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Abstract

This review is focused on current findings implicating miRNAs in the polycystic liver diseases,
which we categorized as cholangiociliopathies. Our recent data suggest that deregulation of
miRNA pathways is emerging as a novel mechanism in the development of cholangiociliopathies.
Experimental evidence demonstrates that miRNAs (i.e., miR-15a) influence hepatic cyst growth
by affecting the expression of the cell cycle regulator, Cdc25A. Given that abnormalities in many
cellular processes (i.e., cell cycle regulation, cell proliferation, cAMP and calcium signaling, the
EGF-stimulated mitogen-activated protein kinase (MAPK) pathway and fluid secretion) contribute
to the hepatic cystogenesis, the potential role of miRNAs in regulation of these processes is
discussed.
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MicroRNAs: Biogenesis, Action, Function

Initially discovered in C. elegansin 1993 as essential regulators for the timing of larval
development, microRNAs [(miRNAS); i.e., small, non-coding RNAs ~20-22 nucleotides in
length)] have been identified in many different organisms including vertebrates, flies, plants
and viruses. To date, the list of miRNAs consists of more than 6,000 entries.! MiRNAs are
encoded by ~2% of all known human genes; at same time ~30% of genes are predicted to be
regulated by miRNAs.2-5 A single miRNA has the potential to interact with many mRNA
transcripts whereas a single mRNA can serve as a target of multiple miRNAs.5-8 However,
only limited miRNA targets have been validated experimentally; many of them are still
predicted based on different computational programs.® To confirm the validity of miRNA
targets, several criteria have been recommended: (1) a miRNA/mMRNA interaction needs to
be verified; (2) the miRNA and its target MRNA should co-expressed in the tissue under
study; (3) the miRNA should affect protein expression; and (4) a functional role of the
miRNA/MRNA complex should be proven.10.11

The processing of miRNAs involves both nuclear and cytoplasmic events. The biogenesis of
miRNAs begins in nucleus were they transcribed by RNA polymerase 112 or RNA
polymerase 11112:13 as a long primary miRNA (pri-miRNA, contains at least several hundred
base pairs) and cleaved by the nuclear RNase 111 enzyme, Drosha, and its associate
DGCRGS8 (DiGeorge syndrome critical region gene 8) into shorter (~60-70 nucleotides in
length) precursor miRNA (pre-miRNA).14.15 The pre-miRNA is transported from nucleus to
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the cell cytoplasm via the exportin-5 that works in conjunction with Ran-guanosine
triphosphate.1® The pre-miRNA is further cleaved by cytoplasmic RNase 11, Dicer, and its
partner TRBP [transactivating region (Tar) RNA-binding protein] and PACT [interferon-
inducible double-stranded-RNA-dependent protein kinase (PKR) activator] to the mature
miRNA duplex of 20-25 nucleotides.1>17-19 This miRNA duplex is included into a RISC
complex (RNA-induced silencing complex) which consists of Dicer, TRBP and Ago 2
(Argonaute 2).21718 One of the miRNA strands is degraded based on thermodynamic
properties of the duplex and the mature miRNA which has the weakest thermodynamic
stability at its 5’ terminus is intended to target the mMRNA 219

MiRNAs bind to the 3" UTR region of their specific target mMRNA relying mainly on
sequences at the 5" end of miRNA (i.e., “seed” region). Depending on the efficiency of
binding, miRNA may restrain the expression of mRNA or induce degradation. Perfect
complementarity results in mMRNA degradation while imperfect binding blocks translation of
the target MRNA.20 The translationally silenced mRNA then can be sequestered into P-
bodies (or GW bodies) where it is stored or degraded.2 While the majority of miRNAs
downregulate the expression of their targets, upregulation by miRNAs has also been
reported. Indeed, miR-369-3 binds to the 3'UTR of TGFa mRNA leading to its activation.?1
Also miR-10a positively affects protein synthesis as a result of its direct binding to 5’UTR
of ribosomal mRNA.22

MiRNAs in Diseases

Molecular

MiRNAs play an important role in both normal and pathological conditions controlling cell
differentiation, proliferation, apoptosis, cell cycle progression and angiogenesis. They are
implicated in the pathogenesis of a wide spectrum of human disorders including
cardiovascular and neurological diseases, viral infections and different cancers.%:20:23-28 The
first connection between a miRNA and cancer was established in patients with chronic
lymphocytic leukemia (CLL). In this tumor, the region of chromosome 13 that contains two
miRNA genes, miR-15and miR-16, is often deleted; as a result miR-15 and miR-16 levels
are significantly downregulated leading to malignant transformation.2? Still then, numerous
miRNAs have been identify as oncogenic regulators including the miR-17-92 cluster,30
miR-145,31:32 miR-155,33 miR-21,32 miR-200 and miR-222.34

Pathways in Cholangiociliopathies and miRNA

The polycystic liver diseases (which we recently categorized as cholangiociliopathies)3%:36
are a group of pleiotropic hereditary disorders that includes (but is not limited to) Autosomal
Dominant Polycystic Kidney Disease (ADPKD), Autosomal Recessive PKD (ARPKD),
Meckel-Gruber Syndrome (MKS), Bardet-Biedl Syndrome (BBS), Nephronophthisis
(NPHP) and Joubert Syndrome (JBTS). In cholangiociliopathies, mutations in respective
genes result in hepatic cytogenesis and/or hepatic fibrosis. Liver cysts are originated from
cholangiocytes (i.e., bile duct epithelial cells) and their progressive expansion is coupled to
at least three cellular mechanisms: (1) cell proliferation and cell cycle progression; (2) cell-
matrix interactions and (3) fluid secretion. A diverse range of hormones, growth factors and
cytokines impact these processes acting individually or in combination.3537

We recently found that besides these three cellular processes, deregulation of the miRNA
pathways is involved in the cholangiociliopathies.38 Given that expression of many miRNAs
is significantly affected in pathological conditions, we examined miRNA signatures in
normal and PCK rats (an animal model of one of the cholangiociliopathies, ARPKD) and
identified by microarray analysis 126 miRNAs in both normal and cystic cholangiocytes.
Out of these 126 miRNAs, four (i.e., miR-25, miR-28, miR-99b and miR-121) were
exclusively present in normal rat cholangiocytes and 46 miRNAs were exclusively
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expressed in cystic cholangiocytes. These 46 miRNAs include miRNAS previously
implicated in different pathological conditions and cellular processes such as cancer
(miR-17-92 family, miR-107, miR-181, miR-208 and miR-221),%:26:3940 cardiovascular
diseases (miR-133),2 hedgehog signaling (miR-324-5p),#1 EGF-stimulated mitogen-
activated protein kinase (MAPK) signaling (miR-7),%2 cell differentiation (miR-142,
miR-181)2 and cell cycle progression (miR-221, miR-210).40:43

We further analyzed the expression of 76 miRNAs which were present in both normal and
cystic cholangiocytes. Consistent with previously made observations in cancer tissues,
miRNA levels in cystic cholangiocytes were significantly (more than 2 fold) altered with
majority of them (67 miRNAs or 91%) being downregulated (Fig. 1). One miRNA was
upregulated, i.e., miR-185 (Fig. 1), and expression of 6 miRNAs (miR-19b, miR-29b,
miR-93, miR-106a, miR-223 and miR-483) was not changed (less than 2-fold).

Considering the global changes in miRNA signatures in the cholangiociliopathy, as well as
the ability of miRNAS to control the expression of many genes involved in different cellular
pathways,** we clustered miRNA targets around several pathological and functional
categories including genes related to polycystic liver and kidney diseases, cell cycle
deregulation, CAMP and calcium intracellular signaling, and fluid secretion. Computational
analysis (using Target Scan, miRBase and PicTar) revealed that 25% of miRNAs present in
cystic cholangiocytes target genes mutated in the cholangiociliopathies; 29% of miRNAs
target genes related to the cAMP signaling pathway, 5% to the intracellular calcium
signaling, 29% to the cell cycle progression; and 12% to fluid secretion (Fig. 2).

Cholangiociliopathies result from mutations in respective genes following by deregulation
of multiple cellular functions (Fig. 3). Hyper-proliferation of cholangiocytes associated with
cell cycle dysregulation are considered to be major contributing mechanisms in hepatic cyst
growth.3745 Indeed, substantial evidence demonstrates that an increased rate of
cholangiocyte proliferation is triggered by activation of the EGF-stimulated mitogen-
activated protein kinase (MAPK) pathway,*6 upregulation of the cAMP signaling,*®
downregulation of the calcium signaling,*>47 and deregulation of the cell cycle®8 (Fig. 3).
Importantly, many downstream components (i.e., MAPK, ERK1/2, PKA, EPAC, AKT and
Cdc25A) of these signaling pathways are upregulated in cystic cholangiocytes. 4547
Accelerated fluid secretion also known to contribute to cyst expansion is associated with
overexpression of the water channel AQP-1, the anion exchanger AE2, and the chloride
channel CFTR*8 (Fig. 3). Thus, because the expression of many proteins implicated in
hepatic cystogenesis is significantly upregulated in cystic cholangiocytes it is tempting to
speculate that the downregulation of miRNAs might be responsible for the observed
changes. Indeed, based on computational analysis of the miRNA gene targets, multiple
hypothetical MiIRNA/MRNA interactions (predicted by at least one of three program used—
Target Scan, miRBase and PicTar) were identified (Fig. 3). Even though detailed
experimental functional evidence is required to examine the physiological and/or
pathophysiological importance of particular miRNA/gene target relationships, it appears that
miRNAs may function in concert with each other affecting critical cellular functions and
thus influencing liver cyst growth. Indeed, combinatorial effects of several miRNAs (i.e.,
miR-16, miR-34a and miR-106b) on cell cycle progression has been recently shown.*?

To begin to elucidate the potential involvement of miRNA pathways in the pathogenesis of
polycystic liver and kidney diseases, we found that in the PCK rat overexpression of the cell
cycle regulator, Cdc25A, is strongly associated with downregulation of miR-15a.38 A
detailed experimental analysis revealed that miR-15a directly binds to Cdc25A mRNA
downregulating the expression of transcribed Cdc25A protein. The physiological
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consequences of miR-15a/Cdc25A interaction lead to cell cycle deregulation and an
increased rate of cell proliferation accelerating hepatic cystogenesis.38

Although these data provide evidence of the importance of the miR15a/Cdc25a complex in
cyst growth,38 it seems likely (based on the nature of miRNA) that collective or concerted
regulation of multiple targets related to different cellular pathways by miR-15a should
contribute to the disease phenotype. As detected by computational analysis of miR-15a
binding partner’s, miR-15a could also target other cell cycle genes—Cdk6 and Cdc25B.
Indeed a recent study showed that experimental modulation of Cdké levels by miR-16
affects cell cycle progression and proliferation.?? We also identified more potential targets
of miR-15a including down-stream effectors (i.e., ERK and MAP kinases, AKT and PIK3)
of the EGFR, intracellular calcium and cAMP signaling pathways. These data suggest that
miR-15a alone may affect multiple signaling pathways regulating hepatic cystogenesis at
different cellular levels.

Polycystic Kidney Disease and miRNAs

The cholangiociliopathies occur in conjunction with polycystic kidney disease. A recent
study has also incriminated miRNA pathways in renal cystogenesis.®! In the Han:Sprague-
Dawley (SPRD)-cy rat, an animal model of PKD, thirty miRNAs were differentially
expressed and their predicted targets might be involved in regulation of genetic switches in
PKD. Interestingly, 43% of all miRNAs detected in polycystic kidneys of the Han:Sprague-
Dawley (SPRD)-cy rat®! are identical to miRNAs detected in cystic cholangiocytes of the
PCK rat.38 These data suggest that similar cellular pathways controlled by miRNAs might
be implicated in the pathogenesis of polycystic liver and kidney diseases.

Mechanisms of miRNA Deregulation

The microarray analysis of miRNAS in cystic cholangiocytes revealed widespread changes
in profiles demonstrating: (1) the majority of miRNAs were downregulated; (2) one miRNA
was upregulated; (3) four miRNAs present in normal cholangiocytes were not detected and
(4) the expression of 46 miRNAs was induced. Why miRNAs undergo such global changes
in pathological conditions is unknown, but these multidirectional changes suggest that
several mechanisms could be involved.

Based on the complexity of miRNA biogenesis, miRNA deregulation observed in
pathological conditions in general and in cystic cholangiocytes in particular might reflect
abnormalities at different stages of miRNA processing machinery. Indeed, mice with
disrupted miRNA biogenesis exhibit higher susceptibility to cancer.>2 Dysregulation of
mature miRNAs at the levels of Drosha and/or Dicer processing could also be involved.®
Consistent with this, overexpression and downregulation of Dicer has been observed in
prostate cancer®3 and Burkitt’s lymphoma,>* respectively.

Several other mechanisms including regulation by transcriptional and epigenetic factors and
by other miRNAs have been proposed.®> Indeed, the miR-17-92 cluster is directly
regulated by the oncogene, Myc.%6 In contrast, the levels of miR-127, miR-124a and let-7a-3
depend on histone acetylation and DNA methylation.26:57

Recent studies demonstrate that regulation of gene expression by miRNAs is cell cycle
dependent.58 In the G phase of the cell cycle (i.e., quiescent phase), miRNAs activate
translation of their target genes while in S/G, phase, they may act as repressors of
translation.>8
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Our data showed that cystic cholangiocytes expressed 46 miRNAs not found in normal
cholangiocytes. We speculate that, beside the above mentioned mechanisms, miRNA
expression might also be influenced by intracellular second messengers, particularly
intracellular calcium. Indeed, experimental data suggest that in the presence of calcium, the
formation of Dicer is enhanced.>® Another potential candidate is intracellular cAMP, levels
of which are significantly increased in cystic cholangiocytes and its overexpression is
associated with an accelerated rate of cyst growth.*> cAMP phosphorylates CREB (CAMP
response element-binding protein) via two downstream effectors, PKA and EPAC, that are
also upregulated in cystic cholangiocytes.#” Current evidence implicates that CREB controls
the expression of several miRNAs, in particular miR-132.69-61 Interestingly, we found that
miR-132 is present in cystic cholangiocytes but not in normal cells. However, it remains to
be proven experimentally whether cAMP or calcium or both might trigger expression of
miRNAs under pathological conditions.

Conclusions and Perspectives

To date, only a few studies38:51 have focused on the possible contributions of miRNAs in
the pathogenesis of polycystic liver and kidney diseases. Indeed, only one report showed
experimental evidence of miRNA involvement in hepatic cystogenesis.3® Defining miRNAs
as specific regulators of affected intracellular pathways in polycystic liver and kidney will
help to further understand the mechanism of disease progression and help to design targeted
therapies. The following questions need answer: (1) what miRNAs are involved in
regulation of affected intracellular signaling pathways? (2) Why do miRNAs undergo global
changes in cystic cholangiocytes? (3) What mechanisms underlie the multi-directional
changes of miRNA expression? (4) What are the miRNA profiles in different forms of
polycystic liver and kidney diseases? (5) Are the miRNA signatures different in polycystic
liver and polycystic kidney? and (6) Could miRNAs be therapeutic targets and if yes, which
ones?

MiRNAs might indeed represent promising therapeutic targets—overexpressing of
downregulated miRNAs or knock down of overexpressed miRNAs may potentially help
reverse many abnormal cellular functions.®2 Animal studies addressing this possibility have
began to emerge.28 The first attempt to use miRNA as a therapeutic target showed a
promising outcome—i.e., intravenous administration of antagomirs (i.e., modified antisense
oligonucleotides) against miR-16, miR-122, miR-192 and miR-194 lead to their inhibition in
vivo.93 Since in many pathological conditions miRNAs are significantly downregulated,
interventions to increase their levels are required. So far no data showing successful and safe
delivery of miRNA vectors have been published.27:64
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Figure 1.

MiRNA profiles in cystic cholangiocytes of the PCK rat. Sixty-eight miRNAs are
differentially expressed in cystic cholangiocytes with the majority of them being
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downregulated as determined by microarray analysis.
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Genes mutated in cholangiociliopathies
Cell cycle genes
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Figure 2.

MiRNA targets. Potential miRNA targets were grouped as genes mutated in
cholangiociliopathies and genes related to cellular pathways involved in hepatic
cystogenesis.
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Figure3.

The potential role of miRNAs in regulation of down-stream components of the intracellular
pathways which contribute to hepatic cystogenesis. Please note that the scheme includes
only proteins expression of which in cystic cholangiocytes has been verified experimentally.
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