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POSH (plenty of SH3) is a scaffold protein that has been
shown to act as an E3 ubiquitin ligase. Here we report that
POSH stimulates the ubiquitination of Kir1.1 (ROMK) and
enhances the internalization of this potassium channel. Im-
munostaining reveals the expression of POSH in the renal
cortical collecting duct. Immunoprecipitation of renal tissue
lysate with ROMK antibody and glutathione S-transferase
pulldown experiments demonstrated the association be-
tween ROMK and POSH. Moreover, immunoprecipitation of
lysates of HEK293T cells transfected with ROMK1 or with
constructs encoding the ROMK-N terminus or ROMK1-C-
Terminus demonstrated that POSH binds to ROMK1 on its N
terminus. To study the effect of POSH on ROMK1 channels,
we measured potassium currents with electrophysiological
methods in HEK293T cells and in oocytes transfected or
injected with ROMK1 and POSH. POSHdecreased potassium
currents, and the inhibitory effect of POSH on ROMK chan-
nels was dose-dependent. Biotinylation assay further showed
that POSH decreased surface expression of ROMK channels
in HEK293T cells transfected with ROMK1 and POSH. The
effect of POSH on ROMK1 channels was specific because
POSH did not inhibit sodium current in oocytes injected with
ENaC-�, �, and � subunits. Moreover, POSH still decreased
the potassium current in oocytes injected with a ROMK1
mutant (R1�373–378), in which a clathrin-dependent tyro-
sine-based internalization signal residing between amino
acid residues 373 and 378 is deleted. However, the inhibi-
tory effect of POSH on ROMK channels was absent in cells
expressing with dominant negative dynamin and POSH�RING,
in which the RING domain was deleted. Expression of POSH
also increased the ubiquitination of ROMK1, whereas expres-
sion of POSH�RING diminished its ubiquitination in
HEK293T cells. The notion that POSH may serve as an E3
ubiquitin ligase is also supported by in vitro ubiquitination
assays in which adding POSH increased the ROMK ubiquiti-
nation. We conclude that POSH inhibits ROMK channels by
enhancing dynamin-dependent and clathrin-independent
endocytosis and by stimulating ubiquitination of ROMK
channels.

ROMK channels (Kir1.1) are located in the apical membrane
of the epithelial cells of the renal thick ascending limb
(TAL)2 and the CCD, where they are responsible for potassium
recycling across the apical membrane in the TAL and potas-
sium secretion in the CCD (1, 2). The expression of ROMK
channels in the plasma membrane in the CCD is regulated
by a variety of factors including protein kinases and dietary
potassium intake (3–9). For instance, with-no-lysine kinase 4
(WNK4) and Src family protein-tyrosine kinase (PTK) reduce
the expression of ROMK channels in the plasma membrane
by stimulating dynamin-dependent endocytosis (10, 11). Sev-
eral studies have demonstrated that potassium restriction
decreased, and high potassium intake increased, the ROMK
channel expression in the apical membrane of CCD epithelial
cells (12, 13). Although the mechanism by which dietary potas-
sium intake regulates surface expression is not completely
understood, one possible mechanism is through modulating
the ubiquitination of ROMK channels. The role for ubiquitina-
tion in regulating channel surface expression and endocytosis is
best demonstrated by the observation that NEDD-4, an E3
ligase that contains the HECT domain (homologous to E6-AP
C-terminal), regulates the ubiquitination of epithelial sodium
channels (ENaC) (14–16). It has been shown that Nedd4 binds
to ENaC on a PY motif (XPPXY) and causes channel internal-
ization (17). Nedd-4 has also been reported to be responsible
for ubiquitination of channels other than ENaC (18–21).
We have previously demonstrated that ROMK1 channels can
be monoubiquitinated and ubiquitinated ROMK channels were
subjected to endocytosis (22). However, because ROMK chan-
nels lack a PY motif, it is unlikely that Nedd4 regulates ROMK
channels in this fashion. POSH is a RING (really interesting
new gene)-containing scaffold protein and has been suggested
to be an E3 ligase for Hrs (hepatocyte growth factor-regulated
tyrosine kinase substrate) and Herp (homocystein-induced ER
protein), and it has been shown to play an obligate role in cel-
lular production of the human immunodeficiency virus, type 1
virus (23–25). Thus, the aim of the present study is to test
whether POSH may act as an E3 ubiquitin ligase for the ubiq-
uitination of ROMK channels.
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EXPERIMENTAL PROCEDURES

Tissue Preparation—Sprague-Dawley rats (6 weeks, either
sex) were purchased from Taconic Farms (Germantown, NY).
The rats were maintained on rat chow with free access to water.
The animals (�90 g) were anesthetized through intraperitoneal
injection of Nembutal (6 mg/100 g) and euthanized by cervical
dislocation. After opening the abdomen, both kidneys were
removed immediately. The animal use protocol was approved by
Institutional Animal Care andUseCommittee ofNewYorkMed-
ical College. The renal cortex and the outer medulla were sepa-
rated under a dissecting microscope and suspended in radioim-
muneprecipitationassaybuffer solution (1:8 ratio,w/v)containing
1� PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS.
10�l of phenylmethylsulfonyl fluoride (10 mg/ml stock solution
in isopropanol) and 10 �l of a mixture of protease inhibitors
(Sigma) were added per ml of buffer at the time of lysis. The
samples were homogenized on ice for 15minwith amortar and
pestle. The suspension was incubated at 4 °C for 1 h in the
presence ofDNase (5�g/ml) followed by centrifugation at 1800
rpm for 10 min, and the resultant supernatant was collected.
Protein concentrationsweremeasured in duplicate using a Bio-
Rad Dc protein assay kit.
Preparation of Xenopus Oocytes—Xenopus laevis females

were obtained from NASCO (Fort Atkinson, WI). The method
for obtaining oocytes has been described previously (26). Viable
oocytes were selected for injection with different cRNA. The
oocytes were incubated at 19 °C in a 66% Dulbecco’s modified
Eagle’s medium/Ham’s F-12 medium with freshly added 2.5
mM sodium pyruvate and 50 �g/ml gentamycin. Two electrode
voltage clamp experiments were performed on days 1–2 after
injection.
Two-electrode Whole Cell Voltage Clamping—A Warner

oocyte clamp OC-725C was used to measure the whole cell
potassium current. Voltage and current microelectrodes were
filled with 1000 mM KCl and had a resistance of less than 2 M�.
The current was recorded on a chart recorder (Gould TA240).
To exclude leak currents, 2mMBa2� was used to determine the
Ba2�-sensitive K� current.
Western Blot—Proteins in homogenates of renal tissue or in

lysates of cultured cells were separated by electrophoresis on
8–10% SDS-polyacrylamide gels and transferred to immuno-
blot polyvinylidene difluoride membranes (Bio-Rad). The
membranewas blockedwithOdyssey blocking buffer and incu-
batedwith the primary antibody at 4 °C for 12h.Themembrane
was washed four times for 5 min with PBS containing 0.1%
Tween 20, followed by incubation with the secondary antibody
for an additional 30 min. The membrane was then washed sev-
eral times and scanned with the Odyssey infrared imaging sys-
tem (LI-COR, Lincoln, NE) set to the wavelength 700–800
channel.
ConfocalMicroscopy—Surface fluorescence detected by con-

focal microscopy at the equatorial plane of oocytes expressing
GFP-tagged ROMK correlates with channel activity and has
been used by us to assess channel expression in the plasma
membrane (27). Briefly, GFP fluorescence was excited at 488
nm with an argon laser beam and viewed with an inverted
Olympus FV300 confocal system equippedwith a 10� lens.We

used Scion Image software (Scion Co., Frederick,MD) to deter-
mine the fluorescence intensity. All of the imageswere acquired
and processed with identical parameters.
Immunocytochemistry—Kidneys were perfused with 50ml of

PBS containing heparin (40 unit/ml) followed by 200 ml of 4%
paraformaldehyde and were fixed with 4% paraformaldehyde
for 12 h. A Leica 1900 cryostat (Leica) was used to cut kidney
slices, which were dried at 42 °C for 1 h. After washing with 1�
PBS, the sampleswere permeablizedwith 0.4%Triton dissolved
in 1� PBS buffer containing 1% bovine serum albumin and
0.1% lysine (pH 7.4) for 15 min. The kidney slices were blocked
with 2% goat serum for 1 h at room temperature and then incu-
bated with antibodies to POSH and AQP2 for 12 h at 4 °C. The
slides were washed with PBS buffer, followed by incubation
with a secondary antibody for 2 h at room temperature.
GST Pulldown Assay—The ROMK and POSH constructs

were subcloned into pGEX4T-1 to produce the GST fusion
proteins for GST pulldown assay. GST, GST-ROMK, andGST-
POSH immobilized on glutathione-Sepharose beadswere incu-
bated with 10 �l of POSH or ROMK labeled with [35S]methi-
onine in NETN buffer (20mMTris, pH 8.0, 100mMNaCl, 1mM

EDTA, 0.5% Nonidet P-40), respectively. The beads were then
washed five times withNETNbuffer. Bound proteins were sub-
jected to SDS-PAGE followed by autoradiography. POSH and
ROMK labeled with [35S]methionine were prepared by in vitro
translation that was performed using the TNT quick-coupled
rabbit reticulocyte system (Promega) with plasmid DNA
according to the manufacturer’s instructions. In addition, no
35S-labeled ROMK1 was also used in some GST pulldown
experiments.
Cell Culture and Transfection—HEK293T cells were cul-

tured in modified Dulbecco’s modified Eagle’s medium with
10% fetal calf serum at 37 °C with 5% CO2. Before the day of
transfection, the cells were plated into 35-mm cell culture
dishes at 70% confluence. For each transfection experiment, 2
�g of plasmid DNA/dish was mixed with OPTI-MEM@1 cul-
ture medium (Invitrogen) containing 6 �l of TransIT-293
(Mirus, Madison, WI). 24 h post-transfection, the cells were
lysed with cold radioimmune precipitation assay buffer (25 mM

Tris-Cl, pH 7.4, 150 mM NaCl, 50 mM KCl, 1% SDS, 2 mM

EDTA, 0.5% glycerol, 50 mM NaF with protein inhibitor and
phosphotase I and II inhibitor mixture from Sigma) and rocked
for 1 h at 4 °C, followed by centrifugation at 13,000 rpm for 30
min. The supernatants were stored at �80 °C until use. pRK5-
Myc-POSH was the kind gift from Dr. Anrette Seg (Medical
Research Council Laboratory for Molecular Cell Biology and
Cell BiologyUnit, University College, London, UK), Full-length
POSH was subcloned into the mammalian expression vector
pcDNA3 (Invitrogen), peGFPC1-R1 was made as previously
described (11). All of the mutations were made by overlapping
PCR, and the constructs were sequenced for confirmation.
Primer sequences are available upon request.
InVitroUbiquitinationAssay—Tocarry out in vitroubiquiti-

nation assay, we used ROMK protein produced from the TNT
quick coupled transcription/translation system (Promega) and
His-tagged POSH. Briefly, a T7 promoter-driven vector with a
ROMK insertion (1 �g) was mixed with 40 �l of TNT T7 quick
master mix, including 1 �M methionine in a total volume of 50
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�l and incubated at 37 °C for 90 min. The protein was quan-
titated by Western blot. His-tagged POSH protein was puri-
fied from HEK293T cells transfected with the pcDNA6Myc-
His-POSH plasmid. The whole cell lysate was mixed with 50
�l of nickel-nitrilotriacetic acid magnetic agarose beads in
the binding buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM

imidazole, 0.05% Tween 20), rocked at room temperature for
1 h, and washed three times with the binding buffer. The
His-tagged POSH was eluted with 50 mM NaH2PO4, 300 mM

NaCl, 300 mM imidazole, 0.05% Tween 20 and stored at
�80 °C. The in vitro ubiquitination assay was performed as
follows: the 50-�l reaction mixture containing 40 mM Tris-
HCl (pH 7.5), 5 mM MgCl, 2 mM ATP, 2 mM dithiothreitol,
200 �g of ubiquitin, 1 �g of UBE1, 5 �g of UbcH5a (these
three reagents were from BostonBiochem, Cambridge, MA),
5 �l of quick coupled ROMK protein, 500 ng of purified
His-POSH protein was incubated at 30 °C for 2 h. The reac-
tion was terminated with 2� sample buffer and resolved by
SDS-PAGE. Western blotting was performed with ubiquitin
antibody and ROMK antibody. An in vivo ubiquitination
assay was carried out in HEK293T cells. The cells were trans-
fected with pEGFPC1-R1 alone or cotransfected with 1 or 2
�g of pcDNA3-POSH. One group of the cells were incubated
with 20 �M MG132 for 2 h before being lysed with radioim-
mune precipitation assay buffer. 200 �g of total protein was
used for immunoprecipitation followed by Western blot.
Electrophysiology Experiments—Within 24 h after transfec-

tion, the cells were treated with trypsin-containing medium
(TrypleTM Ecpresscare) (Invitrogen) for 10 min to detach the
cells. The cell suspension (0.2 ml in volume) was carefully
removed to a 5 � 5-mm coverglass coated with polylysin fol-
lowed by additional incubation for 30 min to allow the cells to
adhere to the coverglass. The coverglass was transferred to a
chamber (1 ml) mounted on the stage of a Nikon inverted
microscope. For the perforated whole cell patch clamp experi-
ments, the cells were incubated with a bath solution containing
138 mM KCl, 0.5 mM MgCl2, 1.5 mM CaCl2, and 10 mM HEPES
(pH 7.4). The experiments were performed at room tempera-
ture. Fluorescence signal (an indication of positive transfection)
was detected with an intensified video imaging system includ-
ing SIT 68 camera (Long Island Industries, North Baltimore,
NY). Borosilicate glass (1.7-mm OD) was used to make the

patch clamp pipette, which was pulled with a Narishege elec-
trode puller. The pipette had a resistance of 2–4 M� when
filled with 138 mM KCl. The tip of the pipette was filled with
pipette solution containing 138 mM KCl, 4 mM MgCl2, 1 mM

CaCl2, 1 mM EGTA, and 5 mM HEPES (pH 7.4). Then the
pipette was back-filled with amphotericin B (2 �g/0.1 ml) con-
taining pipette solution. After forming a high resistance seal
(�2 G�), the membrane capacitance was monitored until the
whole cell patch configuration was formed. The cell membrane
capacitance was measured and compensated. The potassium
current was measured by an Axon 200A patch clamp amplifier.
The current was low pass filtered at 1 KHz and digitized by
an Axon interface (Digidata 1200), and data were stored in an
IBM-compatible computer and were analyzed using the
pClamp software system 7 (Axon).
Biotinylation Assay—HEK293T cells were transfected with

pEGFPC1-ROMK and pcDNA3-POSH. 24 h after transfection
the cells were washed twice with cold PBS and then incubated
with 1mg/ml EZ-Link Sulfo-NHS-SS-Biotin (Pierce) for 30min
at 4 °C. This reaction was then quenched by adding quench
buffer, and the cells were washed at least two times with TBS
buffer, lysed with cold radioimmune precipitation assay buffer,
and subjected to pull down with NeutrAvidin Gel (Pierce).
Experimental Materials and Statistics—POSH, ubiquitin,

nonimmune rabbit IgG, and AQP2 antibodies were purchased
from Santa Cruz (Santa Cruz, CA), and ROMK antibody was
obtained from Alomone (Jerusalem, Israel). FLAG and GFP
antibodies were purchased from Sigma and Clontech (Moun-
tain View, CA), respectively. The data are presented as the
means � S.E. We used the paired Student’s t test or one-way
analysis of variance to determine the statistical significance. If
the p value is less than 0.05, the difference is considered to be
significant.

RESULTS

We first carried out a double immunofluorescence staining
experiment to assess whether POSH is expressed in the renal
CCD. We used AQP2 as a marker for the CCD. Fig. 1 is a con-
focal image demonstrating that POSH is expressed in AQP2-
positive CCD tubule segments. Because POSH has been re-
ported to be a scaffold protein (23, 25, 28), we examined
whether POSHwas able to interact with ROMKchannels in the

AQP2POSH merge

FIGURE 1. Confocal images demonstrating the immunostaining of POSH and AQP2 in the cortex of the rat kidney.
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kidney. Tissue lysates harvested
from renal cortexwere immunopre-
cipitated with POSH antibody, and
the immunoprecipitated proteins
were resolved by electrophoresis
followed by Western blotting with
ROMK antibody. Fig. 2A is a West-
ern blot showing that ROMK pro-
tein is immunoprecipitated with
POSH. No ROMK coimmunopre-
cipitated with nonimmune IgG,
which was used as a control. We
have also performed GST pulldown
experiments to examine the interac-
tion between ROMK and POSH
(Fig. 2B). GST-POSH fusion protein
or GST-ROMK protein was bound
to glutathione-Sepharose beads and
incubated with either 10 �l of puri-
fied ROMK1 protein or POSH pro-
tein labeled with [35S]methionine in
NETN buffer. After washing, the
bound proteins were resolved by
10% SDS-PAGE followed by autora-
diography. Fig. 2B shows that POSH
was able to pull down ROMK1 pro-
tein (Fig. 2B, left panel) and that
ROMK1 can also pull down POSH
(right panel). Moreover, we have
used Western blot to examine the
interaction between POSH and
ROMK1. Fig. 2C is a Western blot

showing that GST-POSH pulled down ROMK.We then exam-
ined the interaction between POSH and ROMK1 in HEK293T
cells transfectedwith FLAG-tagged ROMK1 and POSHorwith
POSH alone. Cell lysates were subjected to immunoprecipita-
tion with FLAG antibody, and immunoprecipitated proteins
were resolved by electrophoresis. Fig. 2D is a Western blot
showing that POSH protein is immunoprecipitated with FLAG
antibody in cells transfected with FLAG-tagged ROMK1 but
not in cells transfected with POSH alone, although POSH was
expressed under both conditions. Thus, these results indicate
that POSH is associated with ROMK channels both in heterol-
ogous expression systems as well as in native renal tissue.
We then examined whether POSH binds to ROMK1 on its

C or N terminus. Lysates of HEK293T cells transfected with
POSH alone, FLAG-tagged ROMK1�POSH, FLAG-tagged
ROMK1-N terminus (1–82)�POSH, and FLAG-tagged
ROMK1-C terminus (181–392)�POSH were subjected to
immunoprecipitation with a FLAG antibody, followed by
Western blotting with the antibody directed against POSH.
From inspection of Fig. 3, it is apparent that POSH is immu-
noprecipitated with FLAG antibody only in cells transfected
with ROMK1 or ROMK1-N terminus but not in cells trans-
fected with ROMK C terminus, suggesting that POSH asso-
ciates with the N terminus of the ROMK1 protein.
We next examined whether POSH regulates ROMK1 chan-

nel activity in both HEK293T cells transfected with GFP-

FIGURE 2. ROMK channels are associated with POSH. A, a Western blot demonstrating that ROMK channels
are immunoprecipitated with POSH in the rat kidney. B, a GST pulldown experiment shows that GST-POSH
fusion protein is able to pull down ROMK1 (left panel) and that GST-ROMK protein is also able to associate with
POSH (right panel). GST-POSH or GST-ROMK1 was bound to glutathione-Sepharose beads and was incubated
with either 10 �l of purified ROMK1 protein or POSH protein labeled with [35S]methionine in NETN buffer. After
washing, the bound proteins were resolved by 10% SDS-PAGE followed by autoradiography. C, GST pulldown
experiments showing the association between GST-POSH and ROMK1. D, a Western blot showing that POSH is
specifically immunoprecipitated with FLAG-tagged ROMK1 in 293T cells transfected with FLAG-R1�POSH but
not in cells transfected with POSH alone. Two bands on the left side of the gel are molecular size markers. IP,
immunoprecipitation; IB, immunoblot.

FIGURE 3. POSH associates with the N terminus of ROMK1. The top panel is
a Western blot showing that POSH is immunoprecipitated with FLAG-tagged
ROMK1 or FLAG-tagged ROMK1-N terminus (FLAGR1-N) but not with FLAG-
tagged ROMK1 C terminus (FLAGR1-C). The middle panel shows the expres-
sion of POSH in 293T cells. The bottom three panels demonstrate the expres-
sion of FLAG-tagged ROMK1(R1), FLAGR1-C, and FLAGR1-N, respectively. IP,
immunoprecipitation; IB, immunoblot.
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ROMK1 and POSH at different concentration (Fig. 4) and
Xenopus oocytes injected with different concentrations of
POSH cRNA and 5 ng of ROMK1 (Fig. 5). Fig. 4A is a typical
whole cell potassium current measured with the perforated
whole cell patch recording in HEK293T cells transfected with
GFPROMK1�POSH. It is apparent POSH decreased potas-
siumcurrent at a dose-dependentmanner. Expression of POSH
at 0.5, 1.0, and 2.0 �g decreased potassium currents at �100
mV cell membrane potential from the control value 1045 � 20
to 600 � 16, 500 � 15, and 370 � 15 pA (n � 4), respectively
(Fig. 4B). The POSH-induced decrease in potassium currents
was not due to changes in ROMK1 protein expression because
the expression of POSH did not decrease the total ROMK1
protein level (Fig. 4C).We also examined the effect of POSH on
ROMK channels in Xenopus oocytes injected with different

concentrations of POSH cRNA and 5 ng of ROMK1 (Fig. 5).
The results summarized in Fig. 5A demonstrate that POSH
inhibited ROMK channel activity in a dose-dependentmanner.
Coinjection of 1, 2.5, 5, and 10 ng of POSH cRNA decreased
potassium current in oocytes injected with 5 ng of ROMK1
cRNA by 12 � 2, 25 � 5, 45 � 5, and 53 � 7%, respectively.
Injection of 10 ng of POSH also decreased the potassium cur-
rent from 8.7 � 0.6 to 4.1 � 0.5 �A (n � 49). Confocal micro-
scope experiments further showed that coinjection of 10 ng of
POSH decreased the fluorescence intensity of ROMK localized
to the membrane by 49 � 6% (p � 0.05, n � 20) in oocytes
injected with GFP-ROMK1 (Fig. 5B).
The notion that POSH may decrease the surface expression

of ROMK1 channels is also supported by experiments in which
the biotin-labeling technique was used to examine the expres-

FIGURE 4. POSH inhibits ROMK1 channels. A, effect of POSH on potassium currents measured with the perforated whole cell recording in HEK293 cells
transfected with GFP-ROMK1 and POSH at different concentrations. B, a bar graph summarizes the results of the effect of POSH on ROMK1 channels (n � 4). C, a
Western blot showing the expression of ROMK1 and POSH in HEK293 transfected with GFP-ROMK1 and POSH at different concentrations. The asterisk indicates
significant different (p � 0.05) in comparing with the control (ROMK1 alone).
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sion of ROMK1 in the plasma membrane of HEK293T cells
transfected with GFP-ROMK1 and POSH.We labeled the sur-
face ROMK1with biotin 24 h after transfection and determined
the total ROMK1 expression byWestern blot. Fig. 5C is aWest-
ern blot from four experiments showing that the ROMK ex-
pression in plasma membrane decreased in cells transfected
with 1 �g of POSH. Moreover, the effect of POSH on the sur-
face expression is dose-dependent. Fig. 5D is a Western blot
showing that expression of POSH at 0.5 and 1 �g decreased the
surface ROMK expression by 25 � 10 and 50 � 10% (n � 4),
respectively (Fig. 5D, bottom panel), calculated from the nor-
malized ratio between the total ROMK1 and biotin-labeled
ROMK1. Thus, results suggest that POSH inhibits ROMK1
channel activity by decreasing its surface expression.
Decrease in surface expression of ROMK1 could be the result

of either reducing delivery or increasing endocytosis. We next
examined whether inhibiting endocytosis by expressing domi-

nant negative dynamin (DynK44A) could abolish the effect of
POSH on ROMK1 in HEK293T cells transfected with GFP-
ROMK1(R1), R1�POSH, R1�wtDyn, R1�wtDyn�POSH,
R1�DynK44A, and R1�DynK44A�POSH (Fig. 6). Fig. 6A is a
whole cell potassium current measured with the perforated
whole cell patch clamp recording showing that the inhibitory
effect of POSH on ROMK1 channel was enhanced in 293T cells
transfectedwith wt dynamin (control: 1090� 23, POSH: 612�
10, wt dynamin: 675 � 28, wt dynamin�POSH:300 � 18 pA)
(n � 4; Fig. 6B). However, the inhibitory effect of POSH was
completely abolished in 293T cells transfected with DynK44A
(DynK44A, 1640 � 17; DynK44A�POSH, 1570 � 35 pA) (n �
4; Fig. 6B), although the ROMK protein levels among different
groups were the same (Fig. 6C).
We have also examined the role of dynamin-dependent

endocytosis in mediating the effect of POSH on ROMK1 chan-
nels in Xenopus oocytes injected with ROMK1, POSH, and

FIGURE 5. Effect of POSH on ROMK1 channel activity and expression. A, effect of POSH on potassium current in oocytes injected with ROMK1 and POSH at
different concentrations. The asterisks indicate a significant difference between control (without POSH) and POSH-injected oocytes. The experimental num-
bers are at least 11 for each condition. B, a confocal image showing the effect of POSH on the surface expression of GFP-ROMK1 in oocytes. C, POSH decreases
the surface expression of ROMK1 channels in HEK293T cells transfected with POSH�GFP-ROMK1 or GFP-ROMK1 alone. Sulfo-NHS-SS biotin was used to label
the surface ROMK1, and 50 �g of protein from cell lysates was used for the experiments. D, biotin labeling experiments showing the effect of increased POSH
expression on the ROMK1 expression in plasma membranes of HEK293T cells. A bar graph summarizing the results from four experiments is shown on the
bottom. IP, immunoprecipitation; IB, immunoblot.
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DynK44A. The data summarized in Fig. 7A show that expres-
sion of DynK44A completely abolished the inhibitory effect of
POSH on ROMK1 channels, suggesting that POSH-mediated
inhibition of ROMK1 channels was at least in part the result of
enhancing channel internalization. ROMK1 has a clathrin-de-
pendent NPXY-like internalization domain in its C terminus
(29) and WNK4 inhibits ROMK channels by stimulating
clathrin-dependent endocytosis (10). Thus, we examined
whether POSH also stimulates ROMK1 channel endocytosis by
a clathrin-dependent mechanism. We examined the effect of
POSH on potassium current in oocytes injected with a ROMK1
mutant, R1	373–378, in which the NPXY-like domain was
deleted. From inspection of Fig. 7A, however, it is apparent that
deleting the clathrin-binding motif failed to abolish the inhibi-
tory effect of POSH on ROMK1 channels. POSH decreased
ROMK channel activity by 47 � 8% (n � 23) (Fig. 5A). This
suggests that POSH inhibits ROMK1 channels by stimulating
dynamin-dependent but clathrin-independent ROMK1 endo-

cytosis. The effect of POSH on ROMK1 channels was specific,
because POSH did not inhibit sodium current in oocytes
injected with ENaC-�, �, and � subunits (Fig. 7B).

We then examined the structural requirements for the
effects of POSH on ROMK1 channels in oocytes injected with
ROMK1 and POSH or with truncated POSH, in which either
the RING domain or each SH3 domain was deleted (Fig. 8A).
We measured potassium current in the oocytes using a two-
electrode voltage clamp. The data summarized in Fig. 6B dem-
onstrate that deleting the RING domain completely abolished
the inhibitory effect of POSH on ROMK1 channels (control,
10.2 � 1 �A; POSH	RING, 11.6 � 1 �A). In contrast, the
truncated POSH without its SH3 domains was still able to
inhibit ROMK1 channels (Fig. 8B). Deleting the RING domain,
however, did not affect the association between POSH and
ROMK1. Fig. 8C is aWestern blot showing that ROMK1 chan-
nelswere still able to bind to all of the truncatedPOSHproteins.
This suggests that the deletion of the RING domain abolished

FIGURE 6. POSH stimulates dynamin (Dyn)-dependent endocytosis of ROMK1. A, a whole cell potassium currents measured with the perforated whole cell
patch recording in HEK293T cells transfected with GFP-ROMK1(R1), R1�POSH, R1�wtDyn, R1�wtDyn�POSH, R1�DynK44A, and R1�DynK44A�POSH (n �
4). The voltage protocol is the same as shown in Fig. 4 (from �100 to 60 mV). B, the potassium currents at �100 mV measured in different experiments are
summarized in a bar graph. An asterisk indicates significant different (p � 0.05) in comparison with the control (ROMK1 alone). C, a Western blot shows the
expression of corresponding proteins in all groups.
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the effect of POSH by a mechanism other than through alter-
ation of the association between ROMK1 and POSH.
Proteins with RING domains have been shown to act as E3

ubiquitin ligases, andPOSHhas been reported to be anE3 ubiq-
uitin ligase (24, 25). Thus, it is possible that POSH may be
involved in mediating the ubiquitination of ROMK channels.
This hypothesis was tested by examining whether POSH
enhances ROMK1 ubiquitination using in vitro ubiquitin assay.
ROMK proteins (generated with a TNT quick coupled tran-
scription/translation system) were incubated with exogenous
ubiquitin and E1 and E2 ubiquitin ligases (UbcH5a) in the pres-
ence or absence of His-tagged POSH. After the reaction,
ROMK proteins were resolved by electrophoresis andWestern
blotted with either ROMK or ubiquitin antibodies. Fig. 9A is a
Western blot showing that POSH increased the ubiquitination
of ROMK1. We also examined the effect of POSH on ROMK1
ubiquitination in HEK293T cells transfected with GFP-
ROMK1, GFP-ROMK1�POSH, and GFP-ROMK1�POSH	
RING. Fig. 9B is aWestern blot showing that the ubiquitinated
ROMK1 channels were observed in both 293 cells transfected
with ROMK1 or ROMK1�POSH but were diminished sub-
stantially in cells transfected with POSH	RING. This suggests
that the RING domain is essential for the POSH-mediated
ubiquitination of ROMK1.

DISCUSSION

ROMK channels are mainly expressed in the apical mem-
brane of the renal TAL and CCD (30–32). ROMK channels are
essential for potassium recycling across the apicalmembrane in
the TAL. Because potassium recycling plays a key role in main-
taining the function of sodium/potassium/chlorine cotrans-
porter in the TAL, a defective gene product encoding ROMK
channels causes type II Barter syndrome (33, 34). In the con-

necting tubule and CCD, ROMK channels are also responsible
for potassium secretion under a normal potassium diet (35, 36).
A large body of evidence has demonstrated that ROMKchannel
activity in the apicalmembrane of both theTAL and theCCD is
regulated by dietary potassium intake; a high potassium intake
stimulates, whereas a low potassium intake decreases, ROMK
channel activity in the apical membrane (12, 37, 38). Moreover,
a decrease inROMKchannel activity in response to a lowpotas-
sium intake is at least partially the result of down-regulating the
expression of ROMK channels in the plasmamembrane (8, 13).
In contrast, an increase in ROMK channel activity in response
to a high potassium intake is also partially the result of aug-
menting ROMK expression in the plasma membrane (8, 38).
Thus, regulating ROMK expression in plasma membranes
through either insertion or internalization is an important
way to control ROMK channel activity and renal potassium
secretion.
Several protein kinases have been shown to play a role in regu-

lating either internalization or insertion of ROMK channels: pro-
tein kinase A and serum-glucocorticoid-induced kinase (SGK)
stimulate the insertion (3), whereas the Src family PTK and
WNK4 increase ROMK endocytosis (10, 11). It has been
reported that SGK1 phosphorylates the ROMK1 channel on
serine residue 44 in the N terminus, thereby increasing the
export of ROMK1 channel from the ER to plasma membrane
(3). WNK4 decreases ROMK channel expression in the plasma
membrane by stimulating a clathrin-dependent endocytosis
(10). We have previously demonstrated that a low potassium
intake stimulates the Src family PTK activity, which in turn
increases the tyrosine phosphorylation of ROMK, thereby
enhancing the endocytosis of ROMK channels (11, 12). More-
over, we have shown that the tetraspan protein CD63 is physi-

FIGURE 7. POSH stimulates the endocytosis of ROMK1. A, effect of POSH on potassium currents in oocytes injected with ROMK1 (R1)�POSH, R1�dominant
negative dynamin (DynK44A) �POSH, and POSH�R1	373–378. B, effect of POSH on amiloride-sensitive sodium current in oocytes injected with ENaC (2 ng
of �, 1 ng of �, and 1 ng of � subunit).
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cally associated with ROMK channels and c-Src. The triple
association is required for activation of c-Src (39).
In addition to protein kinases, we previously demonstrated

that ROMK channel activity was also regulated by ubiquitina-
tion, because blocking ubiquitination of ROMK channels by
deleting a lysine residue in theN terminus increased the surface
expression of ROMK channels (22). Thus, regulation of ROMK
ubiquitination could play an important role in modulating
ROMK channel expression in the apical membrane of the TAL
and CCD. The role of ubiquitination in regulating ion channel
expression is best documented in experiments in which ubiq-
uitination of ENaC regulates the surface expression of ENaC
activity (14, 40). For ubiquitination of ENaC, Nedd-4, a HECT
domain-containing E3 ligase, binds to a PY motif of ENaC
and facilitates the transfer of ubiquitin to sodium channels
(17). Consequently, ubiquitinated ENaC is internalized and
degraded, thereby decreasing the surface expression of
ENaC. If the ubiquitination of ENaC is defective, overexpres-
sion of ENaC causes excessive sodium absorption and hyper-
tension (Liddle syndrome) (17, 41). In addition to ENaC,
Nedd-4 E3 ligase has also been shown to facilitate the ubiq-
uitination of KCNQ2/3 and KCNQ3/5 in the nervous system
(20), voltage-gated sodium channels in neurons and myo-

FIGURE 8. The RING domain is required for the effect of POSH. A, diagram shows a schematic structure of POSH. R, RING domain; SH, SH3 domain. The
number above or below the corresponding domain indicates the deletion of amino acids in the constructs tested. B, effect of POSH and the truncated POSH on
potassium current in oocytes injected with ROMK1 (R1), R1�POSH, and R1�truncated POSH. An asterisk indicates a significant difference in comparison with
the control value (no POSH). **, p � 0.01; *, p � 0.05. The number in parentheses under each bar is the experimental number for each group. C, a Western blot
demonstrating the association of ROMK1 and POSH or truncated POSH. IP, immunoprecipitation; IB, immunoblot.

FIGURE 9. POSH stimulates ubiquitination of ROMK. A, in vitro ubiquitination
assay shows the effect of POSH on ROMK1 ubiquitination. ROMK proteins (gen-
erated with TNT quick coupled transcription/translation system) were incubated
at 37 °C for 30 min with exogenous ubiquitin, ATP, E1 and E2 ubiquitin ligase
(UbcH5a) in the presence or absence of His-tagged POSH. After the reaction
ROMK proteins were resolved by electrophoresis and Western blotting with
either ROMK or ubiquitin antibodies. B, a Western blot shows the effect of POSH
or POSH	RING on ROMK1 ubiquitination. 293T cells were transfected with
ROMK1 (R1), R1�POSH, or R1� POSH	RING. MG132, an inhibitor of proteosome
was added during experiments. IP, immunoprecipitation; IB, immunoblot.
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cytes (19), KCNQ1 in myocytes (18), and the chlorine chan-
nel, ClC-5, in proximal tubules (21).
Although Nedd-4 is highly expressed in the CCD (42), it is

unlikely that Nedd-4 is responsible for the ubiquitination of
ROMK channels because they do not have a PY motif. More-
over, the observation that manipulation of Nedd-4 expression
affected ENaC activity but had no effect on ROMK channel
activity suggests that Nedd-4 was not the E3 ligase for ROMK
channels (15). Several lines of evidence have strongly suggested
that POSH could serve as an E3 ubiquitin ligase for ROMK
channels: 1) POSH is expressed in the CCD and associated with
ROMK channels; 2) expression of POSH decreased potassium
current and surface expression of ROMK channels; and 3) add-
ing exogenous POSH increased the ubiquitination of ROMK
channels. Unlike HECT-containing E3 ligases such as Nedd-4,
which transfers the activated ubiquitin to its target protein,
POSH belongs to the RING domain-containing E3 ligase fam-
ily, whose members act as scaffolds to bring the E2 ubiquitin
ligase in close proximity to the target protein (43). The impor-
tance of the RING domain in mediating ROMK ubiquitination
is also supported by the observation that deleting RINGdomain
of POSH attenuated the ubiquitination of ROMK channels and
abolished the inhibitory effect of POSH on ROMK channel
activity. In contrast, deletion of each SH3 domain failed to abol-
ish the effect of POSH on ROMK channel activity. Thus, POSH
is an E3 ubiquitin protein ligase responsible for ubiquitinating
ROMK channels. The notion that POSH is an E3 ligase has also
been suggested by previous findings that POSH regulates ubiq-
uitination of Herp andHrs (24, 25). Fig. 10 is a scheme illustrat-
ing the role of POSH in mediating ubiquitination of ROMK
channels. POSH is served as a scaffold protein associating with
bothROMK1channels andE2ubiquitin ligase, thereby increas-
ing the ubiquitination of ROMK channels.
In the present study we have also observed that expression of

dominant negative dynamin abolished the inhibitory effect of
POSH on ROMK channel activity. This suggests that POSH-
induced inhibition of ROMK channels is the result of stimulat-
ing endocytosis. We speculate that POSH facilitates the ubiq-
uitination of ROMK channels, thereby increasing endocytosis.
Althoughwe have demonstrated the role of POSH inmediating
the ROMK ubiquitination, we did not explore whether POSH-
mediated ubquitination of ROMK channels plays a role in
response to a physiological stimulation such as high or low
potassium intake. For instance, ENaC ubiquitination is con-

trolled by aldosterone and SGK1,
and increases in aldosterone levels
or SGK1 activity inhibit the ubiq-
uitination of ENaC by a mechanism
involving blockade of the interac-
tion of ENaC with Nedd-4 (44).
Thus, we speculate that POSH-me-
diated ubiquitination of ROMK
must also be regulated by factors
such as hormones and dietary
potassium intake. In this regard, it
has been reported that tyrosine
phosphorylation of Siah1 (homo-
logues of the Drosophila seven-in-

abscetia) enhances the association between POSH and Siah1
(45). ROMK channels are the substrate of Src family PTK, and
increased tyrosine phosphorylation of ROMK has been shown
to enhance the ROMK channel endocytosis (11). Hence, it is
possible that Src family PTK may play an important role in
regulating ROMKubiquitination throughmodulating the asso-
ciation between ROMK and POSH. Further experiments are
needed to explore the mechanism by which POSH-mediated
ubiquitination of ROMK channels is regulated by factors such
as PTK. We conclude that POSH is physically associated with
ROMK on its N terminus and facilitates the ubiquitination of
ROMK channels.
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