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Abstract: Glomerulonephritis (GN) represents a collection of kidney diseases characterized by
inflammation within the renal glomeruli and small blood vessels. The lesions that occur in other
nephron structures mainly result from the harmful effects of proteinuria. In recent years, an emphasis
has been placed on gaining a better insight into the pathogenesis and pathophysiology of GN in
order to facilitate diagnoses and provide efficient and targeted treatments of the disease. Owing to
the advanced molecular and genetic diagnostic techniques available today, researchers have been
able to elucidate that most cases of GN are determined by genetic risk factors and are associated
with the abnormal functioning of the immune system (the immunologically mediated forms of GN).
MicroRNAs (miRNAs) are a group of single-stranded, non-coding molecules, approximately 20
nucleotides in length, that act as regulatory factors in the post-transcriptional processes capable of
regulating the expression of multiple genes. In this paper we present the available research aiming to
determine effects of miRNAs on the development and progression of GN and discuss the potential
role of miRNAs as new diagnostic markers and therapeutic targets.

Keywords: microRNA; chronic kidney disease; IgA nephropathy; lupus nephritis; focal segmental
glomerulonephritis; minimal chance disease

1. Introduction

Glomerulonephritis (GN) is a non-homogeneous group of diseases characterized by inflammatory
lesions within the renal glomeruli and small blood vessels. The lesions observed in other nephron
structures are of a secondary nature and mainly result from the harmful effects of proteinuria. GN is
caused by the improper functioning of immunological processes, although the detailed pathogenesis of
most GN cases is yet to be understood. The large number of different forms of GN can be divided into
two major subgroups: primary and secondary. Primary forms of GN are distinguished by pathological
lesions that are initially only found in the glomeruli, where the clinical symptoms and laboratory test
deviations are caused by disorders to their structure and function. Secondary forms of GN, however,
originate from non-glomerular diseases that are rather systemic. Another way to classify GN is based
on histopathological criteria distinguishing between proliferative and non-proliferative instances of GN.
In most of the cases, histopathological lesions ensure the emergence of a typical set of clinical symptoms.
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Proliferative glomerulopathies are accompanied by the nephritic syndrome that is comprised of arterial
hypertension, active urine sediment, oliguria, and proteinuria of <3.5 g/d, while non-proliferative
glomerulopathies are accompanied by nephrotic syndrome, which is characterized by proteinuria
>3.5 g/d, hypoalbuminemia, lipid disorders, and edemas [1].

In recent years, emphasis has been placed on gaining a better insight into the pathogenesis
and pathophysiology of GN that could facilitate quicker diagnosis and a more efficient targeted
treatment. Owing to the advanced molecular and genetic diagnostic techniques available today;,
researchers have discovered that most cases of GN are determined by genetic risk factors and the
immunologically mediated forms of GN are associated with the abnormal functioning of the immune
system. In genetically predisposed persons, environmental factors may cause overexpression of certain
immunological factors which, when deposited in the glomeruli, lead to damage [2].

MicroRNAs (miRNAs) are a group of single-stranded, non-coding molecules containing
approximately 20 nucleotides that act as regulatory factors of post-transcriptional processes. These small
molecules regulate the expression of multiple genes. Up to 30% of the genes encoding human proteins
areregulated by miRNAs [3,4]. miRNAs play a significant role in ensuring that normal functioning of the
human body occurs by affecting, inter alia, cell migration, proliferation, differentiation, and apoptosis [4].
Incorrect miRNA expression may lead to the disturbance of important cellular processes, which, for
example, can lead to oncogenesis [4]. Many papers published recently have pointed to the role played
by miRNAs in the pathogenesis and development of chronic kidney disease, including various types
of GN, among those mentioned were IgA nephropathy, focal segmental glomerulosclerosis (FSGS),
and lupus nephritis (LN).

In this paper we review available reports on the effects of miRNAs on the development and
progression of GN and discuss their new roles as diagnostic markers and potential therapeutic targets.

2. The Biogenesis and Regulatory Function of MicroRNAs

As mentioned above, miRINAs are single-stranded non-coding regulatory molecules responsible
for modifying the expression of multiple genes, mainly in the post-transcriptional stage, although
they have also shown to affect the process of transcription itself in certain cases. Most miRNAs are
transcribed from DNA to pri- and then pre-miRNA, and finally cleaved to form mature miRNA.
In a majority of cases, miRNAs interact with the three prime untranslated region (3’-UTR) of the target
mRNA and cause translational inhibition or degradation of mRNA [5].

MicroRNAs were first identified in 1993 when Ambros and Ruvkun extracted the molecules from
the model nematode, Caenorhabditis elegans. Researchers isolated the lin-4 molecule, responsible for
the transition through larval stages [6,7]. Since then, more and more reports on a diverse array of
miRNAs have been published, with the molecules being extracted from numerous animal models.
Further, conserved, characteristic miRNA systems have been elucidated for many species. New miRNA
molecules have continued to be discovered, further expanding knowledge of their biogenesis and role
in gene regulation [5].

MicroRNAs form in several stages. A typical miRNA synthesis pathway begins in the nucleus,
where the original transcript, or so-called primary miRNA (pri-miRNA), is transcribed. As a result of
these hairpin-shaped structures processing, a precursor miRNA (pre-miRNA) is formed. The main
functional role of this process is facilitated by the RNA-binding protein complex, DGCRS8 (Di George
syndrome critical region gene 8), and Drosha ribonuclease, an RNase III enzyme. DGCRS binds to
the single-stranded ends of the pri-miRNA and makes it possible for the RNase catalytic domain
to specifically cleave transcripts to release pre-miRNA molecules approximately 60-100 nucleotides
in length. The pre-miRNA is then transported by Exportin 5 to the cytoplasm, where as a result of
the activity of the Dicer enzyme (another RNase III enzyme), it is cleaved into a double-stranded
miRNA-miRNA* molecule (approx. 20 nucleotides in length). The miRNA-miRNA* complex is
composed of the guide strand and the passenger strand; the latter being marked with an asterisk. By way
of numerous transformations, the passenger strand is degraded and the guide strand is incorporated
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into the RISC complex containing argonaute (AGO) proteins, and as a mature single-stranded miRNA
molecule, it is finally able to bind to the 3’ untranslated regions (3’-UTR) of mRNAs [4,5].

The Ago family proteins, mainly Ago2, are one of the most important components of the
mRNA-induced silencing complex (mRISC). Ago proteins facilitate both mRNA degradation and
translation silencing possible through facilitating interactions between microRNA molecules and their
target mRNAs. Full complementarity of the mRNA:miRNA system results in mRNA separation that
promotes transcript degradation, whereas partial complementarity results in translation inhibition [4].

miRNA molecules are of key importance to the functioning of the human system and are
responsible for the normal course of many biological processes. Disturbance to miRNA expression
promotes development of numerous diseases. For example, such a relationship has been observed
with regard to chronic kidney disease. Further, miRNA molecules have been identified as components
of extracellular fluids, including as components of urine and blood serum, and as a result they have
the potential to be used as easily available, diagnostic biomarkers [3,5].

3. microRNAs in Chronic Kidney Disease

An association has been shown between individual miRNAs and their location in given organs.
In 2004, miRNA molecules specific for the kidney were identified, namely miR-192, miR-194, miR-204,
miR-215, and miR-216 [8]. In another study, the expression of miR-192 and miR-194 was shown to
be higher in the renal cortex, and that of miR-27b in the medulla [9]. The pathology of different
renal diseases is closely related to the exact location of lesions within the kidney. Renal diseases
can be divided into two large groups: those associated with glomerular injury and those associated
with damage to the tubulointerstitial structures. Extracting miRNAs related to the injury of specific
renal structures will be very important in the context of identifying their roles as specific, diagnostic
biomarkers for renal diseases.

3.1. microRNAs in IgA Nephropathy

IgA nephropathy (IgAN) is the most prevalent type of primary GN worldwide [10]. In IgAN
patients, high serum concentrations of poorly galactosylated IgA1 can be found bound by autoantibodies
to the IgA or IgG glycans. This leads to the formation of immune complexes that are subsequently
deposited in the mesangium, and cause a number of lesions in renal tissue [11,12]. The clinical course
of IgA nephropathy is usually mild, although in 40% of the cases it may lead to end-stage renal
disease [13]. The diagnosis of IgAN is based on renal biopsy and a histopathological assessment of the
biopsy specimen. Renal biopsy is an invasive procedure and, although safe in principle, may entail
a certain level of risk to the patient. Presently, considerable attention is paid to finding non-invasive
diagnostic markers for IgAN that would be easily available, quick, specific, and correlate with the
formation of histopathological lesions and course of the disease. A relationship between miRNAs and
the occurrence of IgAN has been implicated [14].

Numerous studies have shown that the expression of various miRNAs is altered in I[gAN patients.
A study published in 2018 identified 48 miRNAs from IgAN patients in which expression levels differed
from healthy individuals of the control group [15]. Of those 48 molecules, four miRNAs having the
highest-fold increases in expression in patients with IgAN relative to the control group were singled
out; miR-148a-3p, miR-150-5p, miR-20a-5p, and miR-425-3p. The authors showed that simultaneous
increases in the expression of these four miRNAs could predict IgAN disease with high sensitivity
and specificity. Subsequently, researchers analyzed whether the presence of miRNAs depended on
the degree of the histopathological lesions according to Lee’s classification. Results indicated that
diagnostic sensitivity was higher in histopathological lesion stage I-II patients than III-IV stage patients.
In the same study, correlations between serum concentrations of selected miRNAs and the clinical
outcomes were also assessed. In these tests, researchers determined that the level of miR148a-3p
correlated positively with eGFR, which could indicate the potential role of the miRNA as a marker
that can predict eGFR changes in IgAN patients. In a study performed by Serino et al. two miRNA
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molecules, let7b and let148 were upregulated in peripheral blood mononuclear cells (PBMCs) [16].
A retrospective, multicenter study showed that joint determination of these two miRNAs allowed for
distinguishing IgAN patients both from those suffering from other forms of GN (such as minimal
change disease, membranous GN and FSGS) and healthy individuals [16,17].

In the study carried out by Wang et al. researchers showed that the expression of selected
miRNAs in the urine of IgAN patients depended on the histopathological advancement of their lesions
(Lee’s classification) as compared to patients with other GN forms, including minimal change disease
and membranous GN [18]. Four miRNAs were uniquely expressed in the group of patients with stage
I-II lesions and six were uniquely expressed in patients with stage Ill lesions. No changes were observed
in miRNA expression levels in patients with stage IV and V lesions relative to the control group.
This suggests that the changes in the levels of miRNA expression of IgAN patients may be dynamic and
related to the progression of the disease and its level of severity [18]. In another study, an association
between urine miRNA content and the clinical stage of the disease was shown in which a negative
correlation was observed between the levels of miR-200b in the urine of IgAN patients and the dynamics
of changes related to rates of glomerular filtration (eGFR). In this case, lower levels of miRNA-200b
levels were associated with faster drops in eGFR values [19]. Recently published study by Szeto et al.
verified the usability of quantified urinary miRNAs in patients with IgA nephropathy [20]. The levels of
urinary miR-204, miR-431, and miR-555 were significantly reduced, but miR-150 significantly increased
in the IgA group compared to healthy controls. It was shown that among the approved miRNA,
miR-204 has the best diagnostic accuracy, however, all of the other targeted miRNAs (miR-150, miR-431,
miR-555) also exhibited the diagnostic accuracy. Furthermore, the urinary levels of miR-555 were
correlated with the duration of disease and baseline estimated GFR. Unfortunately, none of the studied
miRNAs has revealed correlation with the estimated GFR decline or predicted disease progression.

An increasing number of studies have pointed to miRNAs having roles in the pathogenesis of
IgA nephropathy [17]. The significance of miR148b, 374b, and let-7b in regulating the galactosylation
of IgA1 in PBMCs has been shown. miR148b and let-7b inhibit the expression of the CIGALT1 and
GALNT?2 enzymes at the mRNA and proteins expression levels, whereas miR148b correlated positively
with the concentration of poorly galactosylated IgA1 [21]. Another study showed that miR374b was
overexpressed in B cells within the Chinese population and that the molecule had an inhibitory effect
on selected chaperone proteins and suppressor genes, resulting in increased B-cell proliferation and
higher serum concentrations of poorly galactosylated IgA1 [22].

miRNAs are also believed to play an essential role in the pathogenesis of IgAN by regulating
the release of proinflammatory cytokines [3]. It has been shown that miR16, 100-3p, and 877-3p
negatively regulate IL-6, IL-8, and IL-1, respectively, through affecting translation [23,24]. Expression
of miR-29b-3p is diminished in patients with IgAN. miR-29b-3p negatively regulates CDK®6 kinase
and inhibition of the expression of this miRNA increases p65 phosphorylation and induces the
TNF-x-dependent expression of IL-8 [25]. Another study showed that miR21 expression was increased
in the renal tissue of IgAN patients. Inhibition of miR21 expression reduced the expression of fibrosis
markers and PTEN activation, which suggested that miR21 may play a role in the progression of renal
tissue fibrosis in patients with IgAN [26].

Perhaps in the future, apart from their role in the diagnosis of renal diseases, miRNAs will become
therapeutic targets for IgAN treatment. Inhibiting the activity of selected miRNAs could lead to
blocking the first stage of pathogenesis of IgAN, thus reducing the levels of poorly galactosylated
IgAl, or curbing renal tissue fibrosis, thus slowing down the progression of disease. Nonetheless,
it should be remembered that each of the miRNAs is responsible for multiple transcriptional processes,
which is why miRNA inhibitors need to be used cautiously in order to minimize the risk of inducing
adverse effects [17].
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3.2. microRNAs in Lupus Nephritis

Systemic lupus erythematosus (SLE) is an autoimmune disease of unknown etiology, which is
characterized by inflammation that can be found in a large set of tissues and organs. One of the most
frequent organ manifestations of SLE is LN, which in many cases leads to end-stage renal disease. In the
progression of LN, immune complexes are deposited or formed in situ in the kidney, which invokes
cytokine responses and leads to damage to the endothelium of the glomerular capillary loops and
small renal vessels, podocytes, tubules, and renal interstitium. Lesions in the kidneys are observed
in approximately 50% of patients diagnosed with SLE. The degree of renal lesions is assessed on the
basis of biopsies and the histopathological classification of the lesions is done according to ISN/RPS
(International Society of Nephrology/Renal Pathology Society), which distinguishes VI classes [1].

The first association between miRNAs and LN was shown in 2009 by Dai et al. who identified
66 miRNAs in renal biopsy specimens from LN patients in which the expression of miRNAs was
modified as compared to healthy individuals of the control group [27]. In another study, five miRNAs
were singled out in PMBCs, namely hsa-miR-371-5P, hsa-miR-423-5P, hsa-miR-638, hsa-miR-1224-3P,
and hsa-miR-663, in which expression levels were modified in LN patients independent of race [28].
Reduced levels of miR-200a, miR-200c, miR-141, miR-429, and miR-192 have also been observed in
LN patients in comparison to healthy individuals [29]. Increased miRNA-146a content in the renal
tissue affected by LN lesions has also been shown, while no elevated expression of the same molecule
was found in the healthy renal parenchyma [30]. The miRNA composition of urine sediment of LN
patients may facilitate diagnosis, since it has been shown that the determination of urine miR-192 and
miR-27b levels can be used as a diagnostic marker in patients with LN [31].

Recently, studies have also confirmed the important role of miRNAs in LN. In a 2018 study,
elevated plasma concentrations of miR-125a, miR146a, and miR155 were shown in LN patients
compared to the control group comprising healthy individuals [32]. The plasma content of miR146a
has also been correlated with the anti-dsDNA levels and proteinuria, whereas the levels of miR-142-3p
correlate with the clinical course of the disease. Moreover, a joint determination of the plasma content
of miR-125a, miR-142-3p, miR-146, and miR-155 provided a high-sensitivity and high-specificity means
for diagnosing LN. In another study, miR-146a-5p displayed a positive correlation with creatinine
content, but not with the levels of albumin and the urine protein to creatinine ratio. The authors
suggested that miR-146a-5p could be used as a marker for early stages of the disease, where the
plasma content of albumin and the urine protein to creatinine ratio are still within the norm [33].
In a study published in 2019, the PBMC miRNA concentration was determined in women with SLE,
where kidneys were not affected, those with inactive disease, in patients with active LN, and a group of
healthy individuals [34]. An increased expression of miR-21 and miR-155 was found in patients with
active LN when compared to all of the other groups. Moreover, the authors suggested that miR-21 and
miR-155 could potentially serve as potential diagnostic markers of LN.

In a study by Navarro-Quiroz et al. not only differences in abundance of plasma circulating
microRNAs in LN have been measured, but also particular microRNAs have been assessed as potential
contributors to LN pathogenesis [35]. In this study, increased levels of plasma miR-107-3p have
been observed in LN individuals compared to healthy subjects. The authors conclude that altered
miR-107-3p concentrations contribute to LN manifestation by causing a deficiency in E-cadherin
and therefore causing disturbed intercellular communication. Lower levels of another microRNA —
miR-375-3p observed in LN patients are believed to cause overexpression of SLK (Ste-20 like-kinase)
leading to dysregulation of podocyte cytoskeleton and as a consequence to proteinuria. Likewise,
miR-150 overexpressed in LN induces synthesis and release of profibrotic molecules through JAK/STAT
signaling pathway contributing to cell-proliferation, inflammatory state, and fibrosis [36].

3.3. microRNAs in Focal Segmental Glomerulosclerosis and Minimal Change Disease

FSGS, or focal segmental glomerulosclerosis, is comprised of group of forms of GN that are caused
by podocyte injury resulting in subsequent glomerulosclerosis and mesangial matrix expansion [37].
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FSGS is a nephrotic syndrome that occurs both in adults and children [14]. Currently, the diagnosis of
FSGS is solely based on a histopathological assessment of renal biopsy specimens, and no non-invasive
diagnostic markers for this type of GN have been yet identified. Minimal change disease (MCD),
is another nephropathy capable of developing into nephrotic syndrome. It is characterized by a lack of
visible abnormalities when histopathological sections of renal biopsy specimens are observed using
a light microscope; however, when viewed with an electron microscope, characteristic lesions in the
form of flattened podocyte foot processes are visible [38]. Although MCD diagnosis is quite simple
in children since the disorder is responsible for most nephrotic syndrome cases of this age group.
Therefore, in children, the diagnosis can be made based on clinical symptoms and the response to
steroid therapy without taking renal biopsies. For adults, however, diagnosing MCD can be more
problematic. Therefore, finding markers specific for this disease, e.g., by identifying specific marker
microRNAs, could expand diagnostic possibilities with respect to MCD considerably and facilitate the
monitoring of the course of the disease in patients.

In 2013, a study was published which assessed the association of miR-192 and miR-205 with the
occurrence and course of FSGS and MCD [39]. The FSGS patients had higher plasma concentrations of
both miRNAs tested than MCD patients. miR-192 content correlated positively with the severity of
proteinuria both in the FSGS and MCD groups of patients, whereas the content of mi-205 correlated
positively with proteinuria only in the FSGS group. Further, the miR-192 concentration correlated with
the degree of interstitial fibrosis in FSGS patients. The authors drew the conclusion that the tested
miRNA molecules could be used as a marker differentiating these two diseases. In a 2015 pilot study,
miRNA concentrations in FSGS and MCD patients were also assessed [40]. In this study, 126 and 155
miRNAs were extracted from plasma and urine, respectively, the concentrations of which differed
between FSGS and MCD patients. The plasma levels of miR-30b, miR-30c, miR-34b, miR34c, miR342,
and miR-1225-5p were higher in MCD patients than both FSGS patients and the control group of
healthy individuals, while the urine levels of miR-1915 and miR-663 were lower in FSGS patients than
in patients with MCD, and the urine content of miR-155 in patents with FSGS was higher than those
suffering from MCD and the control group. In their initial conclusions, the authors assumed that the
miRNA profile was characteristic of each of these disease entities, and further research could contribute
to identifying specific markers useful in differentiating both diseases. Another study assessed the
association between urine concentrations of selected miRNAs and the activity and clinical course
of FSGS [41]. miR-196a, miR-30a-5P, and miR-490 differentiated the active from of the disease from
FSGS in remission. After steroid therapy, concentrations of the miRNAs dropped in those patients
who demonstrated a response to the treatment and remained stable in those without any clinical
response. Through this analysis, a relationship was demonstrated between the levels of these miRNAs
and FSGS activity. In a more recent 2018 study, researchers found that the plasma levels of miR-17,
miR-451, miR-106a, and miR-19b were significantly reduced in FSGS patients compared to the healthy
individuals [14]. In the same study, the panel of the studied miRNAs correlated with histopathological
lesions secondary to FSGS, but no such correlation was found for clinical parameters, such as glomerular
filtration rate, the degree of proteinuria, or the plasma concentration of albumin. The upregulated
expression of three of the studied miRNAs, miR-17, miR-451, and miR-106a, was associated with
complete remission of FSGS.

The microRNAs play also an important role in the pathogenesis of FSGS [36]. As stated above,
FSGS is caused by the occurrence of podocyte injury. The group of mRNAs — miR-30, miR-132, miR-134,
and miR-29a - is highly expressed in human podocytes, showing a beneficial effect in protection
against apoptosis and in controlling the calcium/calcineurin signaling pathway. This pathway is
responsible for valid maintenance of podocyte cytoskeleton and its disturbed functioning can lead to
FSGS manifestation. Therefore, the expression levels of miR-30 and its family are lower in patients
with FSGS. Moreover, increased levels of miR-193a have been identified in individuals with FSGS in
comparison to healthy kidneys and other kidney diseases [36]. The over expression of this microRNA
has been linked to an abnormal activation of podocytes and formation of extracapillary lesions observed
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in FSGS. Following the evidence that the occurrence of crescents within glomeruli in FSGS patients
could be reversed after targeting the miR-193a, there is a hope for miR-193a to become a therapeutic
target for FSGS treatment.

4. Conclusions

Despite the advancements in medicine, the diagnosis and monitoring of the disease course
and response to treatment of different forms of GN remain a challenge to clinicians. Currently,
a histopathological assessment of renal biopsy specimens is the only commonly practiced diagnostic
mean to evaluate GN. Renal biopsy is an invasive method, which is why it is important for new,
non-invasive diagnostic markers to identify GN. Presently, microRNAs, single-stranded non-coding
nucleotide molecules responsible for regulating the expression of multiple genes, are attractive potential
markers of GN. Some evidence also suggests the role of miRNA in the pathogenesis or as potential
therapeutic agents, especially in IgA nephropathy. Nonetheless, further multicenter studies are
required in order to assess the exact utility of microRNAs in the general diagnosis and monitoring of
the course of selected forms of GN. The exact role of microRNAs as therapeutic strategies in GN is also
yet to be determined.

Author Contributions: Conceptualization, project administration and supervision, manuscript revision, A.P. and
V.D,; literature search, review and interpretation, manuscript writing, M.N.; review and interpretation, helped
with manuscript writing, K.G. and M.M.-M,; final editing, E.S.-K.

Funding: The project was financed by the Minister of Science and Higher Education in the “Regional initiative of
excellence” program, in years 2019-2022, No. 002/RID/2018/19.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gajewski, P. Interna Szczeklika. Maty podrecznik 2018/2019, 10th ed.; Medycyna Praktyczna: Krakéw, Poland,
2018; pp. 905-917.

2. Couser, W.G.; Couser, W.G. Pathogenesis and treatment of glomerulonephritis-an update. J. Bras. Nefrol.
2016, 38, 107-122. [CrossRef]

3.  Zhao, H,; Ma, S.X,; Shang, Y.Q.; Zhang, H.Q.; Su, W. MicroRNAs in chronic kidney disease. Clin. Chim. Acta
2019, 491, 59-65. [CrossRef]

4. Grenda, A; Budzynski, M.; Filip, A.A. Biogeneza czasteczek mikroRNA oraz ich znaczenie w powstawaniu i
przebiegu wybranych zaburzeri hematologicznych. Postepy Hig. Med. Dosw. 2013, 67, 174-185. [CrossRef]

5. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions,
and Circulation. Front. Endocrinol. (Lausanne) 2018, 9, 402. [CrossRef] [PubMed]

6. Lee, R.C; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993, 75, 843-854. [CrossRef]

7. Wightman, B.; Ha, I.; Ruvkun, G. Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4
mediates temporal pattern formation in C. elegans. Cell 1993, 75, 855-862. [CrossRef]

8.  Sun, Y;; Koo, S.; White, N.; Peralta, E.; Esau, C.; Dean, N.M.; Perera, R.J. Development of a micro-array to
detect human and mouse microRNAs and characterization of expression in human organs. Nucleic Acids Res.
2004, 32, e188. [CrossRef] [PubMed]

9. Tian, Z.; Greene, A.S.; Pietrusz, ].L.; Matus, LR,; Liang, M. MicroRNA-target pairs in the rat kidney identified
by microRNA microarray, proteomic, and bioinformatic analysis. Genome Res. 2008, 18, 404-411. [CrossRef]
[PubMed]

10. Wyatt, R].; Julian, B.A. IgA Nephropathy. N. Engl. ]. Med. 2013, 368, 2402-2414. [CrossRef] [PubMed]

11.  Durlik, M.; Perkowska-Ptasiriska, A. Nefropatia IgA. Nefrol. Dial. Pol. 2016, 20, 54-61.

12.  Knoppova, B.; Reily, C.; Maillard, N.; Rizk, D.V.; Moldoveanu, Z.; Mestecky, J.; Raska, M.; Renfrow, M.B.;
Julian, B.A.; Novak, J. The Origin and Activities of IgA1- Containing Immune Complexes in IgA Nephropathy.
Front. Immunol. 2016, 7, 117. [CrossRef] [PubMed]

13. Han, L,; Fang, X.; He, Y.; Ruan, X.Z. ISN Forefronts Symposium 2015: IgA Nephropathy, the Gut Microbiota,
and Gut-Kidney Crosstalk. Kidney Int. Rep. 2016, 1, 189-196. [CrossRef]


http://dx.doi.org/10.5935/0101-2800.20160016
http://dx.doi.org/10.1016/j.cca.2019.01.008
http://dx.doi.org/10.5604/17322693.1038361
http://dx.doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1016/0092-8674(93)90530-4
http://dx.doi.org/10.1093/nar/gnh186
http://www.ncbi.nlm.nih.gov/pubmed/15616155
http://dx.doi.org/10.1101/gr.6587008
http://www.ncbi.nlm.nih.gov/pubmed/18230805
http://dx.doi.org/10.1056/NEJMra1206793
http://www.ncbi.nlm.nih.gov/pubmed/23782179
http://dx.doi.org/10.3389/fimmu.2016.00117
http://www.ncbi.nlm.nih.gov/pubmed/27148252
http://dx.doi.org/10.1016/j.ekir.2016.08.002

Int. J. Mol. Sci. 2019, 20, 5050 8of9

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Xiao, B.; Wang, L.N.; Li, W,; Gong, L.; Yu, T.; Zuo, Q.F,; Zhao, HW.; Zou, H.W. Plasma microRNA panel
is a novel biomarker for focal segmental glomerulosclerosis and associated with podocyte apoptosis.
Cell Death Dis. 2018, 9, 533. [CrossRef] [PubMed]

Wu, J.; Zhang, H.; Wang, W.; Zhu, M.; Qi, LW.; Wang, T.; Cheng, W.; Zhu, J.; Shan, X.; Huang, Z,; et al.
Plasma microRNA signature of patients with IgA nephropathy. Gene 2018, 649, 80-86. [CrossRef] [PubMed]
Serino, G.; Pesce, E; Sallustio, F; De Palma, G.; Cox, S.N.; Curci, C.; Zaza, G.; Lai, KN.; Leung, ] CK,;
Tang, S.C.W.; et al. In a retrospective international study, circulating miR-148b and let-7b were found to be
serum markers for detecting primary IgA nephropathy. Kidney Int. 2016, 89, 683-692. [CrossRef]
Selvaskandan, H.; Pawluczyk, I.; Barratt, J. MicroRNAs: A new avenue to understand, investigate and treat
immunoglobulin A nephropathy? Clin. Kidney J. 2018, 11, 29-37. [CrossRef]

Wang, N.; Bu, R;; Duan, Z.; Zhang, X.; Chen, P,; Li, Z.; Wu, J.; Cai, G.; Chen, X. Profiling and initial validation
of urinary microRNAs as biomarkers in IgA nephropathy. Peer]. 2015, 3, €990. [CrossRef]

Wang, G.; Kwan, B.C.; Lai, EM.; Chow, K.M.; Kam-Tao, L.P; Szeto, C.C. Expression of microRNAs in the
urinary sediment of patients with IgA nephropathy. Dis. Markers 2010, 28, 79-86. [CrossRef]

Szeto, C.C.; Wang, G.; Ng, ].K.; Kwan, B.C.; Mac-Moune Lai, F; Chow, KM,; Luk, C.C,; Lai, K.B.; Li, PK.
Urinary miRNA profile for the diagnosis of IgA nephropathy. BMC Nephrol. 2019, 20, 77. [CrossRef]
Serino, G.; Sallustio, F.; Cox, S.N.; Pesce, F.; Schena, F.P. Abnormal miR-148b Expression Promotes Aberrant
Glycosylation of IgA1 in IgA Nephropathy. J. Am. Soc. Nephrol. 2012, 23, 814-824. [CrossRef]

Hu, S.; Bao, H.; Xu, X.; Zhou, X.; Qin, W.; Zeng, C.; Liu, Z. Increased miR-374b promotes cell proliferation and
the production of aberrant glycosylated IgAl in B cells of IgA nephropathy. FEBS Lett. 2015, 589, 4019-4025.
[CrossRef] [PubMed]

Liang, Y.; Zhao, G.; Tang, L.; Zhang, J.; Li, T.; Liu, Z. MiR-100-3p and miR-877-3p regulate overproduction of
IL-8 and IL-1p in mesangial cells activated by secretory IgA from IgA nephropathy patients. Exp. Cell Res.
2016, 347, 312-321. [CrossRef] [PubMed]

Liang, Y;; Zhang, J.; Zhou, Y,; Xing, G.; Zhao, G.; Liu, Z. Proliferation and Cytokine Production of Human Mesangial
Cells Stimulated by Secretory IgA Isolated from Patients with IgA Nephropathy. Cell Physiol. Biochem. 2015, 36,
1793-1808. [CrossRef] [PubMed]

Xing, L.N.; Wang, H.; Yin, PH.; Liu, Y.J.; Chi, Y.F; Wang, Y.M.; Peng, W. Reduced mir-29b-3p expression
up-regulate CDK6 and contributes to IgA nephropathy. Int. J. Clin. Exp. Med. 2014, 7, 5275-5281. [PubMed]
Bao, H.,; Hu, S.; Zhang, C.; Shi, S.; Qin, W.; Zeng, C.; Zen, K,; Liu, Z. Inhibition of miRNA-21 prevents
fibrogenic activation in podocytes and tubular cells in IgA nephropathy. Biochem. Biophys. Res. Commun.
2014, 444, 455-460. [CrossRef] [PubMed]

Dai, Y.; Sui, W,; Lan, H.; Yan, Q.; Huang, H.; Huang, Y. Comprehensive analysis of microRNA expression
patterns in renal biopsies of lupus nephritis patients. Rheumatol. Int. 2009, 29, 749-754. [CrossRef] [PubMed]
Te, ].L.; Dozmorov, LM.; Guthridge, ].M.; Nguyen, K.L.; Cavett, ] W.; Kelly, J.A.; Gail, R.B.; Harley, ].B.;
Ohwang, J.O. Identification of Unique MicroRNA Signature Associated with Lupus Nephritis. PLoS ONE
2010, 5, €10344. [CrossRef]

Wang, G.; Tam, L.; Li, E.; Kwan, B.C.H.; Chow, KM.; Luk, C.C.W,; Li, PK.T.; Szeto, C.C. Serum and urinary
free microRNA level in patients with systemic lupus erythematosus. Lupus 2011, 20, 493-500. [CrossRef]
Lu, J; Kwan, B.C; Lai, EM,; Tam, L.S.; Li, EK.; Chow, KM.; Wang, G.; Li, PK,; Szeto, C.C. Glomerular
and tubulointerstitial miR-638, miR-198 and miR-146a expression in lupus nephritis. Nephrology 2012, 17,
346-351. [CrossRef]

Mukhadi, S.; Hull, R.; Mbita, Z.; Dlamini, Z. The Role of MicroRNAs in Kidney Disease. Noncoding RNA
2015, 1, 192-221. [CrossRef]

Zununi Vahed, S.; Nakhjavani, M.; Etemadi, J.; Jamshidi, H.; Jadidian, N.; Pourlack, T.; Abediazar, S. Altered
levels of immune-regulatory microRNAs in plasma samples of patients with lupus nephritis. Bioimpacts
2018, 8, 177-183. [CrossRef] [PubMed]

Su, YJ.; Lin, I.C.; Wang, L.; Lu, C.H.; Huang, Y.L.; Kuo, H.C. Next generation sequencing identifies
miRNA-based biomarker panel for lupus nephritis. Oncotarget 2018, 9, 27911-27919. [CrossRef] [PubMed]
Khoshmirsafa, M.; Kianmehr, N.; Falak, R.; Mowla, S.].; Seif, E.; Mirzaei, B.; Valizadeh, M.; Shekarabi, M.
Elevated expression of miR-21 and miR-155 in peripheral blood mononuclear cells as potential biomarkers
for lupus nephritis. Int. J. Rheum. Dis. 2019, 22, 458-467. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/s41419-018-0569-y
http://www.ncbi.nlm.nih.gov/pubmed/29748623
http://dx.doi.org/10.1016/j.gene.2018.01.050
http://www.ncbi.nlm.nih.gov/pubmed/29459010
http://dx.doi.org/10.1038/ki.2015.333
http://dx.doi.org/10.1093/ckj/sfx096
http://dx.doi.org/10.7717/peerj.990
http://dx.doi.org/10.1155/2010/396328
http://dx.doi.org/10.1186/s12882-019-1267-4
http://dx.doi.org/10.1681/ASN.2011060567
http://dx.doi.org/10.1016/j.febslet.2015.10.033
http://www.ncbi.nlm.nih.gov/pubmed/26545495
http://dx.doi.org/10.1016/j.yexcr.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27542871
http://dx.doi.org/10.1159/000430151
http://www.ncbi.nlm.nih.gov/pubmed/26184511
http://www.ncbi.nlm.nih.gov/pubmed/25664031
http://dx.doi.org/10.1016/j.bbrc.2014.01.065
http://www.ncbi.nlm.nih.gov/pubmed/24468088
http://dx.doi.org/10.1007/s00296-008-0758-6
http://www.ncbi.nlm.nih.gov/pubmed/18998140
http://dx.doi.org/10.1371/journal.pone.0010344
http://dx.doi.org/10.1177/0961203310389841
http://dx.doi.org/10.1111/j.1440-1797.2012.01573.x
http://dx.doi.org/10.3390/ncrna1030192
http://dx.doi.org/10.15171/bi.2018.20
http://www.ncbi.nlm.nih.gov/pubmed/30211077
http://dx.doi.org/10.18632/oncotarget.25575
http://www.ncbi.nlm.nih.gov/pubmed/29963250
http://dx.doi.org/10.1111/1756-185X.13410
http://www.ncbi.nlm.nih.gov/pubmed/30398001

Int. ]. Mol. Sci. 2019, 20, 5050 90f9

35.

36.

37.

38.

39.

40.

41.

Navarro-Quiroz, E.; Pacheco-Lugo, L.; Navarro-Quiroz, R.; Lorenzi, H.; Espafia-Puccini, P.; Diaz-Olmos, Y.;
Olave, V.; Gonzalez-Torres, H.; Diaz-Perez, A.; Dominguez, A.; et al. Profiling analysis of circulating
microRNA in peripheral blood of patients with class IV lupus nephritis. PLoS ONE 2017, 12, e0187973.
[CrossRef] [PubMed]

Trionfini, P.; Benigni, A. MicroRNAs as master regulators of glomerular function in health and disease.
J. Am. Soc. Nephrol. 2017, 28, 1686-1696. [CrossRef]

Rosenberg, A.Z.; Kopp, J.B. Focal Segmental Glomerulosclerosis. Clin. J. Am. Soc. Nephrol. 2017, 12, 502-517.
[CrossRef] [PubMed]

Vivarelli, M.; Massella, L.; Ruggiero, B.; Emma, F. Minimal Change Disease. Clin. . Am. Soc. Nephrol. 2017,
12, 332-345. [CrossRef]

Cai, X,; Xia, Z.; Zhang, C; Luo, Y,; Gao, Y,; Fan, Z.; Liu, M.; Zhang, Y. Serum microRNAs levels in primary
focal segmental glomerulosclerosis. Pediatr. Nephrol. 2013, 28, 1797-1801. [CrossRef]

Ramezani, A.; Devaney, ].M.; Cohen, S.; Wing, M.R.; Scott, R.; Knoblach, S.; Singhai, R.; Howard, L.; Kopp, ].B.;
Raj, D.S. Circulating and urinary microRNA profile in focal segmental glomerulosclerosis: A pilot study.
Eur. |. Clin. Invest. 2015, 45, 394-404. [CrossRef]

Zhang, W.; Zhang, C.; Chen, H.; Li, L.; Tu, Y;; Liu, C.; Shi, S.; Zen, K,; Liu, Z. Evaluation of MicroRNAs
miR-196a, miR-30a-5P, and miR-490 as Biomarkers of Disease Activity among Patients with FSGS.
Clin. J. Am. Soc. Nephrol. 2014, 9, 1545-1552. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0187973
http://www.ncbi.nlm.nih.gov/pubmed/29136041
http://dx.doi.org/10.1681/ASN.2016101117
http://dx.doi.org/10.2215/CJN.05960616
http://www.ncbi.nlm.nih.gov/pubmed/28242845
http://dx.doi.org/10.2215/CJN.05000516
http://dx.doi.org/10.1007/s00467-013-2434-7
http://dx.doi.org/10.1111/eci.12420
http://dx.doi.org/10.2215/CJN.11561113
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Biogenesis and Regulatory Function of MicroRNAs 
	microRNAs in Chronic Kidney Disease 
	microRNAs in IgA Nephropathy 
	microRNAs in Lupus Nephritis 
	microRNAs in Focal Segmental Glomerulosclerosis and Minimal Change Disease 

	Conclusions 
	References

