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A B S T R A C T   

Background: Numerous microRNAs (miRs), small RNAs targeting several pathways, have been implicated in the 
development of Autosomal Dominant Polycystic Kidney Disease (ADPKD), which is the most common genetic 
cause of Chronic Kidney Disease. The hallmark of ADPKD is tissue overgrowth and hyperproliferation, eventually 
leading to kidney failure. 
Scope of the review: Many miRs are dysregulated in disease, yet the intracellular pathways regulated by these are 
less well described in ADPKD. Here, I summarise all the differentially expressed miRs and highlight the top miR- 
regulated cellular driver of ADPKD. 
Major conclusions: Literature review has identified 35 abnormally expressed miRs in ADPKD. By performing 
bioinformatics analysis of their target genes I present 10 key intracellular pathways that drive ADPKD pro-
gression. The top key drivers are divided into three main areas: (i) hyperproliferation and the role of JAK/STAT 
and PI3K pathways (ii) DNA damage and (iii) inflammation and NFκB. 
General significance: The description of the 10 top cellular drivers of ADPKD, derived by analysis of miR signa-
tures, is of paramount importance in better understanding the key processes resulting in pathophysiological 
changes that underlie disease.   

1. Introduction and scope of review 

Is more (data) always better? The answer could be somewhere in the 
middle. There are times that more data is essential to better understand 
complex pathogenicity. Examples of this include the ‘Cancer Genome 
Atlas’, amongst other important initiatives, which has provided a 
significantly improved understanding of many cancers. Yet other times 
having access to a lot of data is not necessarily optimal. According to 
Professor Sydney Brenner ‘We are drowning in a sea of data and thirsting 
for some theoretical framework with which to understand it’ [1]. Within the 
field of ADPKD research, which is rapidly expanding, we have generated 
a vast amount of data. While this is an exciting and essential step to-
wards gaining mechanistic insight into the pathways that lead to dis-
ease, it is also clear that we need to put more effort into understanding 
the data produced with the scope of creating new theory. To begin to 
understand the extend of miRs dysregulation in ADPKD, I have gener-
ated an up-to-date synopsis of all miRs discovered to be differentially 
regulated in ADPKD by several groups world-wide (Table 1). From this I 
have extracted key information, in the form of 10 key top intercellular 

drivers of ADPKD, which can be seen Fig. 1. What is currently known 
about these 10 top pathways in the context of ADPKD is discussed in 
subsequent sections. 

2. ADPKD 

Autosomal Dominant Polycystic Kidney Disease (ADPKD) is the most 
common genetic disorder affecting the kidneys, often leading to kidney 
failure by middle age [2]. However, ADPKD is not only a kidney disease, 
but it can also affect liver and vascular function (extra-renal manifes-
tations) [3]. Patients with ADPKD have no curative medicines and as 
such they have to rely on either kidney transplantation or lifelong 
dialysis for survival, both of which have their own limitations and dis-
advantages. Tolvaptan (a vasopressin V2 receptor antagonist) was 
recently approved for some patients with ADPKD and is shown to slow 
down disease progression [4]. As such tolvaptan has provided the first, 
and much needed, evidence that ADPKD progression can be slowed 
down with appropriate pathway targeting [5]. However, tolvaptan, at 
the doses used, can cause lethal side effects such as liver toxicity [6], 
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leading to liver failure. As such new treatments are needed, discovery of 
which depends on continued primary research combined with thorough 
analysis of published work in a systematic way. 

3. microRNAs and their signatures 

MiRs are endogenous small (~22 nt) RNAs with ability to target and 
modulate several genes and as such they have key roles in maintaining 
health and homeostasis [7]. Thus, it is not surprising that changes in miR 
expression are associated with several diseases, including ADPKD [8]. 
Moreover, certain miRs act as biomarkers of disease progression [9]. 
Finally, miRs have attracted interest because they themselves can be 
good therapeutic targets [10]. miRs enforce post-transcriptional 
silencing through the RNA interference pathway [11]. As such miR 
biology is currently expanding in all fields of research from cancer to 
chronic kidney disease. Several databases have been generated to dissect 
the potential roles of miRs. Some of these databases identify miR targets 
based on computational predictions, which must later be experimentally 
validated. A good example is MiRTarBase 2020, which is a curated 
database of miR-mRNA targets with experimental validation. As such 
mirTarBase is a tool to dissect miR-pathology relationship using pre- 
existing experimentally validated data. Here, I have performed a liter-
ature review of all the published miRs (Table 1) that are either up or 
down regulated in ADPKD, which resulted in a total of 35 differentially 
expressed miRs. I then identified the experimentally validated gene 
targets of these miRs using the miRTarBase platform. This approach 
generated a list of over 700 potentially altered genes in ADPKD. Using 
this gene list, I performed hallmark pathway analysis (using the UC San 
Diego MSigDB collection from the broad institute) [12] to select the 
most robust targets (Fig. 1). This approach identified three main areas 
for further analysis (i) inflammation via NFκB (ii) DNA-damage/ 
apoptosis via p53 and (iii) hyperproliferation via PI3K and STAT5. I 
then go on to discuss what we know about these top three intracellular 
drivers in the ever-evolving field of ADPKD. 

4. Hyperproliferation and the PI3K and STAT5 pathways 

Proliferation, a process whereby a cell grows and divides to produce 
two daughter cells, is tightly entangled with PKD disease progression. 
Cell proliferation leads to an increase in cell number and is therefore a 
mechanism for tissue growth. When cells are proliferating, they control 
the cellular growth to maintain an approximately constant cell size [26]. 
Cell cycle (transition from G1 to S to G2 to M) is a cellular process that 
allows a cell to divide [27]. It is driven by proteins called Cyclin 
Dependent Kinases (CDKs) that associate with relevant cyclin regulatory 
proteins at different points of the cell cycle [28]. These specific time 
points are known as checkpoints, some of which have been reported to 
be defective in ADPKD [29]. G2-M checkpoint is the specific time during 
cell division that DNA damage is detected [30]. If DNA damage is 
detected, then a cascade of events is triggered (some of these events are 

Table 1 
Summary table of all miRs that are reported to be dysregulated in ADPKD. A 
summary of all the published miRs that are either upregulated or downregulated 
in ADPKD models of disease.  

microRNA 
name 

Up or 
down 

In 
vitro 
(1), in 
vivo 
(2), 
both 
(3) 

Species/ 
model 

Methods Study 
details 

miR-16 Up 2 Human 
plasma 

qPCR Kulesza A 
et al, 2021  
[13] 

miR-192-5p, 
194-5p, 
miR-30a- 
5p, miR- 
30d-5p, 
miR-30e-5p 

Down 3 Human 
urine 
exosome 
PKD1nl/nl 

RNA-seq Magayr TA 
et al, 2020  
[14] 

miR-214 Up 3 Ksp-Cre, 
Pkd1fl/ 
flPkd12fl/fl 

Validation of 
previously 
identified 
microRNA 

Lakhia R et 
al, 2020  
[15] 

miR-17-5p, 
miR-18a- 
5p, miR- 
19a, miR- 
20a-5p, 
miR-19b- 
3p 

Up 2 KspCre/ 
Pkd1F/RC 

qPCR Yheskel M 
et al, 2019  
[16] 

miR-192-5p, 
miR-194- 
3p or 5p 

Down 3 Human 
kidney, 
mouse 
Pkd1f/f; 
HoxB7-cre 

Microarrays 
(Agilent 
human 
microarray - 
G4471A- 
021827) 

Kim Y et 
al, 2019  
[17] 

miR-501-5p Up 1 Multiple 
human cell 
lines 

Microarrays 
(Agilent 
human 
microarray - 
G4470B) 

de 
Stephanis 
L et al, 
2018 [18] 

miR-20b-5p, 
miR-106- 
5p 

Down 2 Mouse - 
Pkd2F/F 

Validation of 
previously 
identified 
microRNAs 
(study 9) 

Shin Y et 
al, 2018  
[19] 

up: miR- 
3907, miR- 
92a-3p, 
miR-25-3p 
miR-21-5p 
and down: 
miR-1587 
miR-3911 

Both 2 Human 
serum 

384 subset 
qPCR analysis 

Kocyigit I 
et al, 2017  
[20] 

miR-582-5p, 
miR-660, 
miR-193b, 
miR-182a- 
2, miR- 
1228 

Down 1 Human 
ADPKD cell 
lines 

Microarrays 
(SurePrint G3 
Human Gene 
Expression 8 ×
60-K) 

Streets A et 
al, 2017  
[21] 

miR-17 
family 

Up 2 Mouse- 
Ksp/Cre; 
Pkd1F/F & 
Pkhd1/Cre; 
Pkd2F/F 

Microarrays 
validated by in 
situ 
hybridization 

Hajarnis S 
et al, 2017  
[10] 

miR-21 Up 2 Ksp/Cre; 
Pkd1F/F & 
Pkhd1/Cre; 
Pkd2F/F 

In situ 
validation of 
previous 
publication 

Lakhia R et 
al, 2016  
[22] 

miR-199a-5p Up 3 Human 
ADPKD 
tissues and 
OX161 cells 

qPCR of a 
single miRNA 
without 
justification 

Sun L et al, 
2015 [23] 

Up: miR-429, 
miR-96, 
miR-182, 

Both 2 Mouse 
Pkd1-null 

Agilent 
nanochips/ 
systems 

Pandey P 
et al, 2011  
[24]  

Table 1 (continued ) 
microRNA 
name 

Up or 
down 

In 
vitro 
(1), in 
vivo 
(2), 
both 
(3) 

Species/ 
model 

Methods Study 
details 

miR-30a- 
5p, down: 
miR-10a, 
miR-126- 
5p 

(E 14.5 and 
E17.5) 

biology 
approach 

miR-17 ~ 92 Up 2 Non 
ADPKD 
(Kif-3a-KO) 

LC Science 
microarray 

Patel V et 
al, 2013  
[25]  
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discussed in the DNA damage section of this review). In the kidney, 
hyper-proliferation of tubular cells induces renal cyst formation which 
can be considered a form of tissue overgrowth syndrome. A reason for 
the increased proliferation in ADPKD can be: (i) directly related to the 
loss of the Pkd gene function and the dysregulation in any Pkd-regulated 
genes and/or (ii) indirectly related to incorrect localisation of Pkd1 also 
resulting in dysregulation of Pkd1 target genes. Most of the animal and 
cellular models of ADPKD use the first of these two (i.e. reduced or 
mutant PKD expression). Yet, it is known that correct localisation of the 
Pkd1 protein, specifically within the primary cilium, is required to avoid 
overproliferation [29]. PKD1 is the gene most frequently mutated giving 
rise to ADPKD. A number of miRs are predicted to regulate PKD1, 
including Mir-615-3p, miR-484, miR-324-5p and miR-200b-3p (MiR-
arBase). Patel and colleagues showed that miR-200b/c/429 induce post- 
transcriptional repression of PKD1 by binding to two conserved 3′ un-
translated regions (UTRs) of the Pkd1 gene [31]. Another miR targeting 
Pkd1 is miR-20, where it was found that the Pkd1-miR-20 interaction 
may be a basis for cystogenesis [32]. 

Taken together appropriate cell division is a tightly controlled multi- 
step process that involves many proteins including PKD1, incorrect 
control of this process can lead to tissue overgrowth such as that 
observed in the kidneys of people with ADPKD. 

4.1. PI3K in ADPKD 

Phosphoinositide 3-kinase (PI3Ks) are a family of enzymes involved 
in cellular functions such as cell growth, proliferation, differentiation, 
and survival. PI3Ks phosphorylate the 3rd position of the hydroxyl 
group of the inositol ring of phosphatidylinositol (PtdIns) [33]. These 
enzymes fall under four distinct classes: class I, II, III, and IV and each 
enzyme belongs to one category based on primary structure, regulation, 
and lipid substrate specificity [34]. A simplified way of pathway acti-
vation involves G-coupled receptor (GPCR) activation followed by PI3K 
mediated (PIP3) activation of mTORC2 leading to activation and plasma 
membrane translation of the central AKT protein [35]. AKT is a serine/ 
threonine kinase and a proto-oncogene, while Phosphatase and TENsin 
homolog (PTEN) is a protein that acts as an inhibitor of AKT and is 
considered to be a tumour suppressor [36]. Interestingly, PTEN is one of 
the most frequently mutated tumour suppressor genes [37]. Activated 

AKT leads to activation of the mammalian target of rapamycin (mTOR) 
[38], which is overactive in many cancers. Dysregulation of PI3K/AKT 
pathway is implicated in the pathogenicity of several human over- 
proliferation related diseases including cystic kidney disease. Because 
of its central role mTOR and mTOR inhibition (with Sirolimus) have 
become the focus of a number of studies, some showing promising initial 
results including: (i) mTOR was inappropriately activated in cyst lining 
cells and (ii) that its inhibition with Sirolimus resulted in a staggering 
50% reduction in cystic index in mice with PKD [39]. Guided by these 
initial observations, two mTOR inhibitors, namely Sirolimus [40] and 
Everolimus [41], have been trialled in the clinical setting in patients 
with ADPKD. Both drugs showed no overall success in preventing kidney 
function decline or significantly reducing cyst size [40,41] (in clinical 
trials of 18 months or 2 years duration). Whether combination treatment 
of mTOR inhibition (at lower dosages) with other drugs may be of 
benefit is currently debated but essentially unknown. The fact that the 
PI3K pathway is overactive in cancers has led to huge efforts to generate 
new PI3K inhibitors. Some new inhibitors have received regulatory 
approval, including the PI3Kα isoform-selective inhibitor alpelisib 
[42,43], but the effectiveness of these new drugs has not been studied in 
the setting of ADPKD. An alternative way to target PI3K and mTOR 
pathways is via using a molecular targeted approach, by for example 
using mimics and inhibitors of miRs that regulate these pathways 
delivered by modified mRNA or adenovirus. While it is clear that a 
number of miRs can act upon and alter the activities of PTEN, PI3K and 
mTOR, amongst them miR-21 has been shown by many researchers to be 
a common miR that targets this pathway [44–46]. miR-21 is interesting 
as it has been found to play a role in ADPKD, specifically it has been 
shown to aggravate cystic growth [47]. The role of miR-21 in ADPKD 
has been reviewed previously by Yheskel and Patel [48] and Fragiadaki, 
Macleod and Ong [5]. Taken together, it clear that the PI3K/AKT is 
abnormally activated in ADPKD and drives excessive proliferation, 
whether inhibition along this axis may prove to be beneficial remains to 
be uncovered in the future. 

4.2. JAK2/STAT5 in ADPKD 

JAnus Kinase (JAK) and Signal Transducers and Activators of Tran-
scription (STAT) is an evolutionarily conserved pathway mediating key 

Fig. 1. Key top drivers of ADPKD. GSEA hallmark pathway analysis identified 10 most statistically significantly altered pathways associated with ADPKD. These 10 
key drivers of disease were cluster in three groups (1) hyperproliferation and the roles of PI3K and STAT5, (2) DNA damage driving cell death and (3) key mediators 
of cellular hyperproliferation inflammatory phenotypic switching. 
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roles in cell proliferation, differentiation and immunity. The pathway is 
comprised of 4 tyrosine kinases (JAK1–3 and tyk2) and 7 transcription 
factors (STAT1-5a, STAT5b and STAT6), which possess a dual role 
(signal transducers and activators of transcription). Upon cytokine (e.g. 
oncostatin M) or hormonal activation (e.g. erythropoietin) of a relevant 
cytokine receptor (e.g. OSMR, EPOR) a conformational change takes 
place enabling the JAK2 kinases to come into close physical contact and 
transphosphorylase one another as well as phosphorylate the intracel-
lular portion of the receptor they are associated with (e.g. EPOR). Once 
the intracellular portion of the receptor becomes phosphorylate it gen-
erates a docking site for the recruitment of the latent STAT transcription 
factors. Upon recruitment STATs become phosphorylated, which allows 
them to dimerise and move into the nucleus where they act as canonical 
transcription factors. Once in the nucleus STATs orchestrate the 
expression of several genes involved in proliferation (e.g. CCDN1, MCL1, 
MYC, Suvivin, BCL-XL). Of interest, components of the JAK/STAT 
pathway are abnormally activated in a number of cancers [49]. Notably, 
a gain-of-function mutation in the JAK2 kinase (JAK2 V617F) is known 
to cause polycythaemia vera, a type of blood cancer [50,51]. Moreover, 
STAT3 is found elevated in several solid tumours and as such STAT3 
targeting has been proposed as a cancer immunotherapy [52]. Amongst 
the JAK/STAT family members perhaps the ones with most relevance to 
tissue growth are two transcription factors STAT5a/b. Indeed, STAT5b 
knockout animals exhibit impaired growth due to loss of growth hor-
mone responsiveness [53], while mutations within STAT5b also leads to 
growth hormone insensitivity [54] and result in short stature. Epigenetic 
silencing of the STAT5A gene, and STAT5A protein, is essential for 
oncogenesis as it permits uninterrupted transcription of MPM1-ALK 
[55], identifying STAT5A as a tumour suppressor gene. Moreover, it 
was shown that loss of STAT5A leads to tumour growth through miR-23a 
which activates the AKT pathway, suggesting a cross-talk between JAK/ 
STAT and ATK in controlling cancer tissue growth mediated by miRs 
[56]. A number of miRs have been found to directly target STAT5 
including miR-221 [57] and miR-1469 [58]. 

Several groups have reported that the expression and/or nuclear 
translocation of other members of the STAT family is elevated in ADPKD 
mouse and cellular models of disease [59–61]. Specifically, STAT6 was 
shown to be activated in murine ADPKD cystic epithelium and its ge-
netic deletion leads to improved kidney function and reduced cystic 
growth [62]. Interestingly, it was shown that STAT3 and STAT6 co- 
localise with PKD1/2 at primary cilia and co-migrate to the nucleus in 
the absence of urinary flow [63]. Importantly, using genetic deletion of 
STAT3 in PKD1 deficient cells, it was shown that STAT3 is not a critical 
mediator of cyst growth, but rather STAT3 limits renal inflammation in 
ADPKD [64]. It follows that inhibition of STAT3 is predicted to have a 
long-term negative effect in ADPKD as prolonged inflammation (e.g. 
triggered by STAT3 blockade) may exacerbate kidney damage over time. 
Moreover, it has been shown that JAK2 physically interacts with PKD1 
to promote cell cycle inhibition by activating STAT1 which in turn lead 
to activation of the cell cycle inhibitor p21 [65], suggesting a potentially 
protective role for STAT1 and its target genes in ADPKD. 

Given the fact that many groups have reported altered JAK/STAT 
activity in ADPKD, our group took an unbiased approach. By performing 
siRNA screening we deciphered which of the core JAK/STAT compo-
nents control cell proliferation in ADPKD. We identified that a number of 
JAK/STAT family members participate in proliferation in ADPKD- 
derived cells. Amongst them, JAK2/STAT5 was identified as strong 
positive regulators of proliferation in murine and human cellular models 
of ADPKD [66]. This is consistent with previous reports identifying 
STAT5 as a pro-proliferative gene promoting cell growth and an anti- 
apoptotic gene signature [67]. This was also consistent with previous 

findings showing that growth hormone activates STAT5 to coordinate 
body growth [68]. We showed that in addition to STAT5, JAK2 - the 
tyrosine kinase upstream of STAT5 - is highly elevated in cellular models 
of ADPKD and its pharmacological inhibition (using curcumin or tofa-
citinib) led to decreased cystogenesis [69]. A number of miRs have been 
reported to control STAT5, including miR-204 which was shown to 
inhibit proliferation of cells and to target the 3′ UTR of STAT5 [70]. 
Likewise, STAT5 can transcriptionally control the expression of a 
number of miRs. Interestingly, genome wide analysis revealed the miR- 
17/92 cluster as a STAT5 target [71]. Moreover, STAT5 was found to 
positively control miR-21 in vitro and in vivo [72]. It is interesting that 
both miR-17 and miR-21 are under the control of STAT5, as both of these 
miRs are elevated in ADPKD and participate in cyst growth [10,22,25]. 
Taken together, the cell cycle control pathway JAK/STAT is overactive 
in ADPKD and may explain some of the tissue overgrowth phenotypes 
seen in ADPKD. 

5. DNA damage response (DDR) 

Each one of the cells of the human body is subjected to thousands of 
DNA lesions per day. These alterations can result in stalled genome 
replication and/or transcription, which could predispose cells to 
genomic instability with detrimental consequences. Genome instability 
is the tendency of the genome to undergo permanent and transmittable 
mutations of the DNA [73]. Given that our nuclear DNA has only two 
copies for each of our genes, its integrity can only be maintained via 
constant DNA repair, since it cannot be re-made from a previous copy. 
To overcome this inherent problem, we have evolved an elaborate 
network of highly coordinated proteins that work together to ensure 
genome stability and are known as the DNA repair and Damage 
Response (DDR) [74]. On a daily basis DNA lesions arise due to several 
challenges including genetic and environmental stimuli as well as due 
the natural process of aging. Aging is a complex and multifaceted pro-
cess leading to functional tissue decline [75] and is therefore the cause 
of most chronic diseases resulting a major burden worldwide. Ultravi-
olet light (UV) for example is a ubiquitous and pervasive environmental 
DNA-damaging agent, which results in transcriptional changes that 
activate DDR. The DDR then in turn triggers the activation of a combi-
nation of mechanisms that are designed to (i) recognise the DNA dam-
age, (ii) recruit mediators and effectors and (iii) execute a cellular 
response (which may include apoptosis, repair, senescence, or cell trans- 
differentiation). There are several initial steps in the DDR, including the 
phosphorylation of H2AX (γH2AX) which is involved in the early steps 
leading to chromatin decondensation after DNA double-strand breaks 
have been detected [76–78]. Following rapid chromatin remodeling two 
kinases, ATM and ATR, are activated within minutes after DNA is 
damaged [79]. ATM responds to DNA double-strand breaks and/or 
disruptions in chromatin structure, while ATR primarily responds to 
accumulation of single-stranded DNA (ssDNA), which can be generated 
due to prolonged stalling of replication forks [80,81]. The overall 
outcome is that the combined effect of ATM and ATR is the activation of 
downstream signaling leading to cell cycle arrest [82]. P53 is an 
important downstream target of ATM and ATR, and its activation is 
required for triggering apoptosis following detection of DNA damage 
[30]. P53 is a tumour suppressor, sometimes referred to as ‘the guardian 
of the genome’ that is at the interconnection of several cellular pathways 
that sense DNA damage, senescence, and cellular stress [83,84]. The role 
of this important gene is to integrate such signals and by doing so to 
promote either growth arrest, apoptosis or DNA repair in a context- 
dependent manner [83,85]. Given its central role in genome stability 
the regulators of p53 have been studied extensively. Amongst these miRs 
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have been found to both regulate p53 [86,87] as well as p53 is found to 
regulate cellular processes by altering certain miR clusters [88]. For 
example, p53 has been shown to induce the expression of miR-192 
resulting in the cell cycle inhibitor p21 accumulation and cell cycle ar-
rest [89]. Interestingly miR192 is one of the miRs that is differentially 
expressed in ADPKD (Table 1), yet its role in p21 mediated blockage of 
cell cycle has not yet been studied in ADPKD. Taken together, while DNA 
damage happens all the time, we have evolved elaborate mechanisms to 
correct these mistakes, some of the mechanisms of DDR involve key 
transcription factors such as p53 and miRs including miR-192. 

A growing body of evidence suggests that DNA damage and activa-
tion of the DDR pathway is altered in ADPKD and other ciliopathies. 
Original evidence comes from analysing lymphocytes from patients with 
ADPKD in which the authors examined whether there is increased mo-
lecular or cytogenic damaged associated with this disease. Chromosome 
analysis identified that some ADPKD patients exhibited increased DNA 
damage after 0.5 Gy dose of gamma radiation [90], which is an ionizing 
radiation capable of breaking molecular bonds (unlike UV radiation). 
Intriguingly some ciliopathies including ADPKD have been associated 
with defects in DDR. Zhang and colleagues showed that in human kid-
neys with end-stage ADPKD there is activation of three markers of DNA 
damage, namely phosphorylated γ-H2AX, ATR and ATM [91]. A few 
years later, the same team also reported that two pharmacological in-
hibitors of ATM/ATR, namely AZD0156 and VE-821, reduced the cystic 
growth in cellular three-dimensional assays (using MDCKII cells and 
human cells). These drugs also led to a decrease in proliferation in vivo 
(measured by ki67) and an increase in the protective tumour suppressor 
p53 gene expression in the Pkd1RC/RC model after dosing with either 5 
mg/kg or 20 mg/kg of AZD0156 for two weeks. Yet this treatment was 
not sufficient to reduce cystic growth or control kidney enlargement, 
partly owning to the short duration of the treatment. The authors did go 
on to genetically delete ATM, one of the DDR members, yet neither ATM 
heterozygosity nor ATM homozygosity were able to reduce the pro-
gression of kidney disease or suppress renal enlargement at three 
months after deletion, suggesting that ATM is not a suitable drug target 
at least in the Pkd1RC/RC model [92]. It is interesting to note that dele-
tion of ATM did not worsen the kidney phenotype, as may have been 
expected given the cytoprotective role of the DDR pathway. Evidence of 
a more protective role for the DDR pathway in ciliopathies comes from 
Choi et al. who showed that NPHK9 (NEK8), a ciliary kinase associated 
with nephronophthisis (NPHP) and PKD, is a key effector of ATR- 
mediated replication stress response, while mutations in NPHP9 lead 
to accumulation of DNA damage and replication stress [93]. Taken 
together, Zhang J and colleagues have made the first interesting 
observation that parts of the DDR system are increased in ADPKD 
opening the field of DNA damage and repair in ADPKD. The DDR 
pathway is primarily considered a cytoprotective pathway, however 
given the literature from Zhang et al. it is clear that we do not fully 
understand the relative contributions of evading DNA damage repair 
especially in the context of a genetic disease. 

A number of studies have investigated the potential role of p53 in 
ADPKD. Nishio and colleagues showed that cystic disease progression is 
associated with decreased levels of p53 activity, on the contrary PKD1 
wild type cells show strong induction of p53. The authors found that p53 
activity prevented wild type cells from becoming hyperproliferative 
[94]. More recently it was shown that in PKD1 mutant mice there was 
increased proliferation and cystic expansion partly via the actions of a 
deacetylase sirtuin 1 (sirt1) resulting in altered levels of cell death via a 
mechanism involving deacetylation of p53 [95]. The direct effect of loss 
of the disease-causing gene, Pkd1, on p53 levels was examined by Kim H 
and colleagues by using antisense oligonucleotides (ASO) to inhibit 

Pkd1 which led to a reduction of p53 in cells irradiated with UV light. 
The authors concluded that Pkd1 is involved in the regulation of cell 
cycle progression checkpoints [96]. Interestingly, miR-501-5p was 
found to be upregulated in ADPKD, this upregulation was linked with 
p53 ubiquitination and degradation via the proteosome [18]. Taken 
together several groups have suggested a strong link between Pkd1 
inactivation and/or Pkd1 mutations and altered DDR activity with a 
focus on inactivation/reduction of p53-mediated signaling, this in turn 
suggests a strong link between cell cycle progression the Pkds and 
essential checkpoints. 

6. NFκB as a driver of renal inflammation 

Nuclear factor kappa B (NFκB) is a family of transcription factors that 
together regulate multiple aspects of immunity and as such are major 
mediators of inflammation [97]. The NFκB family is composed of five 
structurally related members, including NFκB1 (p50), NFκB2 (p52), 
RelA (p65), RelB and c-Rel. NFκB proteins are normally sequestered to 
the cytoplasm by a family of proteins known as IκB which are charac-
terised by the presence of ankyrin repeats. The best-known member of 
the IκB family is IκBa, which contains 6 ankyrin repeats [98]. Upon 
activation, such via the TNF receptor, IκBa becomes ubiquitinated and 
degraded allowing rapid and transient nuclear translocation of NFκB 
subunits leading to fast activation of inflammatory genes (such as IL1, 
Il6 and IL12, MCP1, RANTES and CXCL1). Menon V and colleagues have 
shown that in 50 patients with ADPKD there is a significant increase in 
the inflammatory cytokine IL6 amongst ADPKD patients, potentially 
suggesting abnormal NFκB activity in this population of patients [99]. 
Indeed, several NFκB subunits were found to be highly expressed in 
human and rodent models of PKD. Ta M and colleagues found that p105, 
p65, p50, cRel and RelB were all present in cystic kidneys and were 
phosphorylated, thus activated [100]. They also found elevated MCP1 
levels consistent with transcriptionally active NFκB. Given that NFκB is 
activated in ADPKD the question becomes what triggers aberrant NFκB 
activity? Since TNFα is a major activator of NFκB pathway, the level of 
TNFα has been studied in murine and human models of ADPKD. 
Elevated TNFα was first demonstrated to play a role in patients with 
ADPKD by Gardner and colleagues. They performed ELISA and found 
elevated TNFα (as well as IL1β, IL2 and PGE2) [101]. More recently, 
TNFα was shown to trigger increased id2 protein expression resulting in 
a decrease in the cell cycle inhibitor p21, further implicating the TNF 
pathway in the control of cell cycle in the polycystic kidney [102]. Given 
the pathogenic activation of NFκB subunits in ADPKD, it follows that 
NFκB inhibition may offer a therapeutic benefit. While specific NFκB 
knockout animals have not yet been studied in ADPKD, a dietary 
approach has been reported. Specifically, treatment with resveratrol, a 
natural phenol found in the skin of grapes and blueberries, was able to 
reduce TNFα levels in turn resulting in decreased p50/p65 activity in 
male Han:SPRD (cy/+) rats with PKD [103] leading to reduced cyst 
growth in cellular models of ADPKDs and in a Zebrafish model. As such a 
pathogenic role of abnormal activation of NFκB subunits in ADPKD has 
been established. Given the important functions of the NFκB subunits in 
the control of inflammation and immunity over 750 inhibitors of the 
NFκB pathway have been identified [104], some of which are tested in 
animal models [105]. While several of these inhibitors generally block 
NFκB activity, some inhibit specific pathways of induction, and it is 
these inhibitors that may be important to study in the context of ADPKD. 
Taken together, inflammation especially via abnormally increased ac-
tivity of the NFκB has been demonstrated in ADPKD and it remains to be 
established whether selective subunit inhibition may be of benefit in this 
disease setting. 
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7. Concluding comments 

Taken together, analysis of the 35 differentially altered miRs 
resulting in over 700 altered genes in ADPKD has identified three key 
pathways that are critical drivers of cystogenesis: (i) proliferation, (ii) 
DNA damage and repair and (iii) inflammation. The analysis was done 
on miRs that are differentially regulated in disease, the majority of 
which are expressed in renal epithelial cells (Fig. 2). The enormous 
variety of genes regulated by miRs (e.g. proliferation, inflammation and 
DDR related genes) in all animals reflects the widespread importance of 
the RNA interference pathway utilised by miRs. Indeed, increasing our 
knowledge of how miRs interact with their target genes to promote or 
inhibit disease via altering cellular processes is important in our attempt 
to better understand critical points in the disease process(es) where 
intervention may be of benefit. The fast pace at which dysregulated miRs 
and the pathways they affect have been discovered in all fields of 
research, including ADPKD, gives hope that one day we will accurately 
integrated miR function into models of disease, an initiative that may 
also lead to therapies. A good example of this is the anti-miR-17 oligo-
nucleotide RGLS4326, which shows very promising initial results [106]. 
It is not surprising that proliferation, inflammation and DNA damage are 
key drivers of ADPKD, as they also have very well-established roles in a 
variety of other pathologies. Now that these pathways have been iden-
tified as key drivers the challenge will become to find the best ways to 
selectively suppress pathogenic arms of these processes with the hope to 
extend renal function without causing detrimental systemic side effects. 
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