Thermo Fisher Scientific), 3,3-diaminobenzidine/H2O2 
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as chromogen and hematoxylin as counterstain. Histopathology pictures were captured using 

Nikon Eclipse E-400 light microscope and the Nikon Digital sight, DS-SM, photographic 

system. 

 

Statistical analysis 

Data are presented as mean ± standard deviation or dot plots of individual values. Differences 

between groups were tested with the Mann–Whitney or Kruskal–Wallis tests, and correlations 

with the Spearman’s test. Stepwise linear regression was performed to identify clinical or 

histological parameters independently associated with micro-RNAs levels. Differences in 

KLK4 protein expression (nominal parameter) between control and LN groups were analyzed 

using Fisher’s exact test. P-value <0.05 (two-tailed) was considered statistically significant. 

All calculations were performed using the Statistical Package for Social Sciences. 
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7. Results  

 

7.1. Microarray analysis reveals that human LN is characterized by distinct 

kidney mi-RNA expression profile  

 

We first profiled the expression of 365 mi-RNAs in kidney biopsy samples of active LN 

patients. The mi-RNA analysis identified a total of 24 miRNAs with dysregulated (>2-fold) 

expression; 9 mi-RNAs were up-regulated and 15 were down-regulated compared to controls 

(Figure 7.1 A and B). MiR-422a and miR-21 were the two most up-regulated and miR-26a 

and miR-133 the two most down-regulated mi-RNAs. These results were confirmed by RT-

PCR in the original kidney specimens (Figure 7.1 C). Histological analysis revealed 

dysregulated miRNA expression both in proliferative (class III–IV) and in membranous (class 

V) LN, with a trend for more disturbed expression in the latter group (Figure 7.1 D). Although 

this is a small number of patients tested, multivariable linear regression showed that apart from 

the histological class of LN, presence of fibrinoid necrosis was an independent predictor of 

increased miR-422a/miR-21 and decreased miR-26a (Table 7.1). The composite biopsy 

activity index was strong predictor of miR-133 intra-renal levels (β = 0.78).  
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Figure 7.1. Human LN is characterized by distinct kidney micro-RNA expression profile 
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(A) Unsupervised hierarchical clustering analysis using the differentially expressed miRNAs can separate 

normal and active LN kidney samples. Heat map representation of the TLDA miRNA expression data in 

kidney specimens from 12 patients with active LN (P1 to P12) and three control samples (Control 1 to Control 

3). Red represents higher mi-RNA expression and blue represents lower mi-RNA expression in LN compared 

with controls (or vice versa). The metric scale (top) represents the log10-fold change in mi-RNA expression 

using the group (LN or controls) with the lower expression as denominator. (B) Nine mi-RNAs were up-

regulated by 2.2–17.3 times (green column) and 15 mi-RNAs were down-regulated by 2.2–9.5 times (red 

column) in LN versus unaffected renal samples. (C) Validation of the TLDA results for expression levels of 

miR-422a, miR-21, miR-26a and miR-133 by quantitative RT-PCR in the original dataset of LN and control 

kidney samples. Bars represent mean ± standard deviation (SD) of relative expression levels. (D) Expression 

levels (quantitative RT-PCR) of miR-422a, miR-21, miR-26a and miR-133 in controls and in LN kidney 

samples stratified according to the histological type of LN (class III, IV, V). Bars represent mean ± SD of 

relative expression levels. The Kruskal–Wallis test was used to test for statistically significant variation in 

miRNA expression across the four groups. 

 

 

 

Table 7.1. Linear regression analysis for the identification of clinical and histological parameters 

associated with the expression levels of the two most up- and down-regulated miRNAs in LN. 
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7.2. Μicro-RNAs that are dysregulated in LN are predicted to regulate gene 

networks involved in disease pathogenesis 

 

MiRNAs with altered expression in LN are predicted to target genes involved in inflammatory 

signaling pathways, membrane transporters and cell homeostasis (Figure 7.2 A). Pathway 

analysis based on these predictions showed enrichment for the TGF-β, protein kinase A, 

ERK/MAPK, NF-κB, HNF4A, Wnt/β-catenin signaling and also for the STAT3 and IL-4 

pathways in active LN (Figure 7.2 B). HNF4A was identified as a transcription factor key 

node, controlling several genes that are simultaneously regulated by the miRNAs with 

differential expression between LN and control kidneys (Supplementary data, Figure S1). 

Combined gene network analysis identified individual kinases, miRNAs, proinflammatory 

cytokines and transcription factors as significant nodes involved in LN pathogenesis (Figure 

7.2 C). Integration analysis revealed that these pathways corresponded to pertinent disease 

toxicity lists, such as renal necrosis, glomerular injury, increased serum creatinine, cell death 

and survival, hematological cellular development as well as molecular mechanisms of cancer 

(Supplementary data, Table S2). Thus, miRNAs with dysregulated expression in LN kidney 

lesions are predicted to regulate gene networks and molecular pathways with a plausible 

pathophysiological role. 
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Figure 7.2. Micro-RNAs with altered expression in active LN are predicted to regulate gene networks 

and molecular pathways with a plausible pathophysiological role.  (A) Predicted gene targets of the micro-

RNAs with dysregulated (up- or down-regulated) expression in active LN compared with control kidney 

samples. Asterisks indicate experimentally validated gene targets according to the miRTarBase and 

miRecords databases. See more details in Materials and methods. (B) Significant canonical pathways (P-value 

<0.05) implicating predicted gene targets of LN-associated micro-RNAs, generated by Ingenuity Pathway 

Analysis. Pathway analysis shows enrichment for the TGF-β, protein kinase A, ERK/ MAPK, NF-κB, 

HNF4A, Wnt/β-catenin signaling and also for the STAT3 and IL-4 pathways in active LN. (C) Network 

analysis for top regulators of the predicted micro-RNA gene targets in LN identifies kinases, micro-RNAs, 

pro-inflammatory cytokines and transcription factors as significant nodes. 
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7.3. Mir-422a is upregulated in LN and regulates the expression of KLK4 

 

MiR-422a is the miRNA with the highest expression (17.3-fold) in active LN. Bioinformatics 

analysis revealed that KLK4, which is a member of the KLK family of serine proteases, is the 

top-predicted gene target of miR-422a (Figure 7.3 A). KLK4 is of particular interest since 

previous studies implicate KLK in various nephropathies including LN [104-106]. In order to 

validate that KLK4 is a direct target of miR-422a, HEK-293 cells were co-transfected with a 

plasmid containing firefly luciferase gene under the control of KLK4 3’-UTR and either miR-

422a mimic (miR-422a) or miR-422a inhibitor (as-miR-422a) or the respective NCs. 

Overexpression of miR-422a suppressed luciferase activity by 65%, whereas inhibition of 

miR-422a induced luciferase activity by 80% (Figure 7.3 B). We also examined the effect of 

miR-422a on KLK4 mRNA expression in HEK-293 cells. MiR-422a suppressed KLK4 

mRNA by an average of 82%, whereas as-miR-422a caused a significant increase in KLK4 

mRNA (Figure 7.3 C). We conclude that KLK4 may be a direct target of miR-422a. 
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Figure 7.3. ΜiR-422a directly targets KLK4 mRNA. (A) 7mer seed sequence (underlined) of miR-422a is 

conserved across vertebrate species. TargetScan’s predicted binding site of miR-422a within the 

UTR of human KLK4 mRNA. Lines represent interacting base pairs at the seed region of miR-422a. (B) 

HEK-293 cells were co-transfected with a plasmid containing Renilla luminescent reporter gene (RenSP)  

under the control of KLK4 30-UTR and either miR-422a mimic (miR-422a), or miR-422a inhibitor (as-miR-

422a), or the respective NCs as described in Materials and methods. Luciferase activity was 

determined 36 h after transfection. Normalized luciferase activity is the Renilla/Firefly ratio of miR-422a-

transfected reporter vector compared with the same NC vector. Data show the mean ± standard deviation  

(SD) from n = 3 independent experiments. (C) HEK-293 cells were transfected with 50–75 nM of miR-422a, 

as-miR-422a or their respective NCs (miR-NC, as-miR-NC), as described in Materials and methods. After 48 

h, cells were collected for RNA extraction. KLK4 mRNA levels are significantly decreased in miR-422a-

transfected cells, whereas they are significantly increased in as-miR-422a-transfected cells, as compared with 

their respective NC-transfected littermates. Bars represent the mean ± SD from n = 3 independent 

experiments. 

 

7.4. KLK 4 mRNA levels were reduced in human LN showing an inverse correlation 

with miR-422a 

 

In accordance with our finding that KLK4 may be targeted by miR-422a, we interestingly 

found that KLK4 mRNA was reduced in human LN versus control kidneys (Figure 7.4 A). 

Moreover, miR-422a showed significant inverse correlation with KLK4 expression levels 

within the LN samples (Figure 7.4 B). 
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Figure 7.4. Deregulation of the miR-422a/KLK4 circuit in human LN. (A) Quantitative RT-PCR for 

KLK4 mRNA expression was performed in the original set of kidney specimens used for TLDA. KLK4 

mRNA was significantly decreased by an average of 61% in active LN versus control kidney samples. Bars 

represent the mean ± standard deviation (SD) from n = 3 independent experiments. (B) Inverse correlation 

between intra-renal miR-422a and KLK4 mRNA levels in active LN. Analysis was performed within the 

subgroup of human LN kidney specimens (n = 12). The R-squared statistic is shown as a measure of how 

close the data are to the fitted regression line. 

 

7.5. MiR-422a was upregulated and KLK4 downregulated in NZB/W F1 mice with 

proteinuria 

 

The next aim was to test our results in NZB/W F1 mice, which spontaneously develop lupus 

and immune complex-mediated lupus glomerulonephritis closely resembling the human 

disease after the age of 5–6 months. We used 8-week-old pre-diseased and 24-week-old 

diseased NZB/W mice with overt proteinuria, which were compared against age-matched 

NZW control mice. RT-PCR in kidney tissue showed that miR-422a (mmu  miR- 378) was 

significantly up-regulated in NZB/W F1 compared with NZW mice, both in the 8-week-old 

(by 4.1 times) and in the 24-week-old (by 9.4 times) (Figure 7.5 C). An inverse correlation 

was observed with regards to KLK4 mRNA levels, which were reduced by an average of 3.4 

and 7.6 times in young and old NZB/W1 mice, respectively, compared with NZW littermates. 

Immunoblotting in kidney lysates suggested diminished 28–30 kDa KLK4 protein expression 

in 24-week-old diseased NZB/W1 mice compared with 8-week-old pre-diseased and NZW 

control mice (Figure 7.5 D). These findings implicate the miR-422a/KLK4 circuit in both 

human and murine LN. 



31 

 

 

Figure 7.5. Deregulation of the miR-422a and KLK4 levels in murine LN (C) Quantitative RT-PCR for miR-

422a (mmu-miR-378) and KLK4 mRNA was performed in kidney tissue from 8-week-old pre-diseased NZB/W F1 mice 

(n = 3), 24-week-old proteinuric NZB/W F1 mice (n = 4) and their age-matched NZW littermates (n = 3 in each group). 

Bars represent mean ± SD expression normalized to expression levels in control NZW mice across each age group and 

each gene. ***P < 0.001; **P < 0.01; *P < 0.05 compared with NZW. (D) Immunoblotting for KLK4 protein expression 

(28–30 kDa) was performed in kidney lysates from the same groups of mice as in (C). Protein densitometry was performed 

with ImageJ Software and KLK4 expression levels were normalized to β-actin protein levels. See Materials and methods 

for more details. 

 

7.6. KLK4 expression is reduced in renal mesangial and tubular epithelial cells in 

murine and human LN. 

 

Previous studies have shown that kallikreins are abundantly expressed and regulate the 

physiology of epithelial cells, including renal tubular epithelial cells. To gain insight into the 

renal expression and localization pattern of KLK4, we carried out an immunohistochemistry 

study in additional kidney specimens from NZB/W F1 mice and patients with active LN. 

KLK4 protein was strongly expressed (staining intensity 3+) mainly in the cytoplasm of renal 

tubular as well as mesangial cells in all specimens from unaffected NZW kidney and human 

control specimens (Figure 7.6 A, top panel, and B). In contrast, KLK4 showed absent/faint 

(1+) or moderate (2+) expression in renal parenchymal cells of proteinuric NZB/W F1 and 
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most patients with active LN (Figure 7.6 A, bottom panel, and B). Due to the relatively small 

sample size of human specimens, we could not detect any significant associations with LN 

histological or clinical variables. 

 

 

Figure 7.6. Reduced KLK4 protein expression by renal mesangial and tubular epithelial cells in murine 

and human LN. (A) Immunohistochemistry for KLK4 protein expression in human and murine control 

(unaffected) and inflamed LN kidney specimens. KLK4 was highly expressed in epithelial cells of all renal 

tubules and mesangial cells of glomeruli in control renal tissue without inflammation (upper panel). In 

contrast, absence, or low levels of KLK4 protein was observed in most renal tissues of NZB/W F1 mice or 

patients with active LN (lower panel). Notice, that a small minority of renal tubules retains normal KLK4 

protein expression. See Materials and methods for more details. [DAB was used as chromogen, hematoxylin 

as counterstain; original magnification ×100 (insets magnification ×400)]. (B) Semi-quantification of the 
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immunohistochemistry results (1+ = faint/absent, 2+ = moderate staining, 3+ = strong staining) of KLK4 

expression in murine (left panel) and human (right panel) kidney specimens. See Materials and methods for 

more details. In mice, all four control NZW kidneys had high KLK4 expression (staining 3+), 

whereas all eight NZW/BW F1 mice with proteinuria had low/moderate KLK4 expression (1+/2+) (Fisher’s 

exact test, P = 0.002). In humans, high KLK4 expression was found in all three control kidney specimens as 

compared with only two out of eight LN specimens (Fisher’s exact test, P = 0.060). 
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8. Discussion 

 

In this study we sought to investigate the role of miRNAs in acute kidney inflammation 

associated with LN and to explore their potential implication in end-organ injury. We 

identified a set of differentially expressed miRNAs in active LN kidneys, compared to healthy 

controls. Interestingly, several of these miRNAs were predicted to interfere with major 

intracellular pathways and relevant processes such as renal necrosis and inflammation, 

glomerular injury and increased serum creatinine. Downstream molecular pathways include 

the TGF-β, protein kinase A, ERK/MAPK, NF-κB, HNF4A, Wnt/β-catenin, STAT3 and IL-

4. This is consistent with the observation of Bethunaickan et al., who performed comparative 

mRNA profiling in the kidneys of three murine LN models and found TGF-β, STAT3, NF-κB 

and HNF4A transcription factor to be shared by all three strains [18]. 

The miRNA profiling was performed in 12 FFPE human kidney biopsy specimen and 3 control 

kidney tissue. Twenty-four miRNAs were differentially expressed in LN versus controls. The 

results were validated in vitro by using human cell culture and in vivo by means of a murine 

model of LN and were confirmed by carrying out Western blot and immunohistochemistry in 

both human and murine samples as well. Notably, active kidney lesions, particularly fibrinoid 

necrosis, were independent predictors of the two most up and down-regulated mi-RNAs. From 

a clinical standpoint high activity index and the presence of fibrinoid necrosis in kidney biopsy 

are adverse prognostic factors in LN, associated with increased risk for development of end-

stage renal disease [100]. Validation in larger number of specimens will be required to explore 

the possible role of miR-422a as a biomarker of severe LN. 

Several miRNAs have been identified in lupus kidneys. Dai et al. identified 36 up-regulated 

and 30 down-regulated miRNAs in fresh frozen kidney biopsy samples of patients with class 

II LN [89]. Lu et al examined the glomerular and tubulointerstitial expression of miRNA in 

different classes of LN patients. MiR-198 and miR-146a were highly expressed in both 

compartments, while miR-638 had lower expression at the glomerular level and their 

expression was correlated with the histological activity index, proteinuria as well as the 

SLEDAI score [95]. Zhou et al. compared 14 FFPE LN kidney biopsies with high (≥4) versus 

low (<4) chronicity index and identified 16 mi-RNAs with >2-fold increases. There was a 

strong correlation of miR-150 with changes in chronicity index [96]. They also showed that 

let-7i was up-regulated in LN with high compared to low chronicity index. We found that let-
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7b/c/d were down-regulated in active LN and the discrepant findings could be explained by 

the different platforms used (Affymetrix microarrays versus TLDA) and the fact that our 

kidney biopsies comprised mainly of active LN (median activity index: 9) with lower 

chronicity scores compared to those used by Zhou et al. (median chronicity index: 3 versus 4 

in our samples) [96]. 

In one study of B6.MRLc1 autoimmune glomerulonephritis, miR-146a was found increased 

and correlated with interstitial cell infiltration, tubular atrophy and fibrosis [86]. Reduced 

glomerular miR-26a in LN correlated with markers of podocyte injury [98]. In agreement, we 

found increased miR-198 and reduced miR-26a levels in active human LN and several mi-

RNAs with differential expression in our dataset have been involved in other nephropathies as 

well. These include miR-21 in TGF-β mediated renal fibrosis, miR-133 in polycystic kidney 

disease, miR-223 in IgA nephropathy, miR-663 in hypertensive kidney disease and miR-296 

in ischemic acute injury[107-112].  Let-7b and let-7c, both down-regulated in our active LN 

cohort, have been shown to exert renal antifibrotic effects [112]. 

The highest up-regulated miR-422a targeted KLK4, which expression was reduced in 

mesangial as well as tubular epithelial cells in active human and murine LN. This is consistent 

with previous studies that describe KLK expression in those cell types, which in turn are 

known to affect local immune response in glomerulonephritides such as LN [113-117]. It is 

not clear why KLK4/KLKs are expressed in specific resident renal cells. Moreover, two out 

of eight samples in human LN had normal KLK4 expression, which could be interpreted by 

the heterogeneity of the disease. 

The renal KLK-kinin system is a multigene family of serine peptidases that plays an important 

role in inflammation, coagulation, angiogenesis and regulation of vessel tone and permeability 

[118-120]. The system originates from prekallikrein, which is being activated by factor XIIa 

and forms kallikrein. Tissue or serum kallikrein converts kininogen into kinins, including 

bradykinin and kallidin in humans. Kinins activate their receptors (B2R and B1R) and in turn 

several intracellular pathways, like PLA-2 or PI-PLC-dependent in diabetic nephropathy 

[121].  Kallikreins can also directly stimulate protease-activated receptors to initiate trans-

plasma membrane signal transduction [120]. Kininases are a group of peptidases that rapidly 

hydrolyze kinins to inactive products. Kininase II is the same enzyme as angiotensin I-

converting enzyme and there is much on the literature about the beneficial effects of ACEIs 

on renal diseases independently of their effect on blood pressure [122, 123]. 
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The kallikrein-kinin system has been shown to have a protective role against ischemia –

reperfusion renal injury, diabetic nephropathy, autosomal dominant polycystic kidney disease, 

chronic renal failure and hypertensive glomerulosclerosis [104, 106, 122, 124-128]. In diabetic 

nephropathy, the protective effect of KLK is believed to be carried out through inhibition of 

oxidative stress and inflammation, decrease of fibrosis and protection of the endothelial 

function [125]. In SLΕ, there are data to suggest the role of kallikreins as proinflammatory 

mediators implicated in the acute manifestations of LN, but also as disease genes playing a 

role in local tissue damage caused by the autoimmune response [105, 129-131]. In line with 

their role in the inflammatory cascade, higher levels of kininogen and tissue and urinary 

kallikrein were found in 30 patients with active lupus nephritis compared with age and sex 

matched controls [129].  

Liu et al compared the transcriptome in the renal cortex of mouse strains sensitive versus 

resistant to anti-GBM antibody-induced nephritis and identified tissue kallikreins as lupus-

susceptibility genes. Fine-mapping studies of the mouse Sle3 lupus-susceptibility locus 

showed that it harbors the kallikrein cluster of genes and contributes to their reduced 

expression [105]. Kinin B2 receptor agonists and klk1 gene delivery ameliorated anti-GBM 

antibody-induced nephritis [105, 132]. Finally, klk1 overexpression in renal tubular epithelial 

cells or delivery of klk1 in inflamed kidneys by mesenchymal stem cells protected against 

nephritis in B6.Sle1.Sle3 LN mice [115, 133]. Moreover, polymorphisms in human KLK1 and 

KLK3 promoter were found to be associated with SLE and single-nucleotide polymorphisms 

in the KLK4 promoter, KLK5 and the KLK8-KLK11 block were more frequent in LN [105]. 

We used FFPE tissue samples in this study. While FFPE preserves tissue for histological 

analysis, nucleic acids may become irreversibly damaged and fragmented through formalin 

fixation and prolonged storage. However, mi-RNAs tend not to suffer from the fragmentation 

effect, probably due to their intrinsically shorter lengths and close association with large 

protein aggregates [134, 135]. Previous work in kidney, breast and colon cancer has shown 

that it is possible to perform genome-wide micro-RNAs screening using FFPE specimens [136, 

137]. Studies comparing micro-RNA profiling between frozen and FFPE tissues have 

demonstrated high correlation with remarkable stability [138-140]. Finally, evidence suggests 

that PCR-based methods (including TLDA) are technically and biologically robust for 

analyzing micro-RNAs in FFPE samples [136, 141].  
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Conclusively, several micro-RNAs show altered expression in LN and are predicted to regulate 

molecular pathways with a plausible pathophysiological role. MiR-422a is overexpressed, 

correlates with active fibrinoid necrosis in inflamed kidneys and downregulates KLK4, a 

member of the kallikrein family with presumed renoprotective properties. These results 

coupled with evidence from in vivo animal studies suggest that the miR-422a/KLK4 axis could 

be exploited as therapeutic target in LN [115].  
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9. Supplementary material 

Gender (female/male) 13 (65%) / 7 (35%) 

Age (years) 36.0 ± 15.1 

SLE duration (years) 4.4 ± 5.5 

Proteinuria (g/24hr) 3.5 ± 3.0 

Serum creatinine (mg/dl) 1.7 ± 2.0 

Renal biopsy  

   Class III 5 (25%) 

   Class IV 7 (35%) 

   Class V 5 (25%) 

   Class V + III/IV 3 (15%) 

   NIH activity index (0-24) 8.8 (1.0) 

   NIH chronicity index (0-12) 3.4 (0.7) 

Treatment 2  

   None 9 (45%) 

   Glucocorticoids  10 (50%) 

   Methotrexate 1 (5%) 

   Azathioprine 3 (15%) 

   Mycophenolic acid 1 (5%) 

   Calcineurin inhibitor 2 (10%) 

 



39 

 

Supplementary Table S1. Clinical characteristics of the LN patients (n = 20) included in the study. It includes 

both patients who participated in the TLDA analysis and in the validation immunohistochemistry studies. The 

treatment is referred to the medication taken at the time of kidney biopsy. Data are presented as n (%) or mean 

± SD. 

 

Supplementary Figure S1. HNF4A controls genes that are regulated by differentially expressed miRs in LN 

 

Renal Necrosis/Inflammation Hematological Cellular Development 

Glomerular Injury Increased Levels of Creatinine 

Cell Death and Survival Molecular Mechanisms of Cancer 

 

Supplementary Table S2. Disease toxicity lists generated through integration analysis of gene-targets of 

micro-RNAs with differential expression in LN versus control samples.  
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ABSTRACT

Background.Aberrancies in gene expression in immune effect-
or cells and in end-organs are implicated in lupus pathogenesis.
To gain insights into the mechanisms of tissue injury, we pro-
filed the expression of micro-RNAs in inflammatory kidney
lesions of human lupus nephritis (LN).
Methods. Kidney specimens were from patients with active
proliferative, membranous or mixed LN and unaffected control
tissue. Micro-RNAs were quantified by TaqMan Low Density
Arrays. Bioinformatics was employed to predict gene targets,
gene networks and perturbed signaling pathways. Results
were validated by transfection studies (luciferase assay, real-
time PCR) and in murine LN. Protein expression was deter-
mined by immunoblotting and immunohistochemistry.
Results. Twenty-four micro-RNAs were dysregulated (9 up-
regulated, 15 down-regulated) in human LN compared with
control renal tissue. Their predicted gene targets participated
in pathways associated with TGF-β, kinases, NF-κB, HNF4A,
Wnt/β-catenin, STAT3 and IL-4. miR-422a showed the highest
upregulation (17-fold) in active LN and correlated with fibrinoid
necrosis lesions (β = 0.63, P = 0.002). In transfection studies,

miR-422a was found to directly target kallikrein-related peptid-
ase 4 (KLK4) mRNA. Concordantly, KLK4 mRNA was signifi-
cantly reduced in the kidneys of human and murine LN and
correlated inversely with miR-422a levels. Immunohistochemis-
try confirmed reduced KLK4 protein expression in renal mesan-
gial and tubular epithelial cells in human and murine LN.
Conclusions. KLK4, a serine esterase with putative renoprotec-
tive properties, is down-regulated by miR-422a in LN kidney
suggesting that, in addition to immune activation, local factors
may be implicated in the disease.

Keywords: autoimmune, epigenetic, glomerulonephritis,
inflammation, tissue injury

INTRODUCTION

Systemic lupus erythematosus (SLE) is characterized by dys-
function of the innate and adaptive immunity [1] and kidney
involvement in SLE [lupus nephritis (LN)] predisposes to sub-
stantial morbidity and mortality [2]. The pathological hallmark
of LN is deposition of mesangial, subendothelial and/or sub-
epithelial immune complexes with complement activation,

© The Author 2015. Published by Oxford University Press
on behalf of ERA-EDTA. All rights reserved.
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activation of renal endothelial and parenchymal cells and re-
cruitment of leukocytes that propagate local inflammatory
responses [3].

Although immune system activation is sine qua non for de-
velopment of LN [3], the renal tissue response to immunologic-
al insult is crucial in determining the disease outcome. Gene
expression studies in LN have identified gene networks that in-
volve not only immune cell infiltration and activation, but also
extracellular matrix formation, response to endoplasmic reticu-
lum stress and hypoxia, renal tissue repair and fibrosis [4–6].
After intergrossing the C57L/J Cgnz1 locus to NZM2328
lupus-prone mice, hybrids exhibited immune complex kidney
deposits with complement activation and acute glomerulo-
nephritis; nevertheless, they were resistant to development of
severe proteinuria and end-stage renal disease [7]. The Cgnz1
locus contains mitochondrial, autophagy-related and cell sur-
vival genes that might regulate podocyte survival. Thus, both
autoimmunity and end-organ damage may contribute to
pathogenesis and progression of nephritis [7].

Micro-RNAs fine-tune the expression of genes involved in
diverse physiological processes [8]. They show abundant ex-
pression in the kidney, play a critical role in its development
and function [9] and have been implicated in kidney disorders
such as polycystic kidney disease, hypertensive nephrosclerosis,
diabetic nephropathy, obstructive nephropathy, immune-
mediated renal diseases, kidney transplant rejection and renal
cell carcinoma [10].

We [11] and others [12] have previously characterized the
micro-RNA signature in SLE patients. These studies revealed
altered expression of micro-RNAs that regulate DNA methyla-
tion, type I interferon signaling, T-cell activation, plasma cell
differentiation and regulatory T-cell function [12]. Notwith-
standing, very few studies [13–16] have examined micro-RNAs
expression in kidney inflammatory lesions of SLE and their re-
sults are limited by the inclusion of only relatively mild forms of
nephritis [13], or the lack of comparison with disease-free con-
trol group [15].

Herein, we aimed to identifymicro-RNAs associated with acute
inflammation in kidney biopsies from LN patients and to evaluate
their potential implication in end-organ injury. Our results show
several dysregulated micro-RNAs in LN that are predicted to regu-
late molecular pathways with a putative pathophysiological role.
We show that miR-422a is most overexpressed in LN, correlates
with active severe histological lesions and downregulates
kallikrein-related peptidase 4 (KLK4), a serine esterase with
putative renoprotective properties. These data corroborate
previous findings on the possible role of kallirein family protein
in LN and reiterate the involvement of local factors within the
kidney in determining the disease phenotype.

MATERIALS AND METHODS

Human kidney tissue samples

Formalin-fixed paraffin-embedded (FFPE) kidney speci-
mens were obtained from 20 patients with active LN at the
‘Hippokration’ Hospital of Thessaloniki. Twelve patients had
proliferative (class III or IV [17]), five patients had pure

membranous (class V) and three patients had mixed (V+III/
IV) nephritis (Supplementary data, Table S1). The National
Institutes of Health activity and chronicity indexes [18] were cal-
culated. Twelve LN specimens (eight proliferative, fourmembran-
ous) were used for micro-RNA profiling and RT-PCR. Eight
additional specimens were used in validation immunohistochem-
istry studies. Uninvolved parts of kidneys surgically resected due
to renal tumor and with no histological evidence of renal disease
or tumor were used as controls (n = 3). The study was in accord-
ance with the Declaration of Helsinki and was approved by the
local ethics committees of the participating centers.

Animal models

New ZealandWhite (NZW), New Zealand Black (NZB) and
NZB/NZW F1 (NZB/W) mice were from The Jackson Labora-
tory (Bar Harbor, ME, USA), and were housed in a pathogen-
free facility with 12-h light/dark cycles and unlimited access to
food and water. The NZB/W strain included groups of females
8 weeks old (pre-disease control group without proteinuria)
and 24 weeks old (proteinuria ≥300 mg/dL). NZW mice of
the same age were used as controls. Kidneys were removed
from perfused mice and immediately snap frozen. All experi-
ments were approved by the Veterinary Department of the Re-
gion of Crete and the University of Crete Medical School.

micro-RNA profiling

FFPE kidney specimens (three to four 7–10 μm thick slides
from each sample) were deparaffinized and total RNA was ex-
tracted with TRIzol® (Invitrogen) [19]. RNA concentration was
determined with NanoDrop ND-1000 spectrophotometer, and
RNAquality was assessed by theOD260/280 and 260/230 ratios.
RNA (100 ng) was used for multiplex reverse transcription reac-
tions with micro-RNA-specific reverse transcriptase (RT) pri-
mers (Human Multiplex RT Set, Applied Biosystems). The
expression of 365micro-RNAs was tested by PCR using the Taq-
Man Low Density Array (TLDA) HumanMicro-RNA Panel 1.0
(Applied Biosystems) in the Dana-Farber Molecular Diagnostics
Facility. RNU48 expression was used for data normalization.

Prediction of potential micro-RNA targets and
gene network analysis

Potential micro-RNA gene targets were identified using the
miRDB (http://mirdb.org/miRDB/index.html), MicroCosm
Targets (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/
targets/v5/) and TargetScan (http://www.targetscan.org/index.
html) engines. A potential gene target should be predicted by
at least two out of three abovementioned engines and the tar-
geted sequence be conserved among species. Experimentally
validated targets were retrieved from the miRTarBase and miR-
ecords. We analyzed gene ontology for each set of micro-RNA
targets and their participation in biological pathways, gene-
networks and disease signatures, using the GeneCoDis and In-
genuity Pathway Analysis tools.

Transfection experiments

Human embryonic kidney 293 (HEK-293) cells were main-
tained in Dulbecco’s Modified Eagle’s Medium supplemented
with L-glutamine and 10% heat-inactivated fetal bovine serum
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(Life Technologies). Cells were transfected using the siPORT
NeoFX agent (Invitrogen) with 50–75 nM of mirVana
hsa-miR-422a micro-RNA mimic (miR-422a), hsa-miR-422a
micro-RNA inhibitor (as-miR-422a) or their respective nega-
tive controls (miR-NC, as-miR-NC) (Ambion). Transfections
were performed three to four times, in duplicates or triplicates.
Cells were collected 48 h post-transfection for total RNA or
protein isolation.

30-untranslated region luciferase assay

HEK-293 cells were plated for 24 h and then were co-
transfected using Fugene6 reagent (Roche) with renilla reporter
plasmid constructs (pLightSwitch) carrying the 30-untranslated
region (30-UTR) of KLK4 (SwitchGear Genomics) plus
miR-422a, as-miR-422a or their negative controls (NCs) [20].
After 36 h, cell lysates were prepared and luciferase assays were
performed using the Dual-Luciferase Reporter Assay (Promega).

RT-PCR

TLDA results were confirmed with the mirVana qRT-PCR
miRNA Detection Kit and qRT-PCR Primer Sets (Ambion).
Total RNA was also extracted from mouse kidneys and HEK-
293 cell lysates using TRIzol® and the RNAeasy Mini Kit (QIA-
GEN), respectively. hsa-miR-422a was quantified with TaqMan
Micro-RNAAssay (Applied Biosystems) using RNU48 as refer-
ence gene. mmu-miR-378 (mmu-miR-378a-3p), which is the
mouse paralog of hsa-miR-422a, was quantified with TaqMan
Micro-RNA Assay (Applied Biosystems) using U6 snRNA for
normalization. For mRNA quantification, reverse transcription
was performed with the PrimeScript 1st strand cDNA Synthesis
Kit (TAKARA). Human and mouse KLK4 was measured with
TaqMan Assay (Applied Biosystems) using GAPDH as refer-
ence gene. CT values were normalized to endogenous control
and the fold-change relative to a control sample (2ΔΔCT) was
used for relative expression analysis.

Western blot

Mouse kidneys or transfected HEK-293 cells were lysed in
RIPA buffer containing complete protease inhibitor cocktail
(Roche). Proteins were separated by 10% sodium dodecyl sul-
phatepolyacrylamide gel electrophoresis and transferred to
nitrocellulose membrane. After blocking, membrane was incu-
bated overnight at 4°C with rabbit polyclonal antibody to KLK4
(orb13527, Biorbyt Ltd) and mouse monoclonal antibody to
β-actin (MAB1501, Millipore Corporation). Blots were probed
with secondary horseradish peroxidase (HRP)-conjugated anti-
rabbit or anti-mouse IgG antibodies (Jackson ImmunoResearch
Laboratories), and membranes were visualized with the ECL
Western Blotting Detection System (GE Healthcare Life
Sciences). Protein density was quantified by ImageJ software
(National Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry

Paraffin-embedded renal tissue sections (4 µm thick) were
deparaffinized in xylene and rehydrated in ethanol [21]. Rabbit
polyclonal anti-KLK4 antibody (1:200) was applied overnight
at 4°C. Heat-induced epitope retrieval was performed using a
10 mMcitrate buffer (pH 6.0). Detection of the immunoreaction

was performed using an HRP-labeled polymer secondary anti-
body (Thermo Fisher Scientific), 3,3-diaminobenzidine/H2O2

as chromogen and hematoxylin as counterstain. Histopath-
ology pictures were captured using Nikon Eclipse E-400 light
microscope and the Nikon Digital sight, DS-SM, photographic
system.

Statistical analysis

Data are presented asmean ± standard deviation or dot plots
of individual values. Differences between groups were tested
with the Mann–Whitney or Kruskal–Wallis tests, and correla-
tions with the Spearman’s test. Stepwise linear regression was
performed to identify clinical or histological parameters inde-
pendently associated with micro-RNAs levels. Differences in
KLK4 protein expression (nominal parameter) between control
and LN groups were analyzed using Fisher’s exact test. P-value
<0.05 (two-tailed) was considered statistically significant. All
calculations were performed using the Statistical Package for
Social Sciences.

RESULTS

Human LN is characterized by distinct kidneymicro-RNA
expression profile

To gain insight into the molecular pathways implicated in
lupus renal tissue injury, we profiled the expression of 365
micro-RNAs in kidney biopsy samples of active LN patients.
We identified 24 micro-RNAs with dysregulated (>2-fold) ex-
pression in LN (9 up-regulated, 15 down-regulated) (Figure 1A
and B). Results for the two most up-regulated (miR-422a,
miR-21) and the two most down-regulated (miR-26a, miR-
133) micro-RNAs were confirmed by RT-PCR (Figure 1C) in
the original kidney specimens.

Analysis according to the histological type revealed dysregu-
lated micro-RNA expression both in proliferative (class III–IV)
and in membranous (class V) LN, with a trend for more dis-
turbed expression in the latter group (Figure 1D). Although
this is a small number of patients tested, multivariable linear re-
gression showed that apart from the histological class of LN,
presence of fibrinoid necrosis was an independent predictor
of increased miR-422a/miR-21 and decreased miR-26a
(Table 1). The composite biopsy activity index was strong pre-
dictor of miR-133 intra-renal levels (β = 0.78). We found no
significant associations between levels of micro-RNAs and
chronicity lesions in kidney biopsy, renal function, proteinuria,
urine sediment analysis or administered treatments (data not
shown).

Dysregulated micro-RNAs are predicted to regulate
gene networks with a plausible pathophysiological role
in LN

Several of the micro-RNAs with altered expression in LN are
predicted or have been shown to target genes involved in in-
flammatory/cytokine signaling pathways, membrane transpor-
ters and cell homeostasis (Figure 2A). Canonical pathway
analysis based on these predictions showed enrichment for
the TGF-β, protein kinase A, ERK/MAPK, NF-κB, HNF4A,
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Wnt/β-catenin signaling and also for the STAT3 and IL-4
pathways in active LN (Figure 2B). HNF4A was identified
as a transcription factor key node, controlling several genes

(Supplementary data, Figure S1) that are simultaneously regu-
lated by the micro-RNAs with differential expression between
LN and control kidneys in our study. Combined gene network

F IGURE 1 : Human LN is characterized by distinct kidneymicro-RNA expression profile. (A) Unsupervised hierarchical clustering analysis using
the differentially expressed micro-RNAs can separate normal and active LN kidney samples. Heat map representation of the TLDA micro-RNA
expression data in kidney specimens from 12 patients with active LN (P1 to P12) and three control samples (Control 1 to Control 3). Red represents
higher micro-RNA expression and blue represents lower micro-RNA expression in LN compared with controls (or vice versa). The metric scale
(top) represents the log10-fold change in micro-RNA expression using the group (LN or controls) with the lower expression as denominator. (B)
Ninemicro-RNAswere up-regulated by 2.2–17.3 times (green column) and 15micro-RNAswere down-regulated by 2.2–9.5 times (red column) in
LN versus unaffected renal samples. (C) Validation of the TLDA results for expression levels of miR-422a, miR-21, miR-26a and miR-133 by
quantitative RT-PCR in the original dataset of LN and control kidney samples. Bars represent mean ± standard deviation (SD) of relative
expression levels. (D) Expression levels (quantitative RT-PCR) of miR-422a, miR-21, miR-26a and miR-133 in controls and in LN kidney samples
stratified according to the histological type of LN (class III, IV, V). Bars represent mean ± SD of relative expression levels. The Kruskal–Wallis test
was used to test for statistically significant variation in micro-RNA expression across the four groups.
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analysis identified individual kinases, micro-RNAs, pro-
inflammatory cytokines and transcription factors as significant
nodes involved in LN pathogenesis (Figure 2C). Finally, inte-
gration analysis revealed that the abovementioned pathways
corresponded to pertinent disease toxicity lists, namely renal
necrosis/inflammation, glomerular injury, increased serum cre-
atinine, cell death and survival, hematological cellular develop-
ment and molecular mechanisms of cancer (Supplementary
data, Table S2). Thus, micro-RNAs with altered expression in
LN kidney lesions are predicted to regulate gene networks and
molecular pathways with a plausible pathophysiological role.

miR-422a directly regulates KLK4 expression. We focused
on miR-422a, the micro-RNA with the highest overexpression
(17.3-fold) in active LN. Bioinformatics analysis revealed KLK4,
a member of the kallikrein family of serine proteases having
diverse physiological functions, as the top-predicted gene target
of miR-422a (Figure 3A). KLK4 was also considered of particu-
lar interest in view of previous studies implicating kallikreins in
nephropathies including LN [22–24]. To validate the prediction
that KLK4 is a direct target of miR-422a, HEK-293 cells were
co-transfected with a plasmid containing firefly luciferase
gene under the control of KLK4 30-UTR and either miR-422a
mimic (miR-422a) or miR-422a inhibitor (as-miR-422a) or the
respective NCs. Overexpression of miR-422a suppressed luci-
ferase activity by 65%, whereas inhibition of miR-422a induced
luciferase activity by 80% (Figure 3B). We also examined the ef-
fect of miR-422a on KLK4mRNA expression in HEK-293 cells.
miR-422a suppressed KLK4 mRNA by an average of 82%,
whereas as-miR-422a caused a significant increase in KLK4
mRNA (Figure 3C). Together, KLK4 may be a direct target of
miR-422a.

The miR-422a/KLK4 circuit is dysregulated in human and
murine LN. In line with our observation that KLK4 may be
targeted by miR-422a, we found significantly reduced KLK4
mRNA in human LN versus control kidneys (Figure 4A).

Accordingly, miR-422a showed significant inverse correlation
with KLK4 expression levels within the LN samples (Figure 4B).

We sought to validate our results in NZB/W F1 mice, which
spontaneously develop lupus and immune complex-mediated
lupus glomerulonephritis closely resembling the human disease
after the age of 5–6 months. We used 8-week-old pre-diseased
and 24-week-old diseased NZB/Wmice with overt proteinuria,
which were compared against age-matched NZW control mice.
RT-PCR in kidney tissue showed that miR-422a (mmu-miR-
378) was significantly up-regulated in NZB/W F1 compared
with NZW mice, both in the 8-week-old (by 4.1 times) and in
the 24-week-old (by 9.4 times) (Figure 4C). An inverse correl-
ation was observed with regards to KLK4 mRNA levels, which
were reduced by an average of 3.4 and 7.6 times in young and
old NZB/W1 mice, respectively, compared with NZW litter-
mates. Immunoblotting in kidney lysates suggested diminished
28–30 kDa KLK4 protein expression in 24-week-old diseased
NZB/W1 mice compared with 8-week-old pre-diseased and
NZW control mice (Figure 4D). These findings implicate the
miR-422a/KLK4 circuit in both human and murine LN.

Reduced KLK4 expression by renal mesangial and tubular
epithelial cells in murine and human LN. Previous studies
have shown that kallikreins are abundantly expressed and regu-
late the physiology of epithelial cells, including renal tubular
epithelial cells. To gain insight into the renal expression and
localization pattern of KLK4, we carried out an immunohisto-
chemistry study in additional kidney specimens from NZB/W
F1mice and patients with active LN. KLK4 protein was strongly
expressed (staining intensity 3+) mainly in the cytoplasm
of renal tubular as well as mesangial cells in all specimens
from unaffected NZW kidney and human control specimens
(Figure 5A, top panel, and B). In contrast, KLK4 showed ab-
sent/faint (1+) or moderate (2+) expression in renal parenchy-
mal cells of proteinuric NZB/W F1 and most patients with
active LN (Figure 5A, bottom panel, and B). Due to the relative-
ly small sample size of human specimens, we could not detect
any significant associations with LN histological or clinical
variables.

DISCUSSION

We have identified micro-RNAs with aberrant expression in ac-
tive LN kidneys, which are predicted to interfere with major
intracellular pathways and relevant processes such as renal ne-
crosis and inflammation, glomerular injury and increased
serum creatinine. miR-422a, the micro-RNA with the highest
upregulation in LN, correlated with active severe histological le-
sions and targeted KLK4 mRNA. Accordingly, KLK4 levels
were reduced in kidneys of human and murine LN, suggesting
possible involvement of the miR-422a/KLK4 axis in LN.

The development and outcome of LN is determined by both
immune system activation and the renal tissue response to in-
flammation [7, 25, 26]. To understand the molecular mechan-
isms of lupus kidney injury, we studied the intra-renal
expression of micro-RNAs in active LN. Twenty-four micro-
RNAs were differentially expressed in LN versus control kidney

Table 1. Linear regression analysis for the identification of clinical and
histological parameters associated with the expression levels of the two
most up- and down-regulated micro-RNAs in LN

Micro-RNA Independent variable
(s)

Standardized
β-coefficient

t-test P-value

miR-422a Proliferative (versus
membranous) LN

−0.960 −6.690 <0.001

Fibrinoid necrosis 0.626 4.361 0.002
miR-21 Proliferative (versus

membranous) LN
−0.957 −6.060 <0.001

Fibrinoid necrosis 0.571 3.615 0.007
miR-26a Proliferative (versus

membranous) LN
0.904 5.557 0.001

Fibrinoid necrosis −0.687 −4.221 0.003
miR-133 Activity index (0–24) 0.781 3.757 0.005

Multivariate stepwise linear regression analysis using each of the four micro-RNAs
(miR-422a, miR-21, miR-26a, miR-133) as dependent variable. Demographic (gender,
age), clinical parameters (urine sediment, serum creatinine, proteinuria), use of SLE
treatments, histological class of LN (proliferative/membranous), the National Institutes of
Health activity and chronicity indices (both the composite scores and the scores of
individual features) were entered as independent variables. Only statistically significant
(P < 0.05) associations are shown.
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F IGURE 2 : Micro-RNAs with altered expression in active LN are predicted to regulate gene networks and molecular pathways with a plausible
pathophysiological role. (A) Predicted gene targets of the micro-RNAs with dysregulated (up- or down-regulated) expression in active LN
compared with control kidney samples. Asterisks indicate experimentally validated gene targets according to the miRTarBase and miRecords
databases. See more details in Materials and methods. (B) Significant canonical pathways (P-value <0.05) implicating predicted gene targets of
LN-associated micro-RNAs, generated by Ingenuity Pathway Analysis. Pathway analysis shows enrichment for the TGF-β, protein kinase A, ERK/
MAPK, NF-κB, HNF4A,Wnt/β-catenin signaling and also for the STAT3 and IL-4 pathways in active LN. (C) Network analysis for top regulators
of the predicted micro-RNA gene targets in LN identifies kinases, micro-RNAs, pro-inflammatory cytokines and transcription factors as
significant nodes.
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tissue. Notably, active kidney lesions, particularly fibrinoid
necrosis, were independent predictors of the two most up-
and down-regulated micro-RNAs. From a clinical standpoint,

high activity index and presence of fibrinoid necrosis in kidney
biopsy are adverse prognostic factors in LN [27], associated
with increased risk for development of end-stage renal disease.
Validation in larger number of specimens will be required to ex-
plore the possible role of miR-422a as a biomarker of severe LN.

Dysregulated micro-RNAs in LN were predicted to regulate
downstream genes and molecular pathways including the
TGF-β, protein kinase A, ERK/MAPK, NF-κB, HNF4A,
Wnt/β-catenin, STAT3 and IL-4. Our results agree with those
of Bethunaickan et al. [6], who performed comparative
mRNA profiling in the kidneys of three murine LN models
and found TGF-β, STAT3, NF-κB and HNF4A transcription
factor to be shared by all three strains.

Few studies have so far examined the expression of micro-
RNAs in lupus kidneys [13]. Lu et al. [14] found increased ex-
pression of miR-638, miR-198 and miR-146a. Zhou et al. [15]
compared LN kidney biopsies with high (≥4) versus low (<4)
chronicity index and identified 16 micro-RNAs with differen-
tial expression; miR-150 showed the strongest correlation with
renal chronicity scores. Other researchers found increased
miR-146a in B6.MRLc1 autoimmune glomerulonephritis,
which correlated with interstitial cell infiltration, tubular atro-
phy and fibrosis [28]. Reduced glomerular miR-26a in LN cor-
related with markers of podocyte injury [29].

In agreement, we found increased miR-198 and reduced
miR-26a levels in active human LN. Several other micro-RNAs
with differential expression in our dataset have been involved in
non-malignant nephropathies. These include miR-21 in TGF-β
mediated renal fibrosis [30], miR-133 in polycystic kidney
disease [31], miR-223 in IgA nephropathy [32], miR-663 in
hypertensive kidney disease [33] and miR-296 in ischemic
acute injury [34]. Let-7b and let-7c, both down-regulated in
our active LN cohort, have been shown to exert renal anti-
fibrotic effects [35].

The present work represents the first micro-RNA analysis in
active LN, addressing not only fibrosis but also renal injury in
general. Comparing our data with those of Zhou et al. [15], only
let-7 was common. Specifically, Zhou et al. showed that let-7i
was up-regulated in LN with high versus low chronicity
index, whereas we found that let-7b/c/d were down-regulated
in active LN. The discrepant findings could be explained by
the different platforms used (Affymetrix microarrays versus
TLDA) and the fact that our kidney biopsies comprised mainly
of active LN (median activity index: 9) with lower chronicity
scores than those of Zhou et al. [15] (median chronicity
index: 3 versus 4 in our samples).

miR-422a had the highest upregulation and targeted KLK4
in active LN. These findings were confirmed in NZB/W LN
mice and by the reduced KLK4 protein expression by tubular
epithelial and mesangial cells in human and murine LN.
These results are in concert with the previously described ex-
pression of KLKs in the aforementioned cell types [36, 37],
whereas no expression has been reported in other glomerular
cell types. The molecular basis for the discrepant expression
of KLKs/KLK4 in different kidney resident cells remains elusive
and further studies will be required. Nonetheless, both tubular
epithelial andmesangial cells are implicated in the pathogenesis
of glomerulonephritides such as LN, by orchestrating local

F IGURE 3 : miR-422a directly targets KLK4 mRNA. (A) 7mer seed
sequence (underlined) of miR-422a is conserved across vertebrate
species. TargetScan’s predicted binding site of miR-422a within the
UTR of human KLK4mRNA. Lines represent interacting base pairs at
the seed region of miR-422a. (B) HEK-293 cells were co-transfected
with a plasmid containing Renilla luminescent reporter gene (RenSP)
under the control of KLK4 30-UTR and either miR-422a mimic
(miR-422a), or miR-422a inhibitor (as-miR-422a), or the respective
NCs as described in Materials and methods. Luciferase activity was
determined 36 h after transfection. Normalized luciferase activity is the
Renilla/Firefly ratio of miR-422a-transfected reporter vector compared
with the same NC vector. Data show the mean ± standard deviation
(SD) from n = 3 independent experiments. (C) HEK-293 cells were
transfected with 50–75 nM of miR-422a, as-miR-422a or their re-
spective NCs (miR-NC, as-miR-NC), as described in Materials and
methods. After 48 h, cells were collected for RNA extraction. KLK4
mRNA levels are significantly decreased in miR-422a-transfected cells,
whereas they are significantly increased in as-miR-422a-transfected
cells, as compared with their respective NC-transfected littermates.
Bars represent the mean ± SD from n = 3 independent experiments.
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immune responses and affecting the biology of intra-
glomerular cells [38–40]. Two out of eight human LN samples
had normal KLK4 protein expression, which could be explained
by the heterogeneity of the disease.

The kallikrein-kinin system comprises a multigene family of
serine proteases with pleiotropic effects in inflammation, oxi-
dative stress, coagulation and vascular function [41]. KLKs
act by producing active kinin peptides from their kininogen
precursors that activate kinin receptors, and by directly stimu-
lating protease-activated receptors [41]. Previous work has de-
monstrated a protective role of the kallikrein-kinin system
against renal ischemic injury [22], diabetic [42] and hyper-
tensive nephropathy [24]. By comparing the transcriptome in
the renal cortex of mouse strains sensitive versus resistant to
anti-GBM antibody-induced nephritis, Liu et al. [23] found
that several of the under-expressed genes in the sensitive strains

belonged to the kallikrein family. Fine-mapping studies of the
mouse Sle3 lupus-susceptibility locus revealed that it harbors
the kallikrein cluster of genes and contributes to their reduced
expression [23]. Kinin B2 receptor agonists [23] and klk1 gene
delivery [43] ameliorated anti-GBM antibody-induced neph-
ritis. Finally, klk1 overexpression in renal tubular epithelial
cells [37] or delivery of klk1 in inflamed kidneys by mesenchy-
mal stem cells [44] protected against nephritis in B6.Sle1.Sle3
LN mice.

In humans, polymorphisms in KLK genes, particularly in
KLK1 and in KLK3 promoter, were associated with SLE; haplo-
types harboring the KLK4 promoter, KLK5 and the
KLK8-KLK11 block were more frequent in LN [23]. Our
study provides further support for the role of KLK4 in LN
and proposes a mechanism according to which miR-422a over-
expression leads to KLK4 downregulation. Additional studies

F IGURE 4 : Deregulation of the miR-422a/KLK4 circuit in human and murine LN. (A) Quantitative RT-PCR for KLK4mRNA expression was
performed in the original set of kidney specimens used for TLDA. KLK4 mRNA was significantly decreased by an average of 61% in active LN
versus control kidney samples. Bars represent the mean ± standard deviation (SD) from n = 3 independent experiments. (B) Inverse correlation
between intra-renal miR-422a and KLK4mRNA levels in active LN. Analysis was performed within the subgroup of human LN kidney specimens
(n = 12). The R-squared statistic is shown as ameasure of how close the data are to the fitted regression line. (C) Quantitative RT-PCR formiR-422a
(mmu-miR-378) and KLK4 mRNA was performed in kidney tissue from 8-week-old pre-diseased NZB/W F1 mice (n = 3), 24-week-old protei-
nuric NZB/W F1 mice (n = 4) and their age-matched NZW littermates (n = 3 in each group). Bars represent mean ± SD expression normalized to
expression levels in control NZW mice across each age group and each gene. ***P < 0.001; **P < 0.01; *P < 0.05 compared with NZW. (D) Im-
munoblotting for KLK4 protein expression (28–30 kDa) was performed in kidney lysates from the same groups of mice as in (C). Protein
densitometry was performed with ImageJ Software and KLK4 expression levels were normalized to β-actin protein levels. See Materials and
methods for more details.
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will be required to unravel the physiologic role of KLK4 and
how its reduced expression contributes to LN pathogenesis.

We used FFPE tissue samples in this study. While FFPE pre-
serves tissue for histological analysis, nucleic acids may become
irreversibly damaged and fragmented through formalin fixation
and prolonged storage. However, micro-RNAs tend not to suf-
fer from the fragmentation effect, probably due to their intrin-
sically shorter lengths and close association with large protein
aggregates [45, 46]. Previous work in kidney, breast and colon
cancer has shown that it is possible to perform genome-wide

micro-RNAs screening using FFPE specimens [47, 48]. Studies
comparing micro-RNA profiling between frozen and FFPE tis-
sues have demonstrated high correlation with remarkable sta-
bility [49–51]. Finally, evidence suggests that PCR-based
methods (including TLDA) are technically and biologically
robust for analyzing micro-RNAs in FFPE samples [47, 52].

Conclusively, several micro-RNAs show altered expression
in LN and are predicted to regulate molecular pathways with
a plausible pathophysiological role. miR-422a is overexpressed,
correlates with active fibrinoid necrosis in inflamed kidneys,

F IGURE 5 : Reduced KLK4 protein expression by renal mesangial and tubular epithelial cells in murine and human LN. (A) Immunohisto-
chemistry for KLK4 protein expression in human andmurine control (unaffected) and inflamed LN kidney specimens. KLK4 was highly expressed
in epithelial cells of all renal tubules and mesangial cells of glomeruli in control renal tissue without inflammation (upper panel). In contrast,
absence, or low levels of KLK4 protein was observed inmost renal tissues of NZB/WF1mice or patients with active LN (lower panel). Notice, that a
small minority of renal tubules retains normal KLK4 protein expression. See Materials and methods for more details. [DAB was used as
chromogen, hematoxylin as counterstain; original magnification ×100 (insets magnification ×400)]. (B) Semi-quantification of the immunohis-
tochemistry results (1+ = faint/absent, 2+ = moderate staining, 3+ = strong staining) of KLK4 expression in murine (left panel) and human (right
panel) kidney specimens. SeeMaterials andmethods for more details. Inmice, all four control NZWkidneys had high KLK4 expression (staining 3+),
whereas all eight NZW/BW F1mice with proteinuria had low/moderate KLK4 expression (1+/2+) (Fisher’s exact test, P = 0.002). In humans, high
KLK4 expression was found in all three control kidney specimens as compared with only two out of eight LN specimens (Fisher’s exact test,
P = 0.060).
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and downregulates KLK4, a member of the kallikrein family
with presumed renoprotective properties. These results coupled
with evidence from in vivo animal studies [37] suggest that the
miR-422a/KLK4 axis could be exploited as therapeutic target
in LN.

SUPPLEMENTARY DATA

Supplementary data are available online at http://ndt.oxford
journals.org.
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