©2017. Published by The Company of Biologists Ltd | Journal of Cell Science (2017) 130, 2914-2925 doi:10.1242/jcs.204842

e Company of
‘Blologlsts

RESEARCH ARTICLE

Ezrin directly interacts with AQP2 and promotes its
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ABSTRACT

The water channel aquaporin-2 (AQP2) is a major regulator of water
homeostasis in response to vasopressin (VP). Dynamic trafficking of
AQP2 relies on its close interaction with trafficking machinery proteins
and the actin cytoskeleton. Here, we report the identification of ezrin,
an actin-binding protein from the ezrin/radixin/moesin (ERM) family
as an AQP2-interacting protein. Ezrin was first detected in a co-
immunoprecipitation (co-IP) complex using an anti-AQP2 antibody in
a proteomic analysis. Immunofluorescence staining revealed the co-
expression of ezrin and AQP2 in collecting duct principal cells, and
VP treatment caused redistribution of both proteins to the apical
membrane. The ezrin-AQP2 interaction was confirmed by co-IP
experiments with an anti-ezrin antibody, and by pulldown assays
using purified full-length and FERM domain-containing recombinant
ezrin. By using purified recombinant proteins, we showed that ezrin
directly interacts with AQP2 C-terminus through its N-terminal FERM
domain. Knocking down ezrin expression with shRNA resulted in
increased membrane accumulation of AQP2 and reduced AQP2
endocytosis. Therefore, through direct interaction with AQP2, ezrin
facilitates AQP2 endocytosis, thus linking the dynamic actin
cytoskeleton network with AQP2 trafficking.

KEY WORDS: Aquaporin-2, Ezrin, Endocytosis, Trafficking, Water
homeostasis

INTRODUCTION

AQP2 is a water channel that is expressed in the principal cells of
kidney collecting ducts. It is the major channel that regulates water
transport in response to vasopressin (VP), the antidiuretic hormone,
which is secreted by the posterior pituitary in response to
hyperosmolality and hypovolemia (Brown and Fenton, 2015).
Circulating VP binds to vasopressin receptor 2 (V2R, also known as
AVPR2) on principal cells, leading to activation of adenylyl
cyclase, and elevation of intracellular cyclic AMP (cAMP).
Elevated cAMP activates protein kinase A (PKA), which in turn
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phosphorylates AQP2 and causes AQP2 accumulation on the
plasma membrane, thus increasing its water permeability and
allowing transepithelial water flow. After VP withdrawal, AQP2 is
endocytosed via clathrin-mediated endocytosis, and then proceeds
to recycling and/or degradation pathways depending on the
physiological context. In addition to the regulated trafficking
events that are mediated by VP and cAMP or cGMP, AQP2 also
undergoes constitutive recycling, which is independent of the VP/
cAMP/phosphorylation cascade (Brown and Fenton, 2015).

The cortical cytoskeleton of eukaryotic cells not only provides
structural support for the plasma membrane but also contributes to
many dynamic processes such as endocytosis, exocytosis and
transmembrane signaling events. Coordination between actin
polymerization and depolymerization plays a key role in AQP2
trafficking, and actin depolymerization has long been associated
with vasopressin stimulation of target cells (Hays et al., 1993).
Furthermore, apical membrane accumulation of AQP2 can be
induced by RhoA inactivation and actin depolymerization in the
absence of VP stimulation (Klussmann et al., 2001; Tamma et al.,
2001, 2003). We and others have also shown that statins cause
membrane accumulation of AQP2 in cultured cells and increase
urinary concentration in animals via their inhibitory effect on RhoA
activity (Li et al., 2011; Procino et al., 2011).

The ezrin/radixin/moesin (ERM) proteins are a unique family that
serve as crosslinkers between the plasma membrane and the actin
cytoskeleton network. The ERM family contains several highly
similar proteins including ezrin, moesin and radixin. Ezrin was the
first protein identified and is also the best studied of the ERM family
(Bretscher, 1983; Hunter and Cooper, 1981). Ezrin and other ERM
proteins crosslink actin filaments with the plasma membrane, and
play important structural and regulatory roles in the assembly and
stabilization of specialized plasma membrane domains. In addition,
they also act as signal transducers that mediate multiple signaling
pathways including those involved in cell survival, proliferation,
adhesion and migration in a variety of cell types (Berryman et al.,
1993; Parameswaran et al., 2011). In addition, ERM proteins are
also involved in membrane protein and vesicle trafficking
(McClatchey and Fehon, 2009). For example, ERM proteins
regulate trafficking of the olp-adrenergic receptor NHE3 (also
known as SLC9A3), the H'-K*-ATPase and other membrane
transporters (Cha et al., 2006; Stanasila et al., 2006; Zhao et al.,
2004; Zhou et al., 2005).

ERM proteins including ezrin have three functional domains: an
N-terminal FERM domain (which is a widespread protein module
shared by four-point one, ezrin, radixin and moesin proteins), an
extended coiled-coil region that is rich in o-helices, and a short
C-terminal domain containing a highly conserved F-actin-binding
site and a highly conserved tyrosine residue, T567 (Gary and
Bretscher, 1995; Turunen et al., 1994). The FERM domain is highly
conserved and shares more than 85% similarity among ezrin, moesin
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and radixin. It mediates both direct and indirect interactions with
numerous membrane and membrane-associated proteins (Yonemura
etal., 1999). A diverse group of membrane proteins have been shown
to directly interact with ERM proteins including the hyaluronic acid
receptor CD44, intercellular adhesion molecule (ICAM)-2, ICAM-3,
syndecan 2 and the olB-adrenergic receptor (Granés et al., 2000;
Helander et al., 1996; Scholl et al., 1999; Serrador et al., 1997;
Stanasila et al., 2006; Tsukita et al., 1994). In addition, ERM proteins
also interact with multiple membrane proteins indirectly via adaptor
proteins, such as EBP50 (also known as SLC9A3R1) (Donowitz
et al., 2005; Reczek et al., 1997; Reczek and Bretscher, 1998).

We initially identified ezrin as an AQP2-interacting protein via
mass spectrometry analysis of the co-IP complex generated using an
anti-AQP2 antibody. Here, we confirmed and examined this
interaction by performing multiple in vifro binding assays. A
direct interaction of the ezrin FERM domain and the AQP2
C-terminus was indicated by pulldown assays using purified
recombinant proteins. Knocking down ezrin expression in cells

leads to membrane accumulation of AQP2, probably due to reduced
AQP2 endocytosis. Our data therefore reveal that a direct interaction
between ezrin and AQP2 plays an important role in mediating
AQP2 trafficking and regulating its membrane accumulation.

RESULTS

Partial colocalization of ezrin and AQP2 on the apical
membrane after VP treatment of MDCK cells

The distribution of ezrin and AQP2 in cells was examined using
immunofluorescence staining of filter-grown, polarized MDCK
cells expressing AQP2, in the presence or absence of VP
stimulation. The immunofluorescence staining of ezrin was
mainly detected in the basolateral region and cytosol, and AQP2
staining was mainly located in the subapical region under non-
stimulated conditions (Fig. 1A, upper panels). After treatment with
VP, the ezrin signal was redistributed to the apical membrane
concomitantly with apical redistribution of AQP2 staining,
presenting as a partial colocalization of ezrin and AQP2

Fig. 1. VP treatment enhances apical AQP2 expression and its colocalization with ezrin. (A) VP treatment enhances apical AQP2 expression and its
colocalization with ezrin in cultured renal epithelial cells. AQP2-MDCK cells were stained with antibodies against ezrin (green) and AQP2 (red) in the presence
(VP) and absence (Control) of VP treatment (AVP 20 nM for 20 min). The larger panels represent confocal sections through the subapical regions of the cells
above the nucleus. The smaller horizontal strips at the bottom of each panel are z-sections through the entire cell for direct comparison of the respective staining
intensities of the apical and basolateral membranes, and the cytosol. Upper panels show that in the absence of VP stimulation, ezrin staining localized to the
cytosol and basolateral region, while AQP2 staining was mainly detected in the subapical region. Lower panels show that after VP treatment, the ezrin signal was
redistributed toward the apical and sub-apical regions and partially colocalized with the similarly apically redistributed AQP2. Scale bar: 10 ym. (B) Super-
resolution Airyscan confocal microscopy imaging revealed that AQP2 and ezrin partially colocalize on the apical membrane in VP-treated MDCK cells. Left panels
show no apparent colocalization of ezrin and AQP2, in the absence of VP stimulation. Right panels are cells treated with VP. Scale bar: 5 um. (C) AQP2 and ezrin
are co-expressed in principal cells of the Brattleboro rat collecting duct, and co-accumulate on the plasma membrane after vasopressin treatment. Without VP
treatment (Control), ezrin was located in the cytosol and basal region, while AQP2 was detected mainly in the sub-apical region of the principal cells of the
collecting ducts. After 7 days of VP treatment (VP), ezrin (red in the merge panel) colocalized with AQP2 (green in the merge panel) on the plasma membrane of
the principal cells. Scale bar: 20 pm.
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immunofluorescence signals on the apical membrane in response to
VP (Fig. 1A, lower panels and z-plane). High-resolution imaging of
filter-grown polarized MDCK cells was performed using a Zeiss
LSMS800 confocal microscope with Airyscan capability (Carl Zeiss,
Jena, Germany). The Airyscan imaging confirmed the partial
colocalization of ezrin and AQP2 on the apical membrane upon VP
treatment (Fig. 1B, right panels and z-plane). Therefore, VP
treatment enhances apical expression of ezrin and increases its
apical colocalization with AQP2 in polarized MDCK cells.

Colocalization of ezrin and AQP2 on the apical plasma
membrane of principal cells in VP-treated Brattleboro rats
Immunofluorescence staining with anti-ezrin and anti-AQP2
antibodies was performed in kidney tissues from Brattleboro rats
in the presence or absence of VP treatment (Fig. 1C). Without VP
treatment, ezrin staining was located mainly in the cytosol,
subapical and basal regions, while AQP2 staining was located in
the subapical and basolateral region in the majority of principal cells
in the collecting ducts (Fig. 1C, upper panels). After 7 days of VP
treatment, the ezrin signal redistributed towards the apical and
subapical regions and away from the basal region, while AQP2
accumulated prominently on the apical plasma membrane, as
expected (Nielsen et al., 1997; Saboli¢ et al., 1995). Partial
colocalization of ezrin and AQP2 signals was seen at the apical
plasma membrane of collecting duct principal cells in VP-treated
animals (Fig. 1C, lower panels).

Interaction of AQP2 and ezrin is detected in a co-IP assay
A possible physical interaction of AQP2 and ezrin was first
suggested by the mass spectrometry analysis of a co-IP complex

from mouse kidney lysate performed using an anti-AQP2 antibody
(Fig. 2A). Mass spectrometry data revealed multiple ezrin peptides
in the co-IP complex when using antibodies against wild-type
AQP2 and AQP2 phosphorylated at serine 256. No ezrin peptides
were detected in the co-IP complex, when using antibodies specific
to AQP2 phosphorylated at serine 261, 269 or 264. The interaction
of ezrin and AQP2 was then examined in an in vitro co-IP assay
(Fig. 2B,C). Using a rabbit anti-ezrin antibody (Fig. 2B), we were
able to detect AQP2 in the co-IP complex from both mouse kidney
and AQP2-expressing cultured cell lysates. Similarly, a co-IP
experiment using a rabbit anti-AQP2 antibody was performed
(Fig. 2C), and we were able to detect ezrin in the co-IP complex
from both mouse kidney and AQP2-expressing cultured cell lysates.
We also performed a co-IP experiment using rabbit IgG to exclude
the possibility of non-specific binding, and detected no ezrin or
AQP2 in the co-IP complex from both lysates (data not shown).
It was important to ensure that both the cell and tissue lysate used
for co-IP were solubilized, without including large insoluble
membrane/vesicle components (see Materials and Methods)
because false interactions may occur when two proteins are
present in the same membrane domain under these conditions,
even in the absence of an actual direct interaction between them.

The N-terminal FERM domain of ezrin is necessary for
interaction with AQP2

To further confirm the interaction between AQP2 and ezrin, and
identify the possible AQP2-interacting domain of ezrin, we
performed pulldown experiments using histidine (His)-tagged
recombinant ezrin protein (Fig. 3). His-tagged recombinant ezrin
constructs of various functional regions were previously

Fig. 2. Interaction of AQP2 with ezrin is detected in co-IP experiments. (A) List of ezrin peptides detected by mass spectrometry from the AQP2 co-IP
complex. (B,C) By using an anti-ezrin antibody for co-IP, we were able to detect AQP2 in the co-IP complex from stable AQP2-expressing LLC-PK1 cell lysates
and mouse kidney (B). Similarly, ezrin signal was detected in the co-IP complex using anti-AQP2 antibody (C). WB, western blotting.

2916

()
Y
C
ey
()
(V]
ko]
O
Y=
(®)
‘©
c
—
>
(®)
-



RESEARCH ARTICLE

Journal of Cell Science (2017) 130, 2914-2925 doi:10.1242/jcs.204842

Fig. 3. AQP2 interacts with ezrin via the ezrin N-terminal FERM-
containing domain. (A) Recombinant His-tagged ezrin full-length (FL, amino
acids 1-586), N-terminus (NT, amino acids 1-308), and C-terminus (CT, amino
acids 285-586) were expressed in E. coli and purified to homogeneity as
revealed by SDS-PAGE together with purified recombinant AQP2 C-terminus
(AQP2CT). Schematic representation of each recombinant protein is shown in
B. (C) The purified His-tagged ezrin full-length protein (FL) and the N-terminal
FERM-containing recombinant protein (but not the C-terminal protein) were
able to pull down AQP2 from both LLC-AQP?2 cell lysates and mouse kidney
lysates. Lanes 1-3, beads alone pulled down with PBS (lane 1), LLC-AQP2
cell lysate (lane 2) and kidney lysate (lane 3); lanes 46, ezrin FL pulled down
with PBS (lane 4), LLC-AQP2 cell lysate (lane 5) and kidney lysate (lane 6);
lanes 7-9, ezrin NT pulled down with PBS (lane 7), LLC-AQP2 cell lysate (lane
8) and kidney lysate (lane 9); lanes 10—-12, ezrin CT pulled down with PBS
(lane 10), LLC-AQP2 cell lysate (lane 11) and kidney lysate (lane 12). WB,
western blotting.

characterized (Stanasila et al., 2006). These ezrin constructs include
full-length ezrin, the N-terminal region of ezrin, which contains the
FERM domain and a C-terminal region of ezrin, which contains the
actin-binding site and a key phosphorylation site (T567). A
schematic representation of the recombinant ezrin constructs is
shown in Fig. 3B. The recombinant His-tagged full-length,
N-terminus and C-terminus ezrin were expressed in E. coli, were
of the predicted molecular mass, and were purified to homogeneity
as shown by Coomassie Blue staining after SDS-PAGE (Fig. 3A).
Pulldown experiments revealed that both the purified full-length
ezrin recombinant protein and the FERM domain-containing
N-terminal ezrin recombinant protein were able to pull down
AQP2 from AQP2-expressing cells and mouse kidney lysates,
while the C-terminus recombinant ezrin protein failed to pull down

AQP2 (Fig. 3C). These data suggest that ezrin interacts with AQP2
through its N-terminal FERM domain, as is the case for its direct
and indirect interactions with many other membrane proteins
(Donowitz et al., 2005; Granés et al., 2000; Reczek et al., 1997,
Reczek and Bretscher, 1998; Stanasila et al., 2006).

Ezrin directly interacts with AQP2 C-terminus through its N-
terminal FERM domain

We next investigated whether the interaction of AQP2 with ezrin
FERM domain is direct or indirect, in a pulldown experiment using
purified recombinant ezrin and AQP2 proteins. The AQP2 C-
terminus has been shown to contain multiple key regulatory
elements and is believed to be critical for AQP2 trafficking and
regulation. We, along with Dr. Knepper’s group, have previously
shown that heat shock protein 70 (Hsc70 or Hsp70) directly interacts
with the C-terminus of AQP2 and mediates AQP2 trafficking (Lu
et al., 2007; Zwang et al., 2009). Therefore, we now focused on a
possible interaction of the ezrin FERM domain and the AQP2
C-terminus. A recombinant, GST-tagged AQP2 C-terminus protein
was expressed in E. coli and purified to homogeneity as shown by
SDS-PAGE (Fig. 3A). The purified His-tagged full-length ezrin
protein, and its N- and C-terminus were used to pull down the
purified GST-tagged AQP2 C-terminus protein. Both the purified
full-length and N-terminus ezrin were able to pull down the purified
AQP2 C-terminus, while the purified ezrin C-terminus failed to do
so (Fig. 4). These data show that the interaction of AQP2 and ezrin is
a direct physical interaction, and occurs between the ezrin FERM
domain and the AQP2 C-terminus.

Downregulation of ezrin causes membrane accumulation of
AQP2 independently of VP stimulation

The function of ezrin in AQP2 trafficking was next examined
in cultured cells in which endogenous ezrin expression was
knocked down using shRNA (Fig. 5). Immunoblots revealed a
large, almost 80%, reduction of the endogenous ezrin in LLC-
AQP2 cells transfected with ezrin shRNA for 48 h in comparison
to mock-transfected cells, while no significant change of total
AQP2 was detected (Fig. 5A). After knocking down ezrin in LLC-
AQP2 cells, a significant membrane accumulation of AQP2 was
detected under baseline conditions, similar to that seen in VP-
treated cells (Fig. 5B). Membrane accumulation of AQP2 after

Fig. 4. AQP2 C-terminus directly interacts with ezrin N-terminal FERM-
containing domain. The direct interaction of AQP2 and ezrin is revealed by
pulldown experiments using purified recombinant ezrin and AQP2 proteins.
Only the purified ezrin full-length (FL) and the N-terminus FERM domain-
containing (NT) recombinant protein were able to pull down the purified AQP2
C-terminus. The ezrin C-terminal domain (CT) did not pull down the AQP2 C-
terminal domain. WB, western blotting.
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knocking down ezrin was further confirmed by surface biotinylation
experiments (Fig. 5C). A significant membrane accumulation
of AQP2 was again detected as a strong band of biotinylated
AQP2 signal pulled down by streptavidin in ezrin knockdown
cells. The surface biotinylated transferrin receptor 1 (TFR-1;
also known as TFRC) was used as control and reference
of a steady-state membrane-resident protein (Fig. 5C). Both
immunofluorescence  staining and  surface  biotinylation
experiments show that knocking down ezrin expression in LLC-
AQP2 cells is sufficient to cause AQP2 membrane accumulation in
the absence of VP stimulation.

Membrane accumulation of AQP2 induced by ezrin
knockdown is independent of changes in AQP2
phosphorylation or cAMP elevation

In addition to organizing the actin cytoskeleton, ezrin also mediates
signaling pathways. To understand whether ezrin affects AQP2
trafficking through modifying AQP2 phosphorylation, the

2918

Fig. 5. Downregulating ezrin causes
membrane accumulation of AQP2.

(A) Immunoblotting revealed a strong
knockdown of endogenous ezrin in LLC-AQP2
cells by ezrin shRNA lentivirus. There was an
~80% reduction of endogenous ezrin in ezrin
shRNA knockdown LLC-AQP2 cells (graph
shows the quantification of ezrin band intensity
relative to actin). Results are meants.e.m.
(n>3). ***P<0.001 (one-way ANOVA).

(B) Immunofluorescence staining of AQP2 in
control LLC-AQP?2 cells and cells infected with
ezrin shRNA lentivirus. After knocking down
ezrin in LLC-AQP2 cells, AQP2 was found to
increasingly accumulate on the cell surface
under baseline conditions (without any
stimulation). VP-treated LLC-AQP2 cells were
used for comparison. Scale bar: 10 pm.

(C) Surface biotinylation experiment revealed a
significantly increased accumulation of AQP2
signal on cell surface after knocking down ezrin
expression in cells. Transferrin receptor 1
(TFR-1) was used as an internal control for
stable membrane proteins. WB, western
blotting.

phosphorylation state of AQP2 serine 256 and serine 261 was
examined. Immunoblotting was performed using AQP2
phosphorylation-specific antibodies (Fig. 6A) as previously
described (Rice et al., 2012). VP treatment caused increased
phosphorylation of serine 256 and reduced phosphorylation of
serine 261, which is consistent with previous reports (Rice et al.,
2012). Knocking down ezrin in LLC-AQP2 cells did not alter the
AQP2 phosphorylation at serine 256 or serine 261 (Fig. 6A).
Therefore, the membrane accumulation of AQP2 induced by ezrin
knockdown did not involve the altered phosphorylation of two key
AQP2 residues.

Furthermore, knockdown of ezrin did not cause an elevation of
intracellular cAMP as measured by a commercial cAMP ELISA
assay, while in contrast, VP stimulation led to a significant increase
of intracellular cAMP in cells as expected (Fig. 6B) (Yui et al.,
2013). This suggests that AQP2 membrane accumulation induced
by ezrin knockdown is not likely to involve the canonical
VP-mediated signaling pathway.
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Fig. 6. Phosphorylation of key residues in AQP2 was not altered in ezrin
knockdown cells. (A) Representative western blot showing that there is no
alteration of the levels of total AQP2 and AQP2 phosphorylated at residues 256
or 261 in ezrin shRNA lentivirus-infected LLC-AQP2 cells unlike in cells treated
with VP. Immunoblot using anti-B-actin antibody was used as control.
Quantification of western blotting results for AQP2 phosphorylated on S256
(p256), S261 (p261) and total AQP2. (B) Intracellular cAMP measurement in
LLC-PK1 cells. The intracellular cAMP concentration was significantly
increased by 30 min VP treatment (20 nM LVP) without clonal variation. After
ezrin knockdown no significant difference in cAMP concentration was
observed compared to control. Results in A and B are meants.e.m. (n>3).
**P<0.01, ***P<0.001 (one-way ANOVA).

Ezrin knockdown reduces clathrin-mediated endocytosis

but does not affect overall exocytosis

Ezrin has been reported to be involved in both exocytosis and
endocytosis of membrane proteins with which it associates
(Stanasila et al., 2006). We next examined which AQP2
trafficking step was affected by ezrin, that is whether AQP2

membrane accumulation caused by knocking down ezrin was due to
increased exocytosis, reduced endocytosis or both. We, therefore,
performed exocytosis and endocytosis assays in the presence of
ezrin knockdown in LLC-AQP2 cells.

Exocytosis was examined in LLC-AQP2 cells treated with ezrin
shRNA, using our previously developed exocytosis assay (Nunes
et al., 2008). LLC-AQP2 cells stably expressing soluble secreted
yellow fluorescent protein (ssYFP) (LLC-AQP2-ssYFP cells) were
generated for this exocytosis assay. ssYFP secreted into the
extracellular medium was used as a surrogate marker for AQP2
exocytotic activity. Treating LLC-AQP2-ssYFP cells with VP
resulted in a significant increase of ssYFP signal in the medium,
indicating increased exocytosis of ssYFP by cells, which is
consistent with previous reports (Nunes et al., 2008). Ezrin
knockdown in LLC-AQP2-ssYFP cells did not increase the
measured fluorescence signal in the extracellular medium in this
assay. Therefore, ezrin knockdown had no significant impact on the
overall exocytotic process in LLC-AQP2-ssYFP cells (Fig. 7A).

We then performed endocytosis assays. We have previously
shown that AQP2 is endocytosed through a clathrin-mediated
pathway (Sun et al., 2002). Consequently, we performed a clathrin-
mediated endocytosis assay using fluorescent dye-conjugated
transferrin.  Methyl-B-cyclodextrin  (MBCD), a cholesterol-
chelating agent that has a very potent blocking effect on
endocytosis (Lu et al., 2004; Rodal et al., 1999; Subtil et al.,
1999) was used as positive control. Knocking down ezrin in
LLC-AQP2 cells significantly reduced endocytosis of Alexa
Fluor 568-conjugated transferrin. Interestingly, much of the
fluorescent dye-conjugated transferrin was retained on the plasma
membrane in both ezrin knockdown cells and cells treated with
BCD (Fig. 7B upper panels). The fluorescence intensity of the
internalized AlexaM Fluor 568—transferrin signal in control cells,
ezrin knockdown cells and cells treated with MBCD was quantified
and is shown in Fig. 7C. The extent of blockage of clathrin-
mediated endocytosis by ezrin knockdown was comparable to
that seen in cells treated with MPCD, suggesting a potent
blocking effect of ezrin knockdown on endocytosis. Dual
immunofluorescence staining for transferrin and AQP2 revealed
discrete and strong membrane accumulation of AQP2 in the ezrin
knockdown cells, as well as reduced transferrin uptake (Fig. 7B).
Therefore, downregulation of ezrin caused apical membrane
accumulation of AQP2 and a concomitant reduction of clathrin-
mediated endocytosis.

Downregulation of ezrin reduces internalization of AQP2

in cells

It was observed many years ago that incubating cells at 20°C
inhibited the exit of membrane proteins from the trans-Golgi
network (TGN), thus blocking their transport to the plasma
membrane (Griffiths et al., 1985). Instead, internalized membrane
proteins accumulated in the perinuclear region, forming in time a so-
called ‘perinuclear patch’ (Rice et al.,, 2012). In the absence of
ongoing protein synthesis, the size and density of the perinuclear
patch formed over time during the 20°C incubation reflects the rate
of internalization of the membrane protein of interest (Rice et al.,
2015). We have routinely used this ‘cold block” assay to measure the
rate of AQP2 internalization. A cold block experiment was
performed in LLC-AQP2 cells after ezrin knockdown (Fig. 8). In
control cells without ezrin knockdown, an AQP2 perinuclear patch
started to form at ~30 min after cold block, and the patch signal
plateaued at ~120 min. Conversely, in ezrin knockdown cells the
AQP2 signal was mostly retained at the plasma membrane for up to
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Fig. 7. Downregulating ezrin reduces clathrin-mediated endocytosis and
causes concomitant membrane accumulation of AQP2 without affecting
the overall exocytosis. (A) Ezrin knockdown does not affect the overall
exocytosis in LLC-AQP2-ssYFP cells. LLC-AQP2 cells were stably transfected
with ssYFP. The fluorescence signal in the extracellular medium was
measured in LLC-AQP2-ssYFP cells with and without treatment with VP or
ezrin shRNA lentivirus, respectively. The fluorescence intensity in the medium
reflected the exocytotic activity of LLC-AQP2-ssYFP cells, and therefore the
rate of exocytosis. No significant increase was seen in the overall exocytosis in
LLC-AQP2-ssYFP cells treated with ezrin shRNA lentivirus compared to
control. In contrast, a significant increase in exocytosis was observed in VP-
treated LLC-AQP2-ssYFP cells, which is consistent with our previous reports
(Nunes et al., 2008). (B) Endocytosis assay using Rhodamine-conjugated
transferrin showed that Alexa Fluor 568-labeled transferrin accumulated on the
apical membrane following ezrin knockdown (upper panel), and a
simultaneous acute membrane accumulation of AQP2 (lower panel). Scale
bar: 10 um. (C) A bar graph showing that ezrin knockdown affects clathrin-
mediated endocytosis. A block of endocytosis with MBCD was used as a
positive control. Results in A and C are meants.e.m. (n>3). **P<0.01,
***P<0.001 (one-way ANOVA).

60 min into the cold block procedure. AQP2 internalization did
ultimately occur in the presence of ezrin knockdown, but only after a
significant delay (Fig. 8A). In addition, the accumulation of the
AQP2 perinuclear patch progressed at a much slower rate compared
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to that in the control (Fig. 8B). This cold block experiment suggests
that downregulation of ezrin specifically attenuates AQP2
endocytosis/internalization in cells.

DISCUSSION

AQP2 is a well-studied water channel that undergoes both regulated
trafficking mediated by VP and constitutive recycling. After
translocation from intracellular vesicles to the apical membrane of
the collecting duct principal cell, AQP2 mediates water transport.
Membrane accumulation of AQP2 is determined by exocytotic and
endocytotic processes (Brown and Fenton, 2015). It is increasingly
recognized that the dynamic regulation of the actin cytoskeleton
network is critical for vesicle trafficking, exocytosis and
endocytosis, and therefore for the proper targeting of AQP2 to the
apical membrane (Noda et al., 2008; Tamma et al., 2001). However,
the specific regulatory mechanisms are largely unknown. Here, we
show that ezrin, a plasma membrane and actin cytoskeleton linker, is
an AQP2-interacting protein. By performing pulldown and co-IP
assays, we demonstrate that a direct interaction of ezrin and AQP2
occurs between the ezrin N-terminal FERM domain and the AQP2
C-terminus. Through this interaction with AQP2, ezrin facilitates
the endocytosis of AQP2, which is independent of AQP2
phosphorylation and intracellular cAMP elevation.

ERM proteins function in the critical interface between the
plasma membrane and underlying cell cortex. In addition to
organizing and maintaining the cell cortex through interactions with
the plasma membrane and filamentous actin, ERM proteins regulate
multiple signaling pathways through their ability to bind
transmembrane receptors and link them to downstream signaling
components. Extensive in vitro and in vivo studies have
demonstrated a multitude of critical cellular functions mediated
by ERM proteins, ranging from cell membrane organization,
formation of microvilli, regulation of cell extension and polarity,
and cell adhesion and migration contributing to the immune
response, vascular permeability and tumor progression (Amsellem
et al., 2014). Most of these cellular functions involve a direct or
indirect interaction of ERM proteins with transmembrane receptors,
such as the hyaluronic acid receptor CD44, ICAM-2, ICAM-3,
syndecan 2 and the olp-adrenergic receptor, via its highly
conserved N-terminal FERM domain (Donowitz et al., 2005;
Granés et al., 2000; Helander et al., 1996; Reczek et al., 1997;
Reczek and Bretscher, 1998; Scholl et al., 1999; Serrador et al.,
1997; Stanasila et al., 2006). The ERM family member moesin has
been implicated previously in AQP2 apical membrane targeting in
cultured cells, but the specific mechanism was not defined (Tamma
et al., 2005). A physical interaction between ERM proteins and
AQP2 has never been reported. Our data reveal that the ERM
protein ezrin directly interacts with AQP2 via its FERM domain.

It has been commonly accepted that ERM proteins exist in two
interchangeable states, the dormant inactive state and the ‘active’
state. The ‘inactive’ state is a closed conformation in which the
N-terminal FERM domain and the C-terminal actin-binding site are
masked due to a strong self-interaction between the N-terminal
domain and the C-terminal domain (Gary and Bretscher, 1995). They
become active after the intramolecular interaction is relieved by
the sequential binding of the FERM domain to phosphatidylinositol
4,5-biphosphate (PIP2) and subsequent phosphorylation of the
conserved T567/T564/T568 residue in the C-terminal F-actin-
binding domain of ERM proteins (Fievet et al., 2004). The active
state can therefore interact with its binding partners through the
exposed FERM domain. The major pool of ERM proteins in the cell
is present in the cytoplasm, where it is thought to be in an inactive
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conformation. Interestingly, in our co-IP and pulldown experiments,
we were able to detect the interaction of AQP2 with both full-length
ezrin and the FERM-containing N-terminal ezrin protein. No
interaction of AQP2 was detected with the recombinant protein
that contains only the ezrin C-terminus. Despite the common belief
that the active conformation of ezrin is required for interaction with
membrane proteins, inactive ezrin is detected in plasma membrane
isolates (Smith et al., 2003). In accordance with our data, the
‘inactive’ full-length ezrin has been shown to interact with PIP2
in vitro as well as the N-terminal FERM domain (Niggli et al., 1995).
Dbl (also known as MCF2), a Rho-specific guanine nucleotide
exchange factor, was shown to effectively bind both the N-terminal
active mutant of ezrin and the full-length inactive molecule in vitro
and in vivo, and Dbl induces localization of both the active and the
full-length ezrin proteins to the plasma membrane, a process that does
not require ezrin C-terminus phosphorylation (Vanni et al., 2004).
Similarly, our data suggest that the interaction between ezrin and
AQP2 does not require ezrin activation or phosphorylation.
Remarkably, VP treatment causes translocation of not only AQP2
but also ezrin to the plasma membrane from its initial cytosolic and
basolateral location in both polarized MDCK cells and kidney
collecting duct principal cells. It is conceivable that through
interaction with AQP2, ezrin is recruited to the plasma membrane
together with AQP2 in response to VP stimulation despite being in
an inactive state. It is also possible that VP may phosphorylate ezrin
and then phosphorylated ezrin translocates to the plasma membrane.
Indeed, multiple proteins including PKA, protein kinase C and
RhoA GTPase have been implicated in ERM phosphorylation and
activation (Barile et al., 2005; Menager et al., 1999; Ng et al., 2001,
Tran Quang et al., 2000; Zhou et al., 2003). Our data suggest that the
effect of ezrin on AQP2 internalization does not depend on the
AQP2 phosphorylation state, VP stimulation or elevation of

Fig. 8. AQP2 internalization was reduced after ezrin
knockdown in a cold block experiment. (A) Dynamic
distribution of AQP2 after a 20°C cold block was revealed by
immunofluorescence staining of LLC-AQP2 cells. Cells were
incubated at 20°C for 30, 60 and 120 min to block AQP2 release
from the trans-Golgi network. AQP2 formed a ‘perinuclear patch’
in cells at 20°C. In the absence of protein synthesis (blocked by
cycloheximide), the speed of formation and immunostaining
intensity of the perinuclear patch reflect the speed and extent of
AQP2 internalization from the cell surface over time. Scale bar:
10 ym. (B) Quantification of the growth of the AQP2-positive
perinuclear patch after 20°C cold block over time. The
fluorescence intensity of AQP2 staining in the perinuclear patch
was measured using Volocity software as described previously
(Arthur et al., 2015). Results are meants.e.m. (n>13 for each
data point). Experiments were repeated at least three times.

intracellular cAMP. We cannot determine from our data whether
VP phosphorylates ezrin through PKA or other signaling pathways.
Nor do we yet understand the effect of concomitant phosphorylation
of AQP2 and ezrin on their interaction and trafficking. These highly
complex and interesting questions remain to be elucidated in future
studies.

Nonetheless, our data show that knocking down ezrin leads to
significant membrane accumulation of AQP2 due to a reduction of
AQP2 endocytosis without any detectable impact on overall
exocytosis. In recent years, an important role of ERM proteins in
mediating vesicle and membrane protein trafficking including
endocytosis, exocytosis and recycling is emerging (Barroso-
Gonzalez et al., 2009; Cha et al., 2006, Stanasila et al., 2006;
Zhao et al., 2004; Zhou et al., 2005). Ezrin regulates recycling/
exocytosis of the o1 B-adrenergic receptor, and membrane insertion
of H™-K"-ATPase in parietal cells (Yu et al., 2014; Zhou et al.,
2005). Ezrin and Sec3 form complexes mediating mucin
(MUCS5AC) secretion in neutrophil elastase-stimulated airway
epithelial cells (Qin et al., 2015). Ezrin also facilitates the
exocytosis and plasma membrane delivery of newly synthesized
epithelial brush-border (BB) Na*/H' antiporter 3 (NHE3), and
tethers the y-aminobutyric acid transporter GAT1 to actin filaments
during postsynaptic uptake of GAT1 (Cha et al., 2006; Imoukhuede
et al.,, 2009; Zhao et al., 2004). Despite these observations, the
precise roles of the ERM protein ezrin in endocytosis versus
exocytosis, and recycling of membrane proteins are not understood
mechanistically. Our data suggest that ezrin is important for AQP2
internalization, probably via its interaction with actin.

In summary, we have identified ezrin as an AQP2-interacting
protein. Through direct interaction with AQP2, ezrin facilitates the
endocytosis of AQP2 independently of VP action, AQP2
phosphorylation or cAMP elevation. Identification of this direct
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interaction between AQP2 and ezrin contributes to the
understanding of AQP?2 trafficking and its regulatory mechanisms.

MATERIALS AND METHODS
Reagents, chemicals, constructs and cell culture
Unless otherwise specified, all chemicals were purchased from Sigma-
Aldrich (St Louis, MO). Alexa Fluor 568-conjugated transferrin was
purchased from Molecular Probes (Invitrogen/Thermo Fisher Scientific,
Waltham, MA). Sulfo-NHS-LC-Biotin was purchased from Thermo Fisher
Scientific and streptavidin-coupled Dynabeads from Invitrogen. Histidine
(His)-tag Dynabeads and protein A Dynabeads were also purchased from
Invitrogen, and Glutathione Sepharose 4 Fast Flow and HisPrep FF 16/10
for protein purification from GE Healthcare (Marlborough, MA).
Monoclonal antibodies against c-Myc were generated in-house from the
9E10 hybridoma cell line obtained from the American Type Culture
Collection (ATCC, Manassas, VA). Secondary antibodies tagged with either
indocarbocyanine (Cy3) or fluorescein isothiocyanate (FITC) were obtained
from Jackson Immunoresearch Laboratories (West Grove, PA). The
antibody against total AQP2, and various phosphorylation-specific AQP2
antibodies, that were used for co-IP and mass spectrometry experiments,
were generated and kindly given by Dr Mark Knepper (NIH, Bethesda,
MD). The commercial primary antibodies are from the following vendors:
rabbit polyclonal anti-AQP2 antibody (#AQP2-002, Alomone Labs,
Jerusalem, Israel), goat polyclonal anti-AQP2 antibody (sc9882, Santa
Cruz Biotechnology, Dallas, TX), rabbit polyclonal anti-ezrin (3145s, Cell
Signaling), rabbit anti-AQP2 p256 (PhosphoSolutions, Aurora, CO, USA),
rabbit anti-AQP2 p261 (PhosphoSolutions), mouse monoclonal anti-GST
antibody (sc138, Santa Cruz Biotechnology), mouse monoclonal anti-His
antibody (70796, EMD Millipore, Billerica, MA), mouse anti-GAPDH
antibody (AM4300, Ambion/Thermo Fisher Scientific), mouse anti $-actin
antibody (A5441, Sigma-Aldrich), and rabbit anti-transferrin receptor 1
antibody (ab84036, Abcam, Cambridge, MA). Commercial secondary
horseradish peroxidase (HRP)-conjugated donkey anti-goat-IgG, donkey
anti-rabbit-IgG, and donkey anti-mouse-IgG antibodies from Santa Cruz
Biotechnology were used according to the manufacturer’s protocol.
Table S1 shows the dilutions at which primary antibodies were used.
Ezrin constructs for a Hisg-tagged fusion protein of full-length human
ezrin, the N-terminal domain of ezrin (amino acids 1-308) and a C-terminal
portion of ezrin (amino acids 285-586) were cloned in a pET30a vector.
MDCK and LLC-PK1 cells stably expressing rat AQP2 were generated as
described previously (Lu et al., 2004; Rice et al., 2012; Yui et al., 2009). All
cell lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% bovine serum and 1% penicillin/
streptomycin at 37°C in a 5% CO, atmosphere incubator.

Ezrin knock-down in cells

The ezrin short hairpin RNA (shRNA) plasmids were gifts from Dr Tomas
Kirchhausen (Children’s Hospital and Harvard Medical School, Boston,
MA). The following targeting sequences were used: no. 1, 5'-CCTGGAA-
ATGTATGGAATCAA-3’; no. 2, 5'-CCAGCCAAATACAACTGGAAA-
3’; no. 3, 5-CCCACGTCTGAGAATCAACAA-3’; no. 4, 5'-CGTGGGA-
TGCTCAAAGATAAT-3'; and no. 5, 5'-CTCCACTATGTGGATAATAA-
A-3'. The five different shRNA lentivirus (pLKO.1) products were combined
and used to infect stable AQP2-expressing LLC-PK1 cells (LLC-AQP2) with
5 nug/ml polybrene (EMD Millipore). The shRNA plasmid was co-transfected
with packaging vector pRSV-REV (Addgene, Cambridge, MA) and
envelope vector pCMV-VSV-G (Addgene) into HEK293T cells. The
supernatant containing lentivirus was collected after 60 h post transfection
and centrifuged at 5000 g, 4°C for 10 min to remove cell debris. The virus-
containing supernatant was aliquoted and stored at —80°C until use.

Animals

Animal experiments were approved by the Massachusetts General Hospital
(MGH) Institutional Committee on Research Animal Care, in accordance with
National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animals. The VP analog DDAVP (Sigma-Aldrich) was delivered to adult
male Brattleboro rats (Rat Resource and Research Center, Columbia, MO) at
1.2 pg/day for 7 days via a subcutaneous Alzet osmotic pump (Durect,
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Cupertino, CA) that was implanted under the neck skin as previously
described (Bagnis et al., 2001; Paunescu et al., 2013). Control and DDAVP-
treated Brattleboro rats were anesthetized by isoflurane inhalation and were
euthanized by exsanguination. The kidneys were collected and were cut into
thin slices and fixed with modified PLP fixative (4% paraformaldehyde,
75 mM lysine, 10 mM sodium periodate and 5% sucrose in 37.5 mM sodium
phosphate buffer) by immersion. After washing with PBS, kidney tissues were
embedded in Tissue-Tek OCT compound 4583 (Sakura Finetek USA,
Torrance, CA) and processed for cryosectioning and immunofluorescence
staining as previously described (Rice et al., 2015; Vedovelli et al., 2013).

Immunofluorescence staining and immunoblotting
8x103 stable AQP2-expressing MDCK (MDCK-AQP2) cells were plated on
Transwell filters (Costar 3460, Corning, Corning, NY) in 12-well plates.
Polarized monolayers were formed after 3 days for MDCK cells. LLC-PK1
cells were plated on multiple 10x10 mm glass coverslips (Electron Microscopy
Sciences, Hatfield, PA) and allowed to grow to 90% confluence. Arginine
vasopressin  (AVP, 20nM) was added to MDCK-AQP2 cells; lysine-
vasopressin (LVP) (20 nM) was added to LLC-PK1 cells because they are
derived from porcine kidney. After incubation for 20 min, cells were fixed with
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) (pH 7.4) for
20 min and subjected to a previously described immunostaining protocol (Rice
etal., 2012). After permeabilization with 0.01% Triton X-100 in PBS for 4 min
and a 30 min block with 1% bovine serum albumin (BSA) in PBS, cells were
incubated with the primary antibody overnight at 4°C. The next day, cells were
washed three times with PBS, and then incubated with the fluorescent tag-
conjugated secondary antibodies for 1 h at room temperature. For
immunofluorescence staining of kidney tissue, the kidney slices were treated
with 0.01% SDS in PBS for permeabilization (Brown et al., 1996) and then
subjected to a similar immunostaining protocol but without the Triton X-100
step. Subsequently, the coverslips and kidney sections were washed and
mounted in Vectashield containing DAPI nuclear stain (Vector Labs,
Burlingame, CA) and visualized on a Nikon 80i microscope with an
ORCA95 camera (Hamamatsu, Tokyo, Japan). Images were captured using
IPLab software (BD Biosciences, San Jose, CA). Confocal imaging was
performed using a Zeiss LSM800 confocal microscope with an Airyscan
module (Carl Zeiss, Jena, Germany). Image brightness and contrast were
linearly adjusted, and a high-pass filter was applied to remove noise and sharpen
images in Photoshop software (Adobe Systems Inc., San Jose, CA, USA).
For immunoblotting, cell lysates were separated by SDS-PAGE under
reducing conditions. Proteins were transferred to polyvinylidene fluoride
(PVDF) membranes by electroblotting using a semi-dry apparatus (Bio-
Rad). Ezrin or AQP2 were detected on the blots with the appropriate
polyclonal antibodies, followed by anti-goat-IgG or anti-rabbit-IgG coupled
to HRP. Detection was achieved using a chemiluminescent probe (ECL;
Amersham/GE Healthcare, Marlborough, MA, USA).

Expression and purification of recombinant proteins

Escherichia coli, BL21 (DE3) (Novagen/EMD Millipore) was used for His-
and GST-tag fusion protein expression. GST-AQP2 C-terminal fusion
proteins were generated as described previously (Lu et al., 2007).
Expression of His—ezrin in E. coli was induced by 1 mM isopropyl 1-
thio-p-D-galactopyranoside (IPTG) at 37°C for 4 h. Bacteria were lysed
with lysozyme (1 mg/ml) and 0.1% Triton X-100 in sodium chloride-Tris-
EDTA (STE) buffer (150 mM NacCl, 50 mM Tris-HCI, 1 mM EDTA, pH
7.4) and sonicated for 15 min at 20% energy in an ice bath using a Misonix
Sonicator XL (Farmingdale, NY). After centrifugation to remove bacterial
debris, the supernatant was allowed to bind to the Ni column at 4°C for
40 min with gentle rocking. After washing twice with STE buffer containing
500 mM NacCl and 0.1% Triton X-100 and three times with regular STE
buffer, fusion protein was eluted with elution buffer (200 mM imidazole in
STE buffer) and dialyzed against PBS at 4°C overnight. Purified fusion
proteins were subsequently subjected to SDS-PAGE and immunoblot
analysis, and used for pulldown experiments.

Cell surface biotinylation
Cell surface biotinylation was performed as previously described (Lu et al.,
2004). Briefly, after VP treatment, stable AQP2-expressing LLC-PK1 cells
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(LLC-AQP2 cells) were incubated with sulfo-NHS-LC-Biotin (0.5 mg/ml)
at 4°C for 1 h. 1 M Tris-HCI at pH 7.4 was added to quench the reaction.
After being washed three times with cold PBS, cells were scraped into cold
lysis buffer [PBS containing 0.5% Nonidet P-40 (NP-40), 0.1% Triton X-
100, protease inhibitor cocktail and phosphatase inhibitor cocktail] and
incubated at 4°C for 30 min. Pulldown experiments were performed using
streptavidin-coupled Dynabeads (Invitrogen) following the manufacturer’s
instructions. Briefly, surface biotinylated cell lysates were incubated
with Dynabeads at 4°C for 3 h followed by washing with gentle rocking,
then subjected to three PBS washes followed by SDS-PAGE and
immunoblotting. Anti-AQP2 and anti-ezrin antibodies were used to detect
the respective proteins in the surface biotinylated membrane protein pool.
Anti-transferrin receptor 1 antibody was used to detect the surface-labeled
resident membrane receptor to be used as input reference.

Co-IP and pulldown assays

Co-IP was performed as previously described (Lu et al., 2007). Briefly,
transfected or non-transfected LLC-AQP2 cells from one 100-mm? culture
plate were harvested. After three washes with cold PBS, cells were scraped into
cold lysis buffer containing 8 mM NaF, 4 mM NazVOy,, 0.1% Triton X-100,
0.5% NP-40 and protease inhibitor cocktail in PBS. Cell lysates were passed
five times through a 27-gauge syringe and centrifuged at 8000 g for 10 min at
4°C and supernatants were collected. Kidney papilla extract was prepared
from mouse kidney. The kidney papillae were washed three times with cold
PBS and homogenized in a Teflon pestle homogenizer (Thomas Scientific,
Swedesboro, NJ). After passing through a syringe with a 27-gauge needle at
least five times, the homogenates were resuspended in cold lysis buffer as
described above plus 0.1% SDS and centrifuged at 8000 g for 10 min at4°C to
collect supernatants. These cell lysates and kidney papilla extracts were used
for pulldown and co-IP experiments. To ensure the completeness of the kidney
tissue membrane solubilization, we frequently passed the lysates through a 27-
gauge syringe more than five times, and added SDS (0.1%) to the kidney
homogenates to further increase the solubility of the membrane component.

LLC-AQP2 cell lysates and kidney papilla extracts were pre-cleared using
protein A beads. Approximately 500 pl lysate were incubated with protein A
beads (40 pl) and 0.5 pg antibody at 4°C for 3 h. After washing five times
(PBS with 0.1% Tween 20), the co-IP samples were subjected to SDS-
PAGE and immunoblotting. Cell lysates incubated with protein A beads
alone were routinely used as a negative control. Lysates of non-transfected
cells were also used as negative control in each co-IP experiment. All
experiments were repeated at least three times.

Pulldown assays were performed as previously described (Lu et al., 2007).
LLC-AQP?2 lysates and papilla extracts were pre-cleared on a glutathione
column at 4°C for 40 min with rocking. Approximately 4 ug of the His—ezrin
proteins were incubated with 40 ul His-tag Dynabeads and 0.5-1 mg pre-
cleared cell lysate or mouse kidney papilla extract at 4°C with gentle rocking
for 2 h. To remove nonspecifically bound proteins, the Dynabead complex
was washed four times with PBS containing 0.1% Tween 20. Finally, the
pulled down complex was subjected to SDS-PAGE and immunoblotting.

cAMP assay

LLC-AQP2 cells were plated onto 96-well plates and grown to confluence.
The intracellular cAMP assay was performed using the Direct cAMP
ELISA kit (Enzo Life Sciences, Farmingdale, NY, USA). Briefly, cells were
transfected with ezrin shRNA for 48 h or treated with VP (20 nM)
for 30 min. The cells were then lysed and centrifuged, and the supernatant
was added to 96-well plates precoated with donkey anti-rabbit-IgG antibody,
and then mixed with rabbit anti-cAMP antibody. After washing, cAMP-
conjugated alkaline phosphatase was added for 2 h. After washing the plate,
the substrate p-nitrophenyl phosphate was added. After incubation for
60 min at room temperature, trisodium phosphate was added to terminate the
reaction. The optical density (OD) was read on a plate reader at 405 nm. ODs
were compared with standards to determine the level of cAMP (020 pmol/
ml). The intracellular cAMP assay was performed in triplicate.

Endocytosis and exocytosis assays
The endocytosis assay was performed in LLC-AQP2 cells as described
previously (Lu et al., 2004). Briefly, cells were seeded in a 24-well cell

culture plate, and transfected with ezrin shRNA for 48 h. Transfected cells
were then incubated with 25 pg/ml transferrin conjugated with Alexa Fluor
568 at 37°C for 30 min with gentle rocking. After three washes with cold
PBS, cells were fixed with 4% PFA in PBS and subjected to the
immunofluorescence staining protocol described above.

The exocytosis assay was performed as previously described in LLC-AQP2
cells that stably express soluble secreted yellow fluorescent protein LLC-
AQP2-ssYFP (Nunes etal., 2008). Briefly, LLC-AQP2 cells stably expressing
soluble secreted yellow fluorescent protein (ssYFP) were established and
named LLC-AQP2-ssYFP. The LLC-AQP2-ssYFP cells were seeded in 12-
well plates and transfected with ezrin shRNA lentivirus. After washing with
PBS twice, cells were incubated with Hank’s balanced salt solution (HBSS,
1x) for 1 h at 37°C before performing the assay. LVP was added to some wells
to stimulate exocytosis and served as the positive control. At the end ofthe 1 h
incubation, 150 pl of medium were transferred from each well to individual
wells of a 96-well plate for detecting the fluorescence signal using a
multimode plate reader (model DTX880, Beckman-Coulter, Fullerton, CA).

Cold block assay

The 20°C cold block assay was performed as previously described (Rice
etal.,2012). When cells are incubated at this temperature, newly synthesized
and recycling proteins are prevented from exiting the TGN compartment and
entering the exocytotic pathway, which results in their perinuclear
accumulation (Griffiths et al., 1985). LLC-AQP2 cells were plated on
10x10 mm glass coverslips (Electron Microscopy Sciences, Hatfield, PA)
and allowed to grow to 90% confluence. Cycloheximide (10 pg/ml) was
added to cells 60 min before the cold block to inhibit protein synthesis, so
that only recycling proteins accumulate in the TGN after being internalized
from the cell surface. Cells were incubated in a 20°C water bath placed in a
cold room for up to 120 min. Coverslips were harvested at different time
points and fixed with 4% PFA in PBS and subjected to immunofluorescence
staining as detailed above.

For image quantification, all coverslips were immunostained under the
same conditions and imaged with the same microscope/camera parameters.
Analysis of the fluorescence intensity of the perinuclear patch resulting from
the cold block was performed using ImagelJ software (National Institutes of
Health, Bethesda, MD). The region of interest used to measure AQP2 patch
fluorescence was determined by applying an intensity threshold to the
visible perinuclear accumulation of AQP2.

Statistical analysis

Statistics were performed with the Prism software (GraphPad Software Inc.,
La Jolla, CA, USA). All groups were first compared for significance with a
one-way ANOVA. A two-tailed r-test was applied to determine the
difference between individual groups, and P<0.05 was considered
significant. Data were obtained from at least three independent
experiments for each experimental condition.
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