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A B S T R A C T

Protein kinase D2 (PKD2) is a serine/threonine protein kinase which plays an important role in vesicle fission at
the trans-Golgi network (TGN) to coordinate subcellular trafficking with gene expression. We found that in the
rat kidney, PKD2 is specifically expressed in collecting duct principal cells predominantly at the apical mem-
brane and with lower basal expression in cytosolic compartments. When rats were maintained on a Na+ depleted
diet (< 0.87 mmol Na+/kg) to increase plasma aldosterone levels, PKD2 became internalized to a cytoplasmic
compartment. Treatment of murine M1 cortical collecting duct (M1-CCD) cells with aldosterone (10 nM) pro-
moted PKD2 co-localization with the trans-Golgi network within 30 min. PKD2 underwent autophosphorylation
at Ser876 within 10 min of aldosterone treatment and remained phosphorylated (active) for at least 24 h. A
stable PKD2 shRNA knock-down (PKD2 KD) M1-CCD cell line was developed to study the role of PKD2 in
epithelial Na+ channel (ENaC) trafficking and transepithelial Na+ transport (SCC) in epithelial monolayers
grown in Ussing chambers. The PKD2 KD cells developed transepithelial resistance with kinetics equivalent to
wild-type cells, however the transepithelial voltage and Na+ current were significantly elevated in PKD2 knock-
down CCD epithelia. The higher basal SCC was due to increased ENaC activity. Aldosterone treatment for 24 h
resulted in a decline in ENaC activity in the PKD2 KD cells as opposed to the increase observed in the wild-type
cells. The paradoxical inhibition of SCC by aldosterone in PKD2 KD epithelium was attributed to a reduction in
ENaC current and lower membrane abundance of ENaC, demonstrating that PKD2 plays a critical tonic role in
ENaC trafficking and channel subunit stability. The rapid activation of PKD2 by aldosterone is synergistic with
the transcriptional activity of MR and contributes to increased ENaC activity.

1. Introduction

The steroid hormone aldosterone is a critical regulator of sodium
homeostasis in the body through its actions on the cells of the distal
nephron. Aldosterone promotes the reabsorption of sodium from the
renal ultrafiltrate which enhances water conservation and the restora-
tion of normal blood pressure under conditions of hypovolaemia.
Aldosterone sensitivity is conferred by expression of the miner-
alocorticoid receptor (MR) which is found in various tissues throughout
the body including the distal colon, the vascular endothelium and the
aldosterone-sensitive distal nephron (ASDN). Aldosterone regulates the
activity of ion transporters including the epithelial Na+ channel (ENaC)
and Na/K pump [1]. ENaC abundance together with trafficking of the
channel to the apical membrane of epithelial cells determines the rate
of Na+ reabsorption from the renal ultra-filtrate [2,3]. MR is a ligand-

dependent transcription factor and aldosterone binding promotes the
interaction of MR with the promoter sequences of target genes such as
the ENaCα subunit [1] and Na+/K+-ATPase α and β subunits [4], to
modulate their expression. Signalling intermediates, such as the serum
and glucocorticoid regulated kinase 1 (SGK1), that are linked to the
regulation of stability and localization of ENaC are also stimulated by
aldosterone [5–7]. Previous work has shown that SGK1 phosphorylates
the E3 ubiquitin ligase Nedd4-2 and inhibits its activity, which results
in a reduction in ENaC subunit ubiquitination and the stabilization of
ENaC in the apical membrane [8].

A new facet in aldosterone signalling is beginning to emerge in the
form of the protein kinase D (PKD) family of kinases [20,21,26,39–43].
The PKD family consists of three diacylglycerol (DAG)-stimulated
serine/threonine protein kinases: PKD1/PKCμ [9,10]; PKD2 [11] and
PKD3/PKCν [12]. The PKD isoforms are classified as a subgroup of the
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calcium/calmodulin-dependent family of protein kinases (CAMK)
[13,14], and are downstream targets of protein kinase C (PKC) isoforms
that are activated in response to agonists of various G-protein coupled
receptors [15–19]. We have shown that activation of PKD1 by aldos-
terone in M1 cortical collecting duct (M1-CCD) cells is PKCε-dependent
[20] and involves the trans-activation of the epidermal growth factor
receptor by c-Src [21].

The PKD family play an important role in sub-cellular trafficking by
regulating lipid kinases which can affect the release of cargo-carrying
vesicles from the trans-Golgi network (TGN), while also modulating the
structure of the actin cytoskeleton. A role for PKD1 has been linked to
intracellular trafficking through regulation of vesicle fission at the TGN
along with direct phosphorylation of phosphatidylinositol (PtdIns) 4-
kinase (PI4KIIIβ) and phosphatidylinositol 4-phosphate (PI4P) 5-kinase
[22–25]. As a result, the rate of vesicle and cargo protein transport to
the plasma membrane is increased [23]. The activation of PKD1 by
aldosterone similarly up regulates the activity of lipid kinases involved
in vesicle fission to promote ENaC trafficking into the cell membrane
[26]. Studies have demonstrated how PKD family members undergo
rapid redistribution in response to stimulation. Both PKD1 and PKD2
translocate to DAG-containing microenvironments present in the
plasma membrane and Golgi from the cytosol [27], while PKC-depen-
dent reverse translocation from the plasma membrane to the cytosol
was followed with subsequent nuclear accumulation [28]. Conse-
quently, PKD isoforms have the ability to regulate targets in diverse
subcellular locations and therefore control multiple cellular activities.

This study identified a role for PKD2 in renal physiology and in
particular determined that PKD2 contributes to the constitutive and
aldosterone regulation of ENaC. Given that we have already identified a
role for PKD1 in promoting ENaC membrane insertion [20,29], and
show here that PKD2 is also an inhibitor of ENaC membrane stability,
we propose a ying-yang interaction between PKD1 and PKD2 in renal
sodium homeostasis. A role for PKD2 in regulating ENaC and aldos-
terone responses has never before been described in the kidney.

2. Results

2.1. PKD2 is expressed in the principal cells of the collecting duct

PKD2 is one of three PKD isoforms expressed in the distal nephron.
The differential sub-cellular localization of PKD isoforms, PKD1, PKD2,
PKD3 is shown in Fig. 1A. Integrated density fluorescence analysis of
the sub-cellular abundance of the fluorescent antibody probes to the
PKD isoforms show PKD1 predominantly localised in the apical mem-
brane, PKD2 localised in both apical membrane and cytosol, and PKD3
in cytosol and nucleus (Fig. 1B). The expression of PKD2 was observed
in principal cells (site of aldosterone-regulated Na+ transport) and
never in intercalated cells (site of active H+ secretion) (Fig. 1C).

Immunofluorescence imaging of cryo-sectioned rat kidneys was
used to investigate the distribution of PKD2 under conditions of normal
and elevated plasma aldosterone levels (low Na diet). PKD2 was highly
expressed throughout the distal nephron and immunofluorescence
images of micro-dissected mouse kidney tubules showed PKD2 ex-
pression in the aldosterone-sensitive distal convoluted tubule, con-
necting tubule and collecting duct (Fig. S1). PKD2 expression in the
cortex of the rat kidney was restricted to the distal convoluted tubule
(DCT) and cortical collecting ducts (CCD) (Figs. 2 and S2). We used an
antibody specific for AQP2 to distinguish Na+ and water absorbing
principal cells from H+ secreting intercalated cells of the collecting
ducts and found that PKD2 expression was restricted to the AQP2-po-
sitive principal cells. The luminal surface expression of PKD2 coloca-
lized with AQP2. There was also a significant amount of sub-apical
PKD2 staining within the cytoplasm of the principal cells in CCD seg-
ments (Fig. 2A), although PKD2 appeared more restricted to the cell
membrane in distal tubules (Fig. 2C). Plasma aldosterone levels can be
increased by feeding rats a Na+ depleted diet. We used

immunofluorescence imaging to compare the distribution of PKD2 in
sections of renal cortex from rats fed a normal diet or a Na+ depleted
diet. The plasma aldosterone levels of rats fed a low sodium diet
reached 900 pg/ml after 10 days compared to 250 pg/ml in the plasma
of rats fed a normal diet. PKD2 showed increased internalization into
the cytoplasm of the principal cells under conditions of Na+ depletion
in both CCD and DCT (Fig. 2B and D and Fig. 3A). The subcellular
localization of PKD2 was quantified using integrated density analysis of
AQP2 and PKD2 fluorescence in whole cells which showed increased
abundance of PKD2 in the cytosol under low Na+ diet conditions
(Fig. 3B). PKD2 sub-cellular expression is thus modified when the col-
lecting duct is stimulated to conserve Na+ by aldosterone.

2.2. Aldosterone promotes a reorganization in PKD2 subcellular
localization

The mouse M1-CCD cell line is an established model for the prin-
cipal cells of the collecting duct that has been used to investigate the
actions of aldosterone. In a confluent monolayer of M1-CCD cells
maintained in serum free medium for 24 h, PKD2 was localized to the
apical cell membrane of the cells and co-localized with wheat germ
agglutinin used to stain the apical membrane (Fig. 4A and S3). Im-
munofluorescence confocal microscopy revealed that within 10 min of
treatment with aldosterone (10 nM), PKD2 became internalized and
was largely localized within the cytoplasm of the M1-CCD cells (Fig. 4A
and S4), consistent with what was observed in the kidneys of Na+

depleted rats. After 30 min aldosterone, PKD2 became localized to
discrete sites proximal to the cell nucleus (Fig. 4B). These structures
could also be stained with TGN38, a marker for the membranes of the
trans-Golgi network. Integrated density analysis shows colocalization of
PKD2 with TGN following aldosterone treatment (Fig. 4). PKD2 rapidly
translocates to the TGN following aldosterone treatment as observed by
co-localization of PKD2 with the TGN marker TGN38 (Fig. 4B) and
quantified by overlapping of the integrated density plots of PKD2 and
TGN38 in Fig. 4C. We provide additional evidence in a supplemental
figure that the perinuclear compartment TGN is the subcellular site for
aldosterone-induced phosphorylation of PKD2 by measuring activated
pPKD2 fluorescence before and after 30 min aldosterone treatment (Fig.
S5).

Aldosterone thus promotes the recruitment of PKD2 from the apical
membrane and subapical cytoplasm to the Golgi apparatus within
30 min of treatment of collecting duct cells.

2.3. Aldosterone induces the activation of PKD2 in M1-CCD cells

Upon activation, PKD2 becomes autophosphorylated at serine re-
sidue 876 (Ser876). The phosphorylation state of Ser876 provides a
measurement of PKD2 kinase activity. M1-CCD cells were treated with
aldosterone (10 nM) and total PKD2 was immune-precipitated from the
cell lysate. Autophosphorylation of PKD2 was measured by im-
munoblotting using a phosphorylated Ser876-specific antibody. PKD2
became transiently autophosphorylated within 10 min of aldosterone
treatment (Fig. 5A). The autophosphorylation of PKD2 was sustained at
2 h and for least 24 h after aldosterone treatment (Fig. 5B). Aldosterone
not only causes the subcellular relocalization of PKD2 in M1-CCD cells,
but also promotes its rapid non-genomic transient activation followed
by a (genomic?) sustained activation.

2.4. Suppressing PKD2 expression affects trans-epithelial current.

We determined the role of PKD2 in maintaining the electro-
physiological properties of the CCD epithelium Fig. 6). There are cur-
rently no specific pharmacological inhibitors of PKD2, so RNA inter-
ference provides the most effective approach for evaluating the function
of PKD2. We established M1-CCD cell line clones that stably harboured
a plasmid expressing one of four different PKD2-specific shRNA species.
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Each of the shRNAs had different efficacy in suppressing PKD2 ex-
pression. M1-CCD cells that harboured a plasmid expressing PKD2
shRNA-1 were most effectively suppressed in PKD2 protein expression
(Fig. 6D), (order of PKD2 suppression (n = 4): shRNa-1
(90%) > shRNa-2 (80%) > shRNA-4 (70%) > shRNA-3 (50%).

The capacity of PKD2 knock-down M1-CCD cells to maintain normal
ion transport function was evaluated by growing cells as a monolayer
on semipermeable supports and monitoring their electrophysiological
properties using an EVOM voltmeter. There was no significant differ-
ence in the electrophysiological properties of PKD2 suppressed M1-CCD
cells to establish a high resistance epithelial monolayer compared to
wild-type M1-CCD cells (Fig. 6C). Following seven days of propagation,
wild-type cells developed a transepithelial resistance of 3.2 kΩ/cm2

while the PKD2 knock-down cells developed a transepithelial resistance
of 3.5 kΩ/cm2. The constitutive transepithelial current of the two cell
lines was also measured (Fig. 6B). The wild-type cells exhibited a
transepithelial current of 1.5 µA/cm2 while the PKD2-suppressed cell
monolayer had an elevated basal transepithelial current of 5.1 µA/cm2.
The basal transepithelial voltage was similarly increased from 4 mV/
cm2 to 16 mV/cm2 with PKD2 suppression (Fig. 6A). PKD2 thus plays
an important role in the tonic regulation of the electrophysiological
properties of collecting duct cells but is not essential to maintain a high
resistance epithelium. These data indicate that the expression of PKD2
constitutively suppresses transepithelial (sodium) ion transport while
the knock-down of PKD2 releases this tonic inhibitory effect to produce
a CCD epithelium with an elevated (Na+) transport capacity.

2.5. PKD2 suppression augments the ENaC current while diminishing the
stimulatory effect of aldosterone on transepithelial Na+ transport

The effect of PKD2-suppression on basal Na+ transport and the
stimulation of ENaC by aldosterone was investigated in confluent
monolayers of M1-CCD cells grown on semi-permeable supports. The

cells were maintained until a trans-epithelial resistance of 3.0 kΩ/cm2

was reached. The cell monolayers were transferred to serum free
medium for 24 h then left untreated or treated with aldosterone
(10 nM) for 24 h. The trans-epithelial current was measured with
Ussing chamber-type voltage-clamp apparatus and the ENaC contribu-
tion to this current was determined by treatment with the ENaC blocker
amiloride (10 µM) (Fig. 7A). The mean basal transepithelial current of
wild-type M1-CCD cells (n = 8) under these experimental conditions
was 2.0 ± 0.15 µA/cm2 (Fig. 7A, B). Most of this current was
amiloride-sensitive (1.6 ± 0.18 µA/cm2) (Fig. 7A, C). After 24 h al-
dosterone treatment, the transepithelial current increased to
4.4 ± 1.7 µA/cm2 of which 3.5 ± 1.2 µA/cm2 was amiloride-sensi-
tive (Fig. 7A, C). As expected, aldosterone treatment of M1-CCD cells
had stimulated a more than two-fold increase in ENaC activity after
24 h.

The experiment was concurrently performed on M1-CCD cells that
were suppressed in PKD2 expression (n = 8). Under basal conditions
the transepithelial current in the PKD2-suppressed cells was
9.5 ± 1.6 µA/cm2, of which 6.2 ± 0.9 µA/cm2 was amiloride-sen-
sitive (Fig. 7A–C). Suppression of PKD2-expression had therefore in-
creased the basal ENaC current almost four-fold in the M1-CCD cells
(Fig. 7A, C). After aldosterone treatment the transepithelial current of
the PKD2-suppressed epithelium dropped to 6.2 ± 1.1 µA/cm2

(Fig. 7A) of which 5.0 ± 1.3 µA/cm2 was amiloride-sensitive (Fig. 7A,
C). PKD2 expression thus plays a role in suppressing constitutive ENaC
activity. PKD2 knock-down enhances ENaC current to supra-maximal
levels and diminishes the stimulatory effect of aldosterone on ENaC
activity,

2.6. PKD2 regulates ENaC expression and stability in the apical membrane

The effects of PKD2 knock-down on apical membrane abundance of
ENaC under basal condition and following aldosterone treatment were

Fig. 1. PKD isoform expression and subcellular distribution in rat cortical collecting duct. (A) Immunofluorescence confocal microscopy images of PKD1, PKD2 and
PKD3 expression in CCD cells isolated from rats under normal Na+ diet stained with DAPI (blue), PKD isoforms (green) and actin-phalloidin (red). (B) Integrated
density of PKD isoform fluorescence in apical, cytosolic and nuclear compartments. (C) Single CCD cells immunofluorescence of PKD2 distribution in Principal cells
(PC) with no expression in Intercalated cells (IC). The merged fluorescent images show PKD2 and AQP2 overlay in yellow.
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assessed by Western blotting of ENaC channel subunits in wild-type and
PKD2 knock-down M1-CCD cells grown to confluency. Brief treatment
of CCD cells with aldosterone (10 nm) for 5 min. and 30 min produced a
non-genomic increase in ENaCγ channel subunit expression in apical
membranes (Fig. 8A, B). PKD2 knock-down on its own, greatly

increased the apical membrane abundance of ENaCγ (Fig. 8A, B). Under
these condition, aldosterone failed to increase the apical abundance of
ENaCγ further but instead produced a rapid non-genomic decrease in
ENaCγ expression in the apical membrane (Fig. 8A, B). These data in-
dicate a constitutive inhibitory effect of PKD2 on membrane

Fig. 2. Subcellular redistribution of PKD2 from luminal membranes to cytosol in cortical collecting duct and distal tubule cells in rats under low Na+ diet conditions.
(A) Confocal immunofluorescence images of PKD2 and aquaporin 2 cellular expression in CCD tubules from rats fed a normal Na+ diet. (B) Subcellular distribution of
PKD2 in CCD tubules from rats fed a low Na+ diet. (C) Cellular PKD2 and AQP2 expression in distal tubule from rats fed a normal Na+ diet. (D) Cellular PKD2 and
AQP2 expression in distal tubule from rats fed a low Na+ diet. The merged fluorescent images show PKD2 and AQP2 overlay in yellow.

Fig. 3. PKD2 is differentially localized in the rat cortical collecting duct under conditions of sodium depletion. The localization of PKD2 in the rat renal cortex was
determined by immunofluorescence confocal microscopy (A). Cryo-sectioned kidney tissue from male Sprague-Dawley rats was stained for Aquaporin 2 (red) and
PKD2 (green). The distribution of PKD2 was evaluated in individual principal collecting duct cells from rats fed a normal diet and a sodium depleted diet (B). The
integrated density show co-localization of aquaporin and PKD2 at the apical membrane in normal Na+ diet and shift of PKD2 to the cytosol in low Na+ diet.
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abundance/stability of ENaC and reveal an inhibitory effect of aldos-
terone on ENaC apical expression in PKD2 knock-down CCD cells.

2.7. PKD2 activation regulates aldosterone-induced ENaC trafficking

We evaluated role of PKD2 in the expression of ENaCα in the apical
membranes of confluent monolayers of M1-CCD cells after aldosterone
(10 nM) treatment for 24 h. Cells were fixed and analysed with im-
munofluorescence confocal microscopy, the apical cell membrane was
labelled with wheat germ agglutinin and ENaCα was detected with a
specific antibody. In untreated, wild-type M1-CCD cells ENaCα was
present at low abundance in the apical membrane and cytosol (Fig. 9A,

B). After aldosterone treatment the protein abundance of ENaCα in-
creased and the proportion of ENaCα co-localized with wheat germ
agglutinin in the apical membrane increased significantly as measured
by the integrated density (Fig. 9B) and overlap coefficient (Fig. S6).
Aldosterone treatment not only increased ENaCα abundance but also
increased its trafficking into the apical membrane and stability in the
membrane (Fig. 9A, B). In PKD2 knock-down cells there was greater
constitutive abundance of ENaCα in the apical membrane, as antici-
pated from the larger amiloride-sensitive current, compared to wild
type cells (Fig. 9A, B). The integrated density analyses show higher
constitutive expression of ENaCα in the apical membrane and reduced
expression in the cytosol of PKD2 KD cells (Fig. 9B). Paradoxically,

Fig. 4. Aldosterone promotes the redistribution of PKD2 in M1-CCD cells. (A) Confluent monolayers of M1-CCD cells were treated with aldosterone (10 nM) or
vehicle control for 10 min. The monolayers were fixed and stained with phalloidin-conjugated wheat germ agglutinin (WGA) to mark the apical membrane (red),
DAPI was used to detect the cell nuclei (blue) and a PKD2-specific antibody (green) for PKD2 expression. Images shown are z-stacks through the apical-basolateral
plane of the monolayer. The merged fluorescent images show PKD2 and WGA overlay in yellow. (B) Localization of PKD2 in the trans-Golgi network. M1-CCD cells
were treated with aldosterone (10 nM) or control vehicle for 30 min. Cells were fixed and labelled to detect PKD2 (green) and trans-Golgi network protein 38 (TGN38
red). The merged fluorescent images show PKD2 and TGN38 overlay in yellow. (C) Integrated density map of PKD2, WGA, DAPI and TGN showing colocalization of
PKD2 in the TGN after aldosterone.

Fig. 5. PKD2 is activated in response to aldosterone. Confluent monolayers of M1-CCD cells were treated with aldosterone (10 nM) for 2 to 30 min or left untreated.
PKD2 was immunoprecipitated from cell lysates and phosphorylation of PKD2 at Ser876 was detected by Western blotting. (A) Rapid effects of aldosterone on
activated phosphorylated pPKD2 normalized to total PKD2 (n = 6, p < 0.05), one-way analysis of variance + post-test Dunnett’s multiple comparison test compares
all columns versus control. (B) The phosphorylation state of Ser876 measured after 2 h and 24 h aldosterone treatment.
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aldosterone reduced ENaC expression in the apical membrane and in-
creased the cytsolic abundance of ENaC in PKD2 KD cells (Fig. 9A, B).
There was no change in the overlap coefficient for ENaCα with apical
membrane wheat germ agglutinin in the aldosterone-treated PKD2
knock-down cells (Fig. S6). These data further support the conclusion
that PKD2 knock-down increases apical ENaC abundance and impairs
the aldosterone stimulated trafficking of ENaC into the apical mem-
brane.

3. Discussion

The abundance of ENaC in the apical membrane of the cells of the
aldosterone-sensitive distal nephron (ASDN) determines the rate of
hormone-regulated Na+ reabsorption from the renal ultrafiltrate. Na+

conservation in the collecting duct helps to maintain the osmotic gra-
dient across the renal cortex and medulla to facilitate water conserva-
tion. The synergy between the actions of aldosterone and vasopressin in
the collecting ducts maintains normal electrolyte balance and blood
volume. Aldosterone increases the abundance of ENaC in the apical
membrane of CCD cells by multiple mechanisms that include the in-
duction of ENaCα expression [1], the antagonism of ENaC subunit
ubiquitination [30] and the stimulation of PKD1 mediated ENaC traf-
ficking [20]. The PKD family of protein kinases play critical roles in
many cellular processes including vesicular trafficking, cell migration
and transcriptional regulation. PKD1 is the most extensively studied
PKD isoform and also the most ubiquitous member of the PKD family.
We previously showed that the activation of PKD1 by aldosterone in
M1-CCD cells promoted the trafficking of pre-expressed ENaC channel

Fig. 6. Suppression of PKD2 expression increases the
trans-epithelial current in M1-CCD cells. Confluent
monolayers of wild-type M1-CCD cells or M-1 cells
suppressed in the expression of PKD2 were grown on
semipermeable supports. After seven days the trans-
epithelial voltage (VTE) (A), current (IEQ) (B) and
resistance (TER) (C) were measured. M1-CCD cell
lines were developed that stably harboured a plasmid
expressing one of four different PKD2-specific shRNA
species. The efficacy of each of the shRNA species in
suppressing PKD2 expression was evaluated by
Western blotting (D).

Fig. 7. PKD2 modulates ENaC activity in response to aldosterone. Confluent monolayers of wild-type M1-CCD cells and M-1 cells suppressed in PKD2 expression were
grown in culture to achieve TER of> 0.6 kΩcm2. Cells were treated with aldosterone (10 nM) or vehicle control for 24 h, then mounted in Ussing chamber-type
apparatus. (A) The transepithelial short-circuit current (ISC) was measured for 30–35 min before the addition of amiloride (10 µM) and for a further 5 min before the
addition of forskolin (10 µM). Effect of PKD2 suppression and aldosterone treatment on total ISC (B) and the amiloride-sensitive ENaC ISC (C).

W. Thomas, et al. Steroids 155 (2020) 108553

6



subunits into the apical membrane of CCD cells [29]. PKD1 was also
found to be essential for targeting ENaC and Na/K ATPase pumps to
apical and basolateral membranes, respectively. Given the co-operation
between different PKD isoforms in other biological processes such as
membrane protein trafficking and stabilization, we aimed to investigate
the role of PKD2 in the action of aldosterone in the distal nephron.

Most studies on the activity of PKD2 have been conducted in tumour
cell models and consequently extrapolating these data to normal phy-
siological processes requires caution. The activation of PKD2 results in
changes in its subcellular localization. For example, on activation in
pancreatic cancer cells PKD2 moves from the cytoplasm to the plasma
membrane [31], while activation of PKD2 in gastric cancer cells results
in nuclear localization [32]. A number of studies have demonstrated a
role for activated PKD2 in vesicle fission from the TGN [33] and

trafficking to the basolateral membrane [34]. There is an element of
redundancy in the roles of PKD1 and PKD2 in neuronal polarization
[35] and HeLa cells do not express PKD1, so it’s function is fulfilled by
other PKD isoforms [33]. It may be anticipated that PKD1 and PKD2
have similar shared roles in the kidney. Comparative studies showed
distinct subcellular distribution of the 3 PKD isoforms in rat collecting
duct, with PKD1 expression in the apical membrane, PKD in both apical
membrane and cytosol and PKD3 expression in cytosol and nucleus,
pointing to distinct biological functions of PKD isoforms in the ASDN.

In contrast to PKD1 being detected throughout the length of the
renal tubule, we found that PKD2 expression was restricted to principal
cells of the collecting ducts and cells of the distal connecting tubule.
These nephron segments are sensitive to the actions of aldosterone and
vasopressin, suggesting a role for PKD2 in Na+ reabsorption and water

Fig. 8. PKD2 knock-down increases ENaC abundance in the apical membrane and inhibits ENaC response to aldosterone. (A) Confluent monolayers of wild-type M1-
CCD cells and PKD2 knock-down M-1 cells were treated for 5 min and 30 min with aldosterone (10 nM) and immunoblotted for ENaCγ in the apical membrane and
whole cell fractions. (B) Densitometry of apical abundance of ENaCγ in wild-type and PKD2 knock-down cells treated with aldosterone.

Fig. 9. PKD2 silencing causes deregulation of ENaC trafficking. Confluent monolayers of wild-type M1-CCD and M-1 cells suppressed in PKD2 expression were
treated with aldosterone (10 nM) or left untreated for 24 h. Cells were fixed and stained with wheat germ agglutinin-phalloidin (red) to label the apical membrane
and an ENaCα-specific antibody (green). (B) The integrated density of the green and red channels was calculated to quantify the localization of ENaC in apical
membranes and cytosolic compartments after aldosterone treatment in wild-type and PKD2 knock-down CCD cells.
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conservation. We found that aldosterone treatment of cultured col-
lecting duct cells, as well as maintaining rats on a salt depleted diet to
promote aldosterone release, both promoted PKD2 translocation from
the cell membrane into the cytosol. PKD2 subcellular localization is
influenced by localized diacyclglycerol production and activation by
novel PKC isoforms [36]. The recruitment of PKD2 to the TGN fol-
lowing aldosterone treatment suggests the localized activation of
phospholipase C at the Golgi, which is also a prerequisite for vesicle
fission [37]. In the collecting duct, under basal conditions PKD2 is as-
sociated with the apical membrane or a subapical pool of signalling
complexes and is involved in either suppressing ENaC insertion into the
membrane or inhibiting ENaC stability in the membrane. When the
expression of PKD2 was silenced, ENaC integrates into the membrane at
high frequency resulting in a much greater abundance of membrane
ENaC and supra-maximal stimulation of the constitutive Na+ transe-
pithelial current. When PKD2 was activated in response to aldosterone,
PKD2 moved out of the membrane into the cytosol and associated with
the TGN. ENaC current was increased due to the transcriptional actions
of aldosterone and the combined stimulation of ENaC trafficking into
the apical membrane (by PKD1 activation) and the loss of PKD2 tonic
inhibition of ENaC stability in the apical membrane. The physiological
implication is that PKD1 and PKD2 serve multiple functions in the
control of ENaC either in modulating membrane integration or post-
Golgi vesicular trafficking. The balance of these functions is determined
by aldosterone non-genomic and genomic signaling stimulated by the
hormone which influence the phosphorylation activation state and sub-
cellular localization of PKD1 and PKD2. Thus PKD1 and PKD2 operate
as a ying-yang signaling system whereby PKD1 promotes ENaC mem-
brane insertion and polarization (trafficking of ENaC and Na/K pumps
to the correct membranes, apical and basolateral, respectively),
whereas PKD2 acts as a constitutive inhibitor of ENaC membrane ex-
pression and stability [43].

The higher correlation coefficient with aldosterone treatment in
wild-type M1 CCD cells indicates increased co-localization of wheat
germ agglutinin-phalloidin to label the apical membrane and an
ENaCα-specific antibody as was expected from the higher membrane
expression of ENaC in the apical membrane under these conditions.
However, no increase in the correlation coefficient was observed after
aldosterone treatment in PKD2 knock-down cells, in agreement with the
loss of aldosterone induced expression of ENaC in the apical membrane
under these conditions. The immunofluorescence images and integrated
density data indicate higher apical membrane abundance of ENaCγ in
PKD2 knock-down cells and a reduction after aldosterone. Western blot
data support these findings, with elevated constitutive expression of
ENaCγ at luminal membranes in PKD2 knock-down and reduced ex-
pression in the membrane after aldosterone. The data point to a con-
stitutive inhibition of ENaC by (unphoshorylated) PKD2. Aldosterone
appears to relieve this basal inhibition through phosphorylation of
PKD2 and its removal from the apical membrane into the cytosol and
TGN.

There are no known specific pharmacological inhibitors or activa-
tors of PKD2 and studies are limited to PKD2 knock-down interventions.
PKD2 is already highly expressed in the distal nephron and our attempts
to over-express PKD2 selectively have not yielded conclusive results (no
further inhibition of ENaC currents). Moreover, it would appear that the
subcellular localization of PKD2 is an important factor in its regulation
of ENaC. Aldosterone-induced translocation of PKD2 to the TGN and its
phosphorylation in that subcellular compartment are features of the
pPKD2 disinhibition of ENaC. Since aldosterone effects on ENaC via
PKD2 require pPKD2 this is practically impossible to test via over-
expression of unphosphorylated PKD2.

The super-activated constitutive ENaC current observed in PKD2
knock-down CCD was a surprising result, in particular since ENaC
currents were activated by PKD2 knock-down to supra-maximal levels
never observed previously with other agonists such as forskolin or al-
dosterone. The amiloride sensitive ENaC current accounted for 80% of

the total short-circuit current under basal conditions and after PKD2
knock-down. The currents remaining after amiloride in the PKD2 cells
are similar to the basal current in wild-type cells and about 2-fold
higher than in wild-type cells after amiloride. This could point to ac-
tivation of an inward current arising from Cl-secretion and M1-CCD
cells have been shown to express CFTR [44]. However, the forskolin-
activated currents after amiloride were similar in PKD2 knock-down
and wild-type cells, indicating another source of inward current besides
cAMP-CFTR mediated Cl- secretion. One other possibility is that PKD2
knock-down affects ROMK channels which are expressed in M1-CCD
[45] and we have observed PKD2 effects on ROMK1 membrane loca-
lization in M1-CCD PKD2 knock-down cells (unpublished).

Another surprising and totally unexpected observation was the in-
hibitory effect of aldosterone on ENaC currents in PKD2 knock-down
cells. Here we have uncovered a paradoxical inhibitory effect of al-
dosterone on ENaC when the channel expression is supra-maximal in
the apical membrane. The most likely explanation is the uncovering of
aldosterone activation of ERK to produce an unopposed inhibition of
ENaC when PKD2 expression is silenced. To support this conclusion, we
previously found rapid non-genomic activation of ERK1/2 with aldos-
terone treatment in CCD cells [46]. Other studies have shown ERK in-
hibition of ENaC activity in CCD cells [47,48].

In conclusion, we have uncovered a new paradigm for constitutive
regulation and aldosterone stimulation of renal sodium reabsorption via
PKD2 regulation of ENaC membrane abundance and stability. PKD2
acts as a constitutive inhibitor of ENaC activity and aldosterone relieves
this tonic inhibition through phosphorylation of PKD2. Both PKD1 and
PKD2 act in concert to regulate basal and aldosterone-stimulated renal
sodium transport.

4. Materials and methods

4.1. Antibodies and reagents

Primary antibodies: PKD2 polyclonal rabbit (Abcam), phospho-
PKD2Ser876 (Millipore), Trans Golgi Network protein-38 (TGN38)
polyclonal goat (Santa Cruz), Aquaporin 2 polyclonal goat (Santa Cruz),
γ-ENaC (Abcam). Secondary antibodies: chicken anti-rabbit 488 nm,
chicken anti-goat 568 nm, goat anti-rabbit 488 nm (Invitrogen), goat
anti-rabbit-horse-radish peroxidase (Abcam). Reagents: Aldosterone
(Steraloids), Plasma membrane marker: wheat-germ agglutinin 633 nm
(Invitrogen), actin stain: TRITC-phalloidin (Sigma), Lipofectamine
2000 (Invitrogen), Aldosterone ELISA kit (Enzo Life Sciences). All other
chemical reagents used were purchased from Sigma.

4.2. Cell culture

The M1-CCD cell line (ATCC, CRL-2038) is derived from renal CCD
micro-dissected from a mouse transgenic for the early region of SV40
virus (strain Tg(SV40E) Bri7 [38]. M1-CCD cells were maintained in a
mixture 1:1 of Dulbecco’s modified Eagle’s medium and Ham’s F-12
medium (DMEM:F-12) without phenol red, supplemented with foetal
bovine serum (5%), L-glutamine (2 mM), penicillin (100 units/ml),
streptomycin (100 μg/ml) and dexamethasone (1 μM). Cultures were
maintained in an atmosphere of 70% humidity, 5% CO2 at 37 °C. Cells
were propagated on semi-permeable culture supports until a polarized
monolayer was formed (transepithelial electrical resistance> 0.6
kΩ.cm2), or on glass coverslips or in 10 cm diameter culture dishes as
indicated. Before treatment, cells were maintained in serum-free and
dexamethasone-free culture medium overnight. Aldosterone was used
at a final concentration of 10 nM and the vehicle control had a final
ethanol concentration equivalent to the diluted aldosterone.

4.3. Stable shRNA knockdown of PKD2 in M1-CCD cells

A cell line stably knocked down in the expression of PKD2 was
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established using the pSilencer 2.1-U6 Neo kit (Ambion). Four different
target sites of 21 nucleotides in length were selected along the gene
sequence for PKD2, each beginning with an AA dinucleotide sequence.
None of the target sites were homologous to other gene coding se-
quences when analysed by BLAST search. Primers were designed based
on these sequences and annealed to form a hairpin structure as outlined
in the pSilencer 2.1-U6 Neo kit. These hairpin oligonucleotides were
ligated into the pSilencer 2.1-U6 Neo expression vector and amplified.
M1-CCD cells were grown in 24-well plastic dishes and transfected with
0.8 μg plasmid DNA per well at ~90% confluency using Lipofectamine
2000 (Invitrogen) in Opti-MEM reduced-serum media (Invitrogen). The
following day cells were split 1:10 to T25 flasks and transferred to
normal growth medium, containing 5% foetal bovine serum. After 24 h
the selective antibiotic G-418 (200 μg/ml) (Invitrogen) was added to
each flask. After a further 14 days, all the un-transfected cells were dead
due to the cytotoxic action of G-418 and only transfected cells survived.
G-418 was removed from all flasks to allow the surviving transfected
cells to repopulate the flasks. The expression of PKD2 was analyzed
following cell lysis in NP-40 lysis buffer and Western blotting. The
percentage knockdown was calculated using densitometry and com-
paring values to untransfected control cells. Cells were cultured peri-
odically in media containing half the optimal antibiotic concentration
(100 μg/ml G-418) to ensure maintenance of PKD2 knock down. In
separate experiments we confirmed that PKD2 knock-down using the
plasmids described here did not affect the expression of the other two
PKD isoforms PKD1 and PKD3.

4.4. Immunoprecipitation and Western blotting

Following treatment, cells were washed three times in ice cold
phosphate-buffered saline (PBS) and lysed using NP-40 lysis buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EGTA, 1% Igepal, 0.25%
sodium deoxycholate), with freshly added protease (Roche) and phos-
phatase inhibitors (Sigma), for 10 min on ice. Lysates were centrifuged
at 12,000 rpm for 10 min at 4 °C and supernatants incubated with 2 µl
anti-PKD2 overnight at 4 °C with rotation. The supernatants were in-
cubated with pre-washed Protein G Sepharose beads (GE Healthcare)
for 1 h 4 °C and washed using 50% NP40 lysis buffer 3 times. The IgG
control was performed by incubating the lysates with an unrelated
primary antibody and did not result in any signal (data not shown).
Proteins were eluted by the addition of 2× Laemmli buffer (50 mM
Tris-HCl, pH 6.8, 2% SDS, 100 mM DTT, 0.2% bromophenol blue, 20%
glycerol) and heated to 95 °C for 10 min. Equal volumes were loaded on
8% SDS gels and transferred to nitrocellulose membranes. Blots were
blocked in 5% BSA/TBS-T and incubated with antibodies to the auto-
phosphorylated form of pPKD2Ser876 diluted in 3% BSA/TBS-T. ECL
plus (Amersham Biosciences) was used for chemiluminescent detection.
Densitometry was performed using GeneSnap software (Synoptics).
Blots were stripped in Restore Western blot stripping buffer (Thermo
Scientific) for 30 min room temperature and reprobed with bait anti-
body (Total PKD2). Images were analyzed using the Zeiss LSM Image
analyzer software (Carl Zeiss Microimaging GmbH, Jena, Germany).
The subcellular distribution of PKD2 and ENaC channel subunits was
observed using a LSM 710 confocal microscope (Zeiss, Welwyn Garden
City, UK), equipped with an Argon laser and a HeNe laser. The
Alexafluor 488‐labeled anti‐rabbit antibody was visualized using a
488 nm excitation wavelength and 505–530 nm emission range. DAPI
was visualized using a 364 nm excitation wavelength and 385–470 nm
detection range. Rhodamine‐phalloidin was used to stain f‐actin fila-
ments in the cellular cytoskeleton and was visualized using a 543 nm
excitation wavelength and 560–630 nm detection range. To stain the
plasma membrane, Wheat germ agglutinin (WGA) was used to visualize
using a 568 nm excitation wavelength to highlight the plasma mem-
brane. The overlap coefficient was calculated from the proportional
amount of fluorescence of the colocalizing pixels in a defined volume
(voxels) for each colour channel calculated from the Pearson

Correlation Coefficient using ImageJ. To overcome the difficulties of
interpretation of fluorescence localization/colocalization in different
regions of interest, we also carried out a quantitative analysis of sub-
cellular PKD2 and ENaC distribution using the Zeiss Zen software al-
gorithm with ImageJ to give an Integrated Density of PKD2 and ENaC
localization from multiple images in whole cells.

4.5. Low Na+ diet in rat as a model for high serum aldosterone

A well-established protocol using a low sodium diet to induce ele-
vated serum aldosterone levels was used to investigate the in vivo ex-
pression profile of PKD2 at basal levels and in conditions of high al-
dosterone. Male Sprague-Dawley rats at 2–3 months old were
maintained either on a control diet (Harlan: CA170555: 150 mmol K+/
kg, 143 mmol Na+/kg) or a low sodium diet (TD90228: 200 mmol K+/
kg,< 0.87 mmol Na+/kg) for 10 consecutive days. The efficacy of this
protocol in raising serum aldosterone levels was confirmed by mea-
suring plasma aldosterone using an aldosterone EIA kit (Enzo Life
Sciences) (supplementary Fig. 1). Five rats were used for each dietary
condition. All animals were bred and maintained in an environmentally
controlled animal facility according to national guidelines and were
sacrificed humanely after 10 days. Kidneys were removed and rinsed
briefly in ice cold PBS before fixation in 4% PBS-paraformaldehyde
(PBS-PFA) for 2 h at room temperature. Tissue was cryoprotected in
30% sucrose/PBS overnight at 4 °C and embedded in Tissue Tek
mounting medium on dry ice the following day. Kidneys were stored at
−80 °C until sectioning with a Leica cryostat. Sections were cut to a
thickness of 5 μm, blocked in 2% gelatin/PBS and permeabilized in
0.1% Triton X-100/PBS. Sections were incubated with antibodies di-
luted in blocking buffer in a humidified chamber, washed in PBS and
embedded in Vectashield Hardset mounting media containing DAPI
(Vector Labs). Images were acquired using a Zeiss LSM710 laser scan-
ning confocal microscope under a 63× oil objective.

4.6. Immunocytochemistry

Following treatment, cell monolayers were washed twice in cold
PBS and fixed at room temperature in PBS-PFA. Cells were blocked and
permeabilized in 2% gelatin from cold water fish skin/0.1% Triton X-
100/PBS and incubated with primary antibodies for 2 h at room tem-
perature followed by secondary antibodies at a dilution of 1:250–500
for 30 min at room temperature. For experiments using cell inserts,
semi-permeable membranes were carefully excised from plastic casing
using a scalpel, and embedded apical side up under a glass coverslip,
using Vectashield hardset mounting medium containing DAPI. Plasma
membrane staining using wheat-germ agglutinin (WGA) 633 nm was
performed on ice using a concentration of 200 µg/ml for 5–10 min,
before fixation. For actin staining, TRITC-phalloidin was added along
with the secondary antibodies at a dilution of 1:2000, for 30 min at
room temperature. Images were obtained using a laser scanning con-
focal microscope Zeiss LSM 710 and a 63× oil objective.

4.7. Transepithelial ion transport studies

M1-CCD cells were grown on semi-permeable supports exposing an
area of 1.13 cm2 (Corning, Snapwell Inserts) until reaching a transe-
pithelial resistance>0.6 kΩ.cm2 and then mounted in Ussing cham-
bers (Physiologic Instruments). Transepithelial potential difference was
clamped to 0 mV using an EVC-4000 Voltage/Current clamp apparatus
(World Precision Instruments). The transepithelial short circuit current
(ISC) was recorded using Ag-AgCl electrodes in 3 M KCl agar bridges.
Apical and basolateral baths were filled with Ringer’s solution (115 mM
NaCl, 25 mM NaHCO3, 0.4 mM KH2PO4, 2.4 mM K2HPO4, 1.2 mM
MgCl2, 1.2 mM CaCl2, 10 mM glucose), pH 7.4 maintained at 37 °C with
a 95% O2/5% CO2 mixture. All mounted monolayers were allowed to
equilibrate for 30–45 min prior to the experiments being performed.
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The ISC was defined as positive for anion flow from the basolateral to
apical chamber and for cation flow in the opposite direction.

4.8. Quantification and statistics

A Student’s t-test was used to determine significance in all experi-
ments comparing 2 sets of values. A one-way ANOVA followed by
Tukey post-test was used in all other cases.
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