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Abstract

Purpose of review—microRNAs (miRNAs) are short noncoding RNAs that function as 

sequence-specific inhibitors of gene expression. Autosomal dominant polycystic kidney disease 

(ADPKD) is the most frequent genetic cause of end-stage kidney failure with limited treatment 

options. The realization that miRNA upregulation, and thus its gain-of-function, can drive the 

progression of ADPKD has raised the possibility that anti-miRs represent a novel drug class for 

this disorder.

Recent findings—A common set of miRNAs are aberrantly expressed in various murine models 

of polycystic kidney disease. In particular two miRNAs, miR-17 family and miR-21, are both 

upregulated in kidney cysts and promote ADPKD progression in mouse models. miR-17 rewires 

cyst epithelial metabolism to enhance cyst proliferation. On the other hand, miR-21 represses 

proapoptotic genes and thus inhibits cyst apoptosis. Importantly, an anti-miR-17 drug has 

advanced through preclinical ADPKD studies, whereas an anti-miR-21 drug has already cleared 

phase I clinical trial.

Summary—miRNAs have emerged as new regulators of ADPKD pathogenesis. Anti-miRs 

represent a feasible and an entirely new class of drugs for the treatment of ADPKD.
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INTRODUCTION

microRNAs (miRNAs) were first discovered in the early 1990s in the model organism 

Caenorhabditis Elegans as short, noncoding RNAs (~22-nucleotide in length) that inhibit 

posttranscriptional gene expression [1]. It wasn’t until the year 2000 that miRNAs were 

found to be evolutionarily conserved in higher organisms including humans. Since then, a 

groundswell of miRNA-related research has linked these noncoding RNAs to virtually all 

aspects of mammalian biology [2] and more importantly, aberrant miRNA function is now 

known to regulate pathogenesis of common human disorders, including cancer, heart 
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disease, and many forms of kidney diseases [3–5]. The improved understanding of basic 

miRNA biology and its role in disease pathogenesis has led to the development of an 

entirely new class of drugs that either inhibit or mimic miRNA function.

Over 1000 different miRNAs are encoded by the human genome, a majority of which are 

conserved in other species. Within the genome, miRNAs are either present in intergenic 

DNA regions as independent transcriptional units or located inside introns or even exons of 

protein-coding genes. Initially transcribed as a primary-miRNA (pri-miRNA) transcript that 

is several kilo-bases in length, the mature miRNA is eventually produced by sequential 

processing by RNAse III enzymes DROSHA and DICER (Fig. 1) [6,7]. The mature miRNA 

then physically associates with a protein complex called miRNA-induced silencing complex, 

in which it functions as a sequence-specific inhibitor of mRNA translation. The specificity 

of miRNA–mRNA interaction is conferred by a stretch of nucleotides at position 2 through 8 

at the 5’ end of the mature miRNA called the ‘seed sequence’. Watson–Crick base-pairing 

between the seed sequence and complementary sequences located primarily in the 3’-

untranslated region (3’-UTR) of target mRNA results in its destabilization and thus prevents 

its translation into proteins.

miRNAs are essential for ureteric bud branching, renal vesicle formation, renal tubule 

elongation, and proper patterning of the renal stroma [8–11]. Thus, miRNAs are required for 

multiple aspects of normal kidney development. Conversely, dysregulated miRNA 

expression is thought to promote common chronic kidney diseases such as autosomal 

dominant polycystic kidney disease (ADPKD) [3,4]. In this review, we provide a brief 

overview of the role of miRNAs in the pathogenesis of ADPKD. In particular, we have 

highlighted two pathogenic miRNAs – miR-17 family and miR-21 – and discussed the 

potential of a miRNA-based therapeutic approach for ADPKD.

microRNAs THAT PROMOTE AUTOSOMAL DOMINANT POLYCYSTIC 

KIDNEY DISEASE PROGRESSION

ADPKD is amongst the most common monogenetic disorders known to humans. With an 

incidence of approximately 1 : 800 live births, an estimated 600 000 people with ADPKD 

live in the United States, and there are over 12.4 million ADPKD patients worldwide. The 

clinical hallmark of this disorder is massive bilateral kidney enlargement due to the presence 

of innumerable, fluid-filled, renal tubule-derived cysts. Over the span of decades, the cysts 

become more numerous and enlarge causing kidney failure. Nearly 50% of ADPKD patients 

develop end-stage renal disease requiring dialysis or kidney transplantation [12].

ADPKD is caused by mutation of either polycystic kidney disease (PKD)1 or PKD2. Over 

the years, dysregulation of multiple cellular processes such as enhanced cyst epithelial 

proliferation, low levels of apoptosis, excessive fluid secretion, rewiring of mitochondrial 

metabolism and inflammatory response, and aberrant polarity have been shown to underlie 

kidney cyst growth. Considering that dys-regulation of so many critical cellular processes is 

observed, it is not surprising that many well studied signaling pathways including 

mammalian Target of Rapamycin signaling, c-Myc, Janus kinase/signal transducer and 

activator of transcription, and cyclic adenosine monophosphate (cAMP)/cAMP response 
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element-binding protein (CREB) are aberrantly activated in ADPKD [13]. Recently, 

miRNA-regulated signaling has emerged as a new mechanism to explain imbalance in 

proliferation and apoptosis of cyst epithelial cells. Specifically, two miRNAs – miR-17~92 

cluster and miR-21 – have been shown to have proproliferative and antiapoptotic effects, 

respectively, on cyst epithelial cells.

miR-17 rewires metabolism and promotes cyst proliferation

miR-17~92, also called ‘oncomir-1’ for its role in cancer, is a conserved miRNA cluster 

located on human chromosome 13 within the third intron of the nonprotein coding gene 

MIR17HG. This cluster is transcribed as a large pri-miR-17~92 transcript, which in turn is 

processed into smaller fragments to eventually produce six mature miRNAs: miR-17, 

miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92–1. Functionally, these miRNAs can 

be classified into four families: miR-17 family (miR-17 and miR-20a), miR-18 family, 

miR-19 family (miR-19a and miR-19b-1), and miR-25 family (miR-92a-1). Members of 

each family harbor an identical seed sequence and thus are predicted to inhibit same mRNA 

targets. Interestingly, evolutionarily ancient MIR17HG gene duplication events have given 

rise to two paralogous miRNA clusters, miR-106a~363 (located on human chromosomeX) 

and miR-106b~25 (located on human chromo-some 7), both of which generate miRNAs that 

are homologous to miRNAs derived from the miR-17~92 cluster. Although miR-17~92 is 

abundantly expressed across most tissues, especially during embryogenesis, its paralogous 

clusters exhibit very low levels of expression. Accordingly, germline deletion of miR-17~92 

leads to perinatal lethality in mice due to lung, heart, skeletal, and hematopoietic 

development defects, whereas germline deletion of miR-106a~363 or miR-106b~25 does not 

produce any obvious phenotypes [14]. Thus, amongst the three clusters, miR-17~92 appears 

to be indispensable, and its physiological function is to aid in normal embryogenesis. 

Further supporting this notion, microdeletions of miR-17~92 has been shown to cause a 

human developmental disorder called Feingold syndrome, which is characterized by mental 

retardation, skeletal, heart, kidney, and gastrointestinal developmental defects [15].

Similar to many other developmental genes, miR-17 expression is activated in adult injured 

tissues, for example after acute kidney injury, and its proproliferative function is often 

repurposed to promote diseases such as ADPKD. In fact, several lines of evidence have now 

conclusively linked miR-17 92 to ADPKD pathogenesis [16,17▀ ▀]. We have shown that 

miR-17~92 transcription is elevated in multiple orthologous ADPKD mouse models. The 

oncogene c-Myc binds to the miR-17~92 promoter in kidney cells and activates miR-17~92 

expression in cystic kidneys. Transgenic overexpression of either c-Myc or miR-17~92 in 

normal mice produces kidney cysts proving direct pathogenicity of the c-Myc-miR-17~92 

axis in ADPKD. In an opposite approach, we have demonstrated that inactivation of 

miR-17~92 in a variety of ADPKD mouse models slows cyst proliferation, reduces cyst size, 

improves renal function, and substantially prolongs survival. This benefit is observed 

irrespective of whether Pkd1 or Pkd2 were mutated, the type of Pkd1/2 mutation (i.e., 

inactivating vs. hypomorphic), or the dynamics of cyst growth (i.e., fast and aggressive vs. 

slow and long-lived). Importantly, expression of miR-17 is increased in a subset of cysts in 

humans with ADPKD. Moreover, miR-17 inhibition slows cyst growth in an in-vitro human 
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ADPKD model, suggesting that the observations in mouse models may be translatable to 

human.

Two main themes have emerged regarding how miR-17~92 may promote ADPKD 

progression. In keeping with the idea that miRNAs can regulate entire signaling nodes by 

repressing multiple mRNA targets within the same pathway, the first theme is that the 

miR-17~92 cluster miRNAs inhibit a network of cystic kidney diseases genes including 

PKD1, PKD2, and HNF1 β [18]. How could inhibition of PKD1/2 promote ADPKD 

progression when these genes are already mutated? Recent studies have shown that a 

substantial portion of ADPKD patients harbor hypomorphic PKD1/2 mutations, which do 

not inactivate the gene but instead reduce the gene dosage [19–21]. In this context, further 

reduction in gene dosage by miR-17 would aggravate cyst growth. miR-17~92 is also known 

to be upregulated in other forms of cystic kidney diseases such as autosomal recessive PKD 

and nephronophthisis [16,17▀ ▀]. Thus, by reducing PKD1/2 and HNF1 β gene dosage, 

miR-17~92 could potentially aggravate these diseases as well.

The second theme involves miR-17-mediated rewiring of mitochondrial metabolism 

[17▀ ▀]. Rather than ATP, a more pressing need for proliferating cells is to use nutrients to 

produce building blocks for the formation of a new cell [22,23]. c-Myc rewires metabolism 

of cancer cells so that instead of primarily being used to generate ATP via mitochondrial 

oxidative phosphorylation (OXPHOS), carbon can be shuttled to produce DNA, proteins, 

and lipids for cell membranes/organelles [24]. Our recent work has shown that miR-17 

functions downstream of c-Myc to inhibit OXPHOS through direct repression of PPARα, a 

transcription factor that activates the expression of many OXPHOS and fatty acid oxidation 

(FAO) genes (Fig. 2) [17▀ ▀]. Moreover, we found that genetic deletion of Pparα worsens, 

whereas its activation slows cyst growth in ADPKD mouse models. Whether reduced 

OXPHOS can independently drive ADPKD progression has not been formally studied. 

However, several lines of circumstantial evidence indeed support this idea. First, OXPHOS 

is reduced in Pkd1-null cells [25]. Second, mutations in several OXPHOS genes produce 

human syndromes that are characterized by kidney cysts [26–28], and finally, many PPARα 
OXPHOS/FAO target genes are downregulated in human ADPKD cysts [29].

miR-21 inhibits apoptosis and promotes survival of cyst epithelial cells

miR-21 is located on the human chromosome 17 within the last exon of the protein-coding 

gene VMP1. Despite this intragenic location, miR-21 functions as an independent 

transcriptional unit and is transactivated through its own unique promoter located inside 

intron 10 of VMP1. Even though miR-21 is widely expressed in multiple cell types and 

tissues, including renal tubules, miR-21-null mice are viable and fertile indicating that 

miR-21 is not needed for normal development. Instead, its physiological function may be to 

aid in maintaining tissue homeostasis. Indeed, miR-21 is upregulated after injury in multiple 

tissues and where it functions as an antiapoptotic, prosurvival miRNA.

miR-21 has primarily been implicated in the pathogenesis of diseases in two broad 

categories of cancer and fibrosis [30,31]. With regard to the kidney, robust miR-21 

upregulation is observed in the setting of persistent tubular injury and inhibiting miR-21 is 

effective in abrogating progressive fibrosis[32]. In contrast to these findings, at least one 
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study so far has shown that loss of miR-21 induces podocyte apoptosis and worsens fibrosis 

in diabetic nephropathy mouse models [33]. We have recently demonstrated that 

transcriptional activation of miR-21 is a common feature of the murine form of ADPKD 

[34▀ ▀]. Moreover, miR-21 is also upregulated in human ADPKD cysts. Interestingly, we 

found that cAMP/CREB signaling, a critical pathogenic pathway in ADPKD, transactivates 

the miR-21 promoter. Accordingly, treatment with tolvaptan, which reduces renal cAMP 

levels and has been approved for ADPKD treatment outside of the United States, reduces 

miR-21 expression in mouse models. We found that, like tolvaptan treatment, miR-21 

genetic deletion attenuates cyst growth in an ADPKD mouse model. The potential 

mechanism by which miR-21 aggravates cyst growth may involve direct inhibition of the 

proapoptotic tumor suppressor PDCD4. In support of this notion, miR-21 deletion was 

associated with upregulation of Pdcd4 expression and elevated rates of cyst cell apoptosis. 

Moreover, a subset of Pdcd4−/− mice is known to develop kidney cysts spontaneously [35]. 

Thus, cAMP/CREB-miR-21-PDCD4 represents a new signaling axis in ADPKD.

THE POTENTIAL OF A microRNA-BASED THERAPEUTIC APPROACH FOR 

AUTOSOMAL DOMINANT POLYCYSTIC KIDNEY DISEASE

The realization that miRNA upregulation, and thus its gain-of-function, can drive the disease 

progression has led to the development of a novel drug class called anti-miRs [36,37▀ ▀]. 

Anti-miRs basically are synthetic oligonucleotides that are complementary to specific 

miRNAs. In normal tissues, there is an optimal balance between the number of target 

mRNAs that undergo translation vs. the ones that are inhibited by miRNAs. However, in 

diseased states when a particular miRNA is overexpressed, this balance can be tipped in 

favor of excessive miRNA-mediated mRNA target inhibition (Fig. 3). Anti-miR binds to 

cognate miRNAs and displaces them from target mRNAs, thereby restoring the balance 

between mRNA translation and mRNA inhibition.

Even if injected systemically, anti-miRs are readily delivered to the liver and the kidney. 

Accordingly, the primary route of their eventual elimination is urine and bile. Anti-miR half-

life is only about 8 h in blood, but they last for up to 3 weeks in kidney and liver. In the 

healthy kidney, anti-miRs primarily accumulate in proximal tubules likely because they are 

filtered through the glomerulus. Interestingly, however, we have found that anti-miRs can be 

delivered to cysts even if they are derived from collecting ducts perhaps due to the altered 

vasculature in cystic kidneys (Fig. 4). Favorable tissue distribution and a long half-life make 

anti-miRs extremely attractive choices for treatment of chronic kidney diseases such as 

ADPKD and Alport syndrome. We recently tested whether anti-miR-17 drugs are feasible 

therapeutic agents for ADPKD [17▀ ▀]. Functionally active miRNAs are present in high-

molecular-weight (HMW) polysomes, where they prevent ribosomes from translating the 

target mRNAs [38]. Anti-miR-17 compound displaced miR-17 from HMW polysomes in 

kidney tissue signifying functional miR-17 inhibition. Moreover, anti-miR-17 was delivered 

to cyst epithelia, slowed cyst proliferation, and improved renal function in an aggressive, fast 

cyst-growth ADPKD mouse model. Importantly, anti-miR-17 demonstrated cyst-reducing 

effects, but no overt toxicity, in a second 6-month, preclinical trial involving a slow cyst-

growth mouse model. These observations have led to the development of the drug candidate 
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RGLS4326, a specific anti-miR-17 inhibitor. Currently, additional safety and therapeutic 

efficacy preclinical trials are ongoing. Filing of investigational new drug application to the 

Food and Drug Administration, paving the way for initial human testing, is expected in late 

2017. A second miRNA drug called RG-012, a direct miR-21 inhibitor has already cleared 

phase I clinical trial and now is being tested in a phase II trial involving Alport syndrome 

patients. Similar to miR-21 genetic deletion, whether RG-012 or some other anti-miR-21 

drug also slows ADPKD progression remains to be seen.

Despite this early success and excitement, several unanswered questions and future 

challenges lie ahead. An obvious question is if anti-miR therapy can be safely tolerated over 

the long term. Another concern is whether there will be off-target effects of these drugs. A 

significant research focus moving forward should also be on understanding the unintended 

consequence of miR-17 or miR-21inhibition. For example, does it affect podocyte function, 

recovery after AKI, and others.

CONCLUSION

ADPKD is a common but incurable genetic cause for kidney failure. miRNAs have emerged 

as novel regulators of ADPKD progression. In particular, miR-17 and miR-21 are both 

upregulated in kidney cysts, and their inhibition slows disease progression in ADPKD 

mouse models. The proto-oncogene c-Myc transactivates miR-17~92, which in turn rewires 

cyst epithelial metabolism to enhance cyst proliferation. The cAMP/CREB pathway 

activates miR-21, which in turn promotes cyst cell survival by inhibiting proapoptotic genes. 

Importantly, an anti-miR-17 drug has advanced through preclinical ADPKD studies, 

whereas an anti-miR-21 drug has already cleared phase I clinical trial.
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KEY POINTS

• A common set of dysregulated miRNAs have been identified in murine 

models of ADPKD.

• miR-17, a c-Myc-regulated miRNA, rewires cyst epithelial cell metabolism to 

enhance cyst proliferation.

• miR-21, a cAMP/CREB signaling responsive miRNA, inhibits proapoptotic 

genes and thereby promotes cyst cell survival.

• Based on therapeutic efficacy in mouse models of PKD, an anti-miR-17 drug 

has now been advanced to investigational new drug-enabling studies.

• An anti-miR-21 drug developed for Alport syndrome has already cleared 

phase I clinical trial. This drug could be tested for ADPKD.
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FIGURE 1. 
microRNA biogenesis and function. microRNAs are transcribed as long transcripts called 

primary microRNA. These transcripts are sequentially processed by two RNAse III enzymes 

DROSHA and DICER to eventually produce small, approximately 22-nucelotide, mature 

microRNAs. Mature microRNAs physically associate with the microRNA-induced silencing 

complex, where they bind to target mRNAs and function as sequence-specific inhibitors of 

protein translation.
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FIGURE 2. 
Functions of miR-17 and miR-21 in autosomal dominant polycystic kidney disease 

progression. PKD1 or PKD2 mutations results in cyst initiation and eventually cyst 

enlargement due to dysregulation of several cellular processes, such as excessive 

proliferation and fluid secretion, dysregulated apoptotic, metabolic and inflammatory 

response, and aberrant cell polarity. Recent studies have shown that microRNAs can 

modulate at least two of these processes. The c-Myc → miR-17 – | Pparα axis promotes 

proliferation of cyst epithelial cells through rewiring of mitochondrial metabolism (left). On 

the other hand, the cAMP/CREB → miR-21 –| Pdcd4 axis results in reduced apoptosis 

(right). These two mechanisms in concert, along with other dysregulated pathways, leads to 

cyst enlargement.
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FIGURE 3. 
Anti-miRs are synthetic oligonucleotides that are complimentary to microRNAs. In normal 

tissue there is an optimal balance between microRNA-induced mRNA silencing and mRNA 

translation (top left). In diseased tissue, when a particular microRNA is upregulated, the 

balance can be shifted in favor of microRNA-induced mRNA silencing (bottom). Anti-miRs 

(green) bind to cognate microRNAs and displace them from target mRNAs, thereby 

restoring the balance between mRNA translation and microRNA-induced mRNA silencing 

(top right).
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FIGURE 4. 
Pharmaceutical properties of anti-miRs. Anti-miRs can be delivered both locally and 

systemically. With systemic administration, anti-miRs are readily absorbed by the kidney 

and liver. They are excreted in the urine and bile. The half-life in blood is about 8 h, whereas 

it is approximately 3 weeks in the kidney and the liver. In a normal kidney, anti-miRs 

accumulate primarily in the proximal tubules. In cystic kidneys, they are also delivered to 

the collecting duct cysts.
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