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Abstract

The final steps in the Renin-Angiotensin-Aldosterone signaling System (RAAS) involve binding
of the corticosteroid hormone, aldosterone to its mineralocorticoid receptor (MR). The bound MR
interacts with response elements to induce or repress the transcription of aldosterone-regulated
genes. Along with the classic genomic targets of aldosterone that alter mRNA and protein
expression, aldosterone also regulates the expression of non-coding RNAs (ncRNAS). Short
ncRNAs termed microRNAs (miRs) have been shown to play a role in transducing aldosterone’s
actions via MR signaling. The role of miRs in homeostatic regulation of aldosterone signaling, and
the potential for aldosterone-regulated miRs to act as feedback regulators of MR have been
recently reported. In this review, the role of miRs in RAAS signaling and feedback regulation of
MR in kidney epithelial cells will be discussed.
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1. Introduction to non-coding RNAs

Sequencing of the human genome demonstrated that over 95% of the human genome is
composed of DNA that does not code for proteins, with transcribed and non-translated RNA
sequences far exceeding the protein coding regions (1,2). Studies subsequently demonstrated
that far from being “junk” DNA the non-coding RNA (ncRNA) served numerous regulatory
roles. NcRNA has been categorized into small and long ncRNA based on the length of the
RNA transcript. Long non-coding RNAs (IncRNAs) are defined as RNA transcripts, without
protein-coding potential, greater than 200 nucleotides long (3), and small ncRNA are less
than 200 nucleotides long. The IncRNAs can circularize when the transcribed ncRNA is
spliced onto itself to form a closed circular RNA structure (4,5). Reports have yet to emerge
describing a role for IncRNAs in the regulation of or by the mineralocorticoid receptor so
this review will focus on the short ncRNAs. Several species of small ncRNA have been
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identified in eukaryotes (6). The short ncRNAs are classified by their length (20-30
nucleotides) as well as their association with the Argonaute family of proteins (7). The
inhibitory small ncRNAs are classed as microRNAs (miRs), small interfering RNA (siRNA)
and PIWI-interacting RNA (piRNA) all of which selectively silence genetic transcripts (7,8).

2. MicroRNA background

Of the small ncRNAs, miRs constitute the predominant group and are important post-
transcriptional regulators of gene expression (7). MiRs are typically 18-25 nucleotides in
length, are widely expressed in plants and animals. MiRs bind predominantly to the
3’untranslated regions (UTRs) of messenger RNAs (MRNAS) to induce translational
suppression or mRNA degradation (9-11). The major role of miRs is therefore to suppress
protein expression by degrading target mMRNA. Exceptions to this inhibitory pathway are
known(7,12-16), but the most common function of miRs is to act as negative regulators of
proteins, including in signaling pathways (see below). The function of miRs was first noted
with their discovery in Caenorhabditis elegans in the 1990°s (17). In these studies, miRs
were shown to be critical in the posttranslational control of gene expression associated with
C.elegans development (18). In humans, about 2000 bona fide miRs have been identified. It
is estimated that >60% of the protein-coding genes contain a conserved miR-binding site
(19,20). This, combined with the number of non-conserved binding sites, and interactions
with other small ncRNAs makes it likely that the majority of protein-coding genes will be
subject to some form of ncRNA regulation. The biogenesis of miRs is tightly controlled and
while this topic has been extensively reviewed (see for example;(21-27)) it will be briefly
discussed to illustrate how miRs may be regulated by hormonal signaling.

3. MicroRNA synthesis

MiRs are transcribed as precursor forms in the nucleus. MiR precursors typically form a
stem-loop secondary RNA structure. Sequences producing this stem-loop structure are
encoded throughout the genome, embedded within protein coding genes (introns and exons)
or encoded as stand-alone sequences. There is a diversity of strategies that transcribe miRs
(detailed in numerous reviews including (7,28-33). However, when transcribed the ncRNAs
adopt a characteristic stem-loop structure that needs to be further processed to produce the
mature ~23nt miR. MiRs can be transcribed by a unique promoter (34-36) or embedded
within genes to share the gene’s promoter (37,38). This allows for independent regulation of
miR expression for stand-alone miRs. Alternatively, changes in miR expression are linked to
the gene in which the miR is embedded. MiRs can be produced as a single stem-loop
structure or be found within a cluster of stem-loop sequences encoded in close genomic
proximity (39,40).

MiRs sequences are transcribed by RNA polymerase Il into primary miRs (pri-miRs)
(22,41,42). PrimiRs fold into the stem-loop hairpin structures, but are longer (>70nt) than
mature miRs and contain a polyadenylated tail (7,43,44). The pri-miRs are trimmed in the
nucleus in a complex containing the polymerase 111 enzyme Drosha, to produce a precursor
miR (pre-miR) of approximately 70nt in length (27,42,45). Pre-miRs are exported to
cytoplasm by Exportin-5 (46,47). In the cytoplasm the pre-miRs are further trimmed by the
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enzyme Dicer. Processing by Dicer is by structural rather than sequence recognition, with
the loop of the pri-miR loaded into a cleavage pocket in the enzyme. The elongated tail is
removed, and the loop clipped to produce a double-stranded RNA 22 or 23nt long (7,48).
Due to the fact the Dicer cleaves at a set distance from the loop, mature miRs are, for the
most part, identical in length. This mature miR is loaded onto Argonaute-2 (AGO2)
containing complex. AGO2 is an endonuclease and together with the miR forms the central
component of a complex of proteins that recognize and bind to target RNA sequences. The
complex is guided by the miR to bind to complementary sequences on the 3’-UTR of target
MRNA. Here the complex sterically hinders RNA polymerases to inhibit protein translation
or Argonaute cleaves the mRNA to result in its degradation (16). The miR/protein assembly
with AGO?2 has been termed the RNA-induced silencing complex (RISC) (49-54). The net
result of miR action is a reduction in mRNA translation either by translational inhibition or
MRNA degradation. The major action of miRs is therefore to suppress protein production
and steady-state levels.

4. RAAS cascade

The renin-angiotensin-aldosterone-signaling system (RAAS) is a well-established hormonal
cascade that leads to release of the mineralocorticoid steroid hormone aldosterone in
response to decreased plasma sodium (Na*), increased circulating potassium (K*), or
decreased effective circulating volume (55). RAAS constitutes a critical homeostatic
feedback mechanism that coordinates the activity of renal and vascular tissues to regulate
blood volume and contribute to maintain blood pressure (55-57). The mineralocorticoid
steroid hormone, aldosterone is the final constituent RAAS signaling cascade (58-61).
Aldosterone is produced in the zona glomerulosa cells of the adrenal gland in response to
renin (62—65). By binding to the mineralocorticoid receptor (MR) aldosterone induces the
transcription of proteins that function together to establish a coordinated cellular genomic
response (66,67). The specificity of aldosterone signaling in most aldosterone-sensitive
tissues is protected by the action of 11p-hydroxysteroid dehydrogenase type 2 (11p-HSD2)
which converts cortisol to cortisone to regulate access to the MR (68,69). A major action of
aldosterone signaling is to increase Na* reabsorption from glomerular filtrate. In the kidney,
aldosterone modulates the expression of proteins responsible for increasing Na* and water
reabsorption in the distal nephron, leading to volume expansion. Homeostatic feedback
following aldosterone stimulation reverses the normal signaling cascade as the cues to
release aldosterone are diminished when plasma Na* and volume are restored (70-72).

5. The Mineralocorticoid Receptor

The MR is a family member of the steroid nuclear receptors which includes receptors for
progesterone, androgen, estrogen and glucocorticoids (73-75). As the name suggests, the
MR responds to mineralocorticoid hormones including aldosterone. The receptor is capable
of binding to other steroid hormones like glucocorticoids, primary amongst these being
cortisol. Evolutionarily the MR signaling pathway involving aldosterone is first observed in
the lungfish (Neoceratodus forsteri) and lobed-finned fish (76). While a MR analogue is
present in cartilaginous fish, aldosterone is not found, indicating that this receptor is
activated by other ligands. However, both aldosterone and the MR are represented in
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tetrapods suggesting the importance of aldosterone signaling in adaptation to living on land
(76). Indeed, the central role for aldosterone in the maintenance of sodium (and by
association water) homeostasis has been understood for many years and has been extensively
reviewed elsewhere (see for example (55,56,60,65,69,77)). The main tissue targets for
aldosterone/MR signaling to alter sodium transport are the distal kidney nephron epithelial
cells, colon, sweat and salivary glands, where binding of aldosterone to MR induces an
increase in sodium reabsorption with corresponding increases in the secretion of potassium
and protons (66,67,78). MR is also found in cardiovascular tissues like the endothelial and
smooth muscle cells of the vasculature and the heart, but it is not necessarily associated with
Na*/K*/H* transport here.

Unbound, MR is found in the cell cytosol held in an inactive state by binding of chaperones
(like the 90-kD heat shock protein) that prevent nuclear localization and transcriptional
activity(74,78). On ligand binding, MR undergoes a confirmation change that dislocates
these chaperones and allows dimerization of the receptor. The dimer translocates to nucleus
and binds to hormonal response elements to initiate DNA transcription. In concert with co-
activators or repressors the active MR can then direct the transcription or inhibition of MR
targeted genes (78). Target MR induced genes include the serum and glucocorticoid induced
kinase (SGK1), subunits of the epithelial sodium channel (ENaC), the MR gene itself
(NR3C2), epidermal growth factor receptor (EGFR), insulin-like growth factor 1 receptor
(IGF1R) and angiotensin Il receptor 1 (AGTR1) (73,74). The main impact of MR activation
is to increase sodium reabsorption primarily via SGK1 and an increase in ENaC number in
epithelia cells of the kidney distal nephron. This action of aldosterone has been well
documented. However, the mechanisms that reverse this signaling pathway or keep excessive
aldosterone activation in check are less well characterized

6. RAAS signaling disfunction

There are known cellular mechanisms that reverse the action of long-term aldosterone
exposure and keep the signaling cascade in check by altering MR expression. Studies have
demonstrated that aldosterone stimulation results in post-translational modifications to the
MR that result in its inactivation and degradation (79,80). It was also recently demonstrated
that mMRNA expression of MR was reduced in response to long term aldosterone stimulation
(81). A decrease in MR would diminish the ability to elicit a full aldosterone stimulation and
protect the cells from aldosterone excess. The observation that MR RNA expression was
decreased in mice placed on extended (7-day) low Na* diets to induce aldosterone signaling,
suggested the possibility of a post-transcriptional regulation of the mRNA message, and this
task is ideally suited to miR actions.

A failure to reverse aldosterone signaling can result in pathophysiological disease states. For
example, inappropriately elevated levels of aldosterone lead to the development of
hypertension (82—84). Primary aldosteronism (PA) is characterized by excessive secretion of
aldosterone and results in hypertension, electrolyte abnormalities like hypokalemic alkalosis,
and cardiovascular disfunction (84-87). PA is the most common form of secondary
hypertension and is seen in approximately 20% of patients with resistant hypertension
(56,77,88). PA patients have a higher incidence of cardiovascular abnormalities and suffer
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greater morbidity and mortality compared to non-PA patients exhibiting similar levels of
hypertension (89-91). Excessive aldosterone release leads to a chronic upregulation of the
cellular signaling pathways that act to reabsorb Na* (92). This drives water uptake from the
kidney distal nephron to expand plasma volume. The cellular mechanism to keep
aldosterone signaling in check are therefore essential to prevent pathophysiological disease
states from emerging, particularly if long-term aldosterone signaling is not repressed.
Leveraging the negative feedback controls that keep MR signaling in check may be a novel
mechanism in disease prevention especially in the case of chronic conditions like long-term
hypertension. MiRs appear to fill a negative feedback a roll.

7. MicroRNAs and the mineralocorticoid receptor

It is evident that miRs can exert regulation over MR signaling, altering expression of both
the receptor and 11p-HSD2 which protects aldosterone signaling. Two reports have
implicated miRs-124 and -135a in the regulation of MR expression. In the first report both
miRs were able to downregulate the expression of a MR 3’-UTR luciferase reporter
construct (93). In a separate study by Mannironi et al.(94), miR-135a and miR-124 binding
to the MR 3’-UTR were also confirmed using luciferase reporter constructs. In addition,
protein expression of MR was decreased by the overexpression of each miR and increased
when these miRs were inhibited using antisense oligonucleotides. MiR-20a was shown to be
enriched in the cortical collecting duct where it reduced the expression of 113-HSD2 in rat
models (95). Aldosterone also modulates the expression of miRs. Studies in cultured mouse
kidney cortical collecting duct (CCD) cells demonstrated that aldosterone, acting through
MR, modifies miR expression (96). This resulted in both a decrease and increase in several
miRs (97). MiR regulation occurs in other aldosterone-sensitive cells, like vascular smooth
muscle cells (98) where an upregulation in miR expression is noted after aldosterone
stimulation. MiRs have been shown to target constituents of the RAAS cascade. Production
of signaling hormones, expression of receptors and signaling proteins are all impacted by
changes in miR expression (99-105).

8. MicroRNA'’s role in aldosterone signaling in the kidney

When aldosterone levels were increased in the kidney /n vivo, mouse miR-192 was shown to
be inhibited (106). A validated target of miR-192 was the serine-threonine kinase, with no
lysine (WNK1), specifically the long form (L-WNKZ1). A reduction in miR-192 expression
resulted in an increase in L-WNKZ1 levels (106). L-WNKZ1 is known to be an important
regulator of both K* and Na* transport and miR regulation by aldosterone represents an
additional layer of control in fine tuning ion transport in the kidney (107-111).

Regulation of renal outer medullary potassium (ROMK) channels by miR-194 was observed
when dietary K* was increased in rodent models. An increase in dietary K* typically results
in an increase in aldosterone release and miR-194 was regulated by alterations in K* diet
(112). The authors describe a scaffold and regulatory protein, intersectin-1 that was
regulated by miR-194. Decreasing intersectin-1 expression increased ROMK surface
expression by delaying retrieval of the channel from the plasma membrane. As a result, an
increase in channel surface residency increased K* transport. An earlier study by the same

Mol Cell Endocrinol. Author manuscript; available in PMC 2022 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Butterworth

Page 6

group identified that miR-802 was similarly regulated by altered K* diet. In this case the
target protein was caveolin-1 (113). The phenotype would be similar for both miRs. A high
K* diet would increase aldosterone production, induced miR-802 expression which in turn
inhibited caveolin-1 to reduced ROMK internalization. The change in dietary K* provides
two separate mechanisms to regulate K* transport via changes in separate miRs, with similar
outcomes.

Na* regulation by miRs has been reported mainly by altering the function of the epithelial
sodium channel (ENaC). In these studies, both a cortical collecting duct (mCCD) cell line
treated with aldosterone and mice placed on a low Na* diet to induce aldosterone release,
produced parallel changes in miR expression (96). A cohort of miRs were described to be
both upregulated and repressed after 24 hr aldosterone stimulation (in the mCCD cells) or on
extended Na*-deficient diets in the CCD cells isolated from mouse kidney (96). The
downregulated miR-335-3p targeted a membrane scaffold protein, ankyrin 3 (Ank3). The
mechanism of ENaC regulation by Ank3 was elucidated in a follow-up study (114).
Increasing Ank3 expression accelerated the delivery of ENaC to the apical surface of mCCD
cells. The result of increasing ENaC abundance at the membrane surface was a net increase
in Na* reabsorption across the epithelial cells, a reported action of aldosterone in these cells
(see Figure 1).

In addition to the downregulation of miRs, aldosterone has been shown to increase miR
expression in the same CCD cells in response to aldosterone stimulation. For ENaC
regulation, the miR cluster mmu-miR-23~24~27, was significantly upregulated by
aldosterone, along with several other miRs (97). These clusters were previously reported to
be enriched in the kidney (115). Alteration in the expression of these miRs has been reported
in numerous disease states, such as cardiac hypertrophy (116) or interstitial lung disease
(117). The induction of these miRs by aldosterone in the kidney CCD was confirmed in both
an mCCD cell line, and in isolated CCD cells from mice placed on low Na* diets (97).

This increase in all family members was likely due to an MRE upstream of the clusters,
although this has yet to be validated. A predicted target of these induced miRs was
intersectin-2 (Itsn2). Similar to the reports for ROMK and the regulation of K* transport,
when Itsn2 protein was decreased, an increase in ENaC-mediated Na* transport was
observed. The 3’-UTR of Itsn2 was shown to be a target of these upregulated miRs, and a
reduction in Itsn2 protein levels increased Na* transport via ENaC. When Itsn2 was
exogenously upregulated Na* transport was diminished. The mechanism of action is likely
similar to that reported for ROMK (See Figure 1).

It should be noted that MR/aldosterone induced miR changes are not the only miRs known
to regulate ENaC. Regulation of ENaC by other miRs has been reported. For example
changes in miR-16 in alveolar epithelial cells and miR-263a in enterocytes downregulates
the expression ENaC subunits (118). Conversely, the activity of ENaC was shown to alter
the regulation of miR-101 and miR-199 in endometrial cells (119). However, the contextual
nature of MR-induced miR regulation in the kidney fine-tunes Na* homeostasis in line with
the function of aldosterone.
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9. MiRs in feedback regulation of MR signaling

There have been few studies investigating the role of miRs to feedback and regulate MR
and/or the the RAAS pathway. This regulation seems possible. For example, miR-24 is
induced by aldosterone in MR-sensitive cells including epithelial cells of the distal nephron
(97), and this miR negatively regulates aldosterone production by aldosterone synthase
(120). Similarly, miR-27a targets the angiotensin converting enzyme. This miR- is part of
the miR-23~24~27 cluster that is induced by aldosterone. Induction of the miR-23~24~27
family by aldosterone could therefore in theory decrease expression of two enzymes critical
in the production of aldosterone (Long feedback loop, Figure 1). However, this long-range
regulation has not been investigated or reported. A more localized negative feedback loop
has been reported by our group. In a study by Ozbaki-Yagan et al., the upregulation of miR
induced by long-term exposure to aldosterone was investigated (121). A miR cluster,
miR-466a-e was identified that increased expression after days (>3days) of aldosterone
exposure in principal cells of the mouse cortical collecting duct (mCCD) both /in vitroand in
vivo. Unlike earlier studies investigating changes in miR expression after 24hr aldosterone
stimulation, these miRs did not show a significant upregulation at 24hrs, but steadily
accumulated over time so that by 3 days their cellular expression was significantly raised,
and they remained elevated for extended periods. The predicted and validated targets of
these miRs were both MR and SGKZ1. By inhibiting these miRs, we demonstrated that not
only was the expression of MR and SGK1 significantly greater than in control cells, the
sensitivity of the mCCD cells to aldosterone was increased (121). This provides the first
evidence for a localized feedback loop established by MR signaling (short feedback loop,
Figure 1). The ability for aldosterone-stimulated miRs to target both the receptor and
downstream effector of aldosterone protects the cells from excessive signaling that
prolonged aldosterone would produce. This could be viewed as a form of aldosterone
escape, desensitizing cells to long-term aldosterone stimulation. Of interest, additional miRs
were identified in the samples stimulated by extended aldosterone exposure that hint at
additional roles for miRs in regulation of MR signaling and these warrant additional
investigation.

10. Summary

There is a diversity of responses to aldosterone signaling that varies in tissue and cell type,
and between males and females (58,122,123), that remains under-investigated. The impact
of extended aldosterone stimulation on miR regulation, Na* homeostasis and blood pressure
are relevant to human conditions where cardiac diseases often take years to manifest. The
role of miRs in aldosterone signaling and as feedback regulators of aldosterone is beginning
to emerge. Early evidence supports the idea that the induction of miRs by aldosterone, via
the MR leads to both local and distant feedback loops that target MR, or components of the
RAAS cascade to damp down long-term aldosterone signaling. In addition, the short-term
miR regulation setup by MR signaling facilitates signaling responses, namely increases in
Na+ transport, required for aldosterone action in the epithelial cells of the distal nephron.

It is therefore apparent that ncRNAs are vital components of aldosterone signaling via the
MR. These ncRNAs need to be further investigated both under normal physiological
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conditions and in pathophysiological states. They are certain to be important points of
intervention to regulate normal homeostasis and their anomalous regulation likely
contributes to disease states.
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Figure 1:
A schematic figure outlining the miR signaling pathways established by aldosterone

stimulation through the MR. Red lines represent repression and green arrows stimulation of
expression. It is likely that several of the miRs induced by aldosterone, feedback to
negatively regulate parts of the RAAS signaling pathway (long feedback loop). There is
evidence for localized feedback with miR-466 repressing the expression of MR and SGK1
in the same cells that are stimulated by aldosterone (short feedback loop). The miRs and
targets depicted in this figure are discussed in the text.
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