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Polarized epithelial cells develop and maintain distinct apical and basolateral surface domains despite a continuous flux
of membranes between these domains. The Na*/H*exchanger NHE6 localizes to endosomes but its function is unknown.
Here, we demonstrate that polarized hepatoma HepG2 cells express an NHE6.1 variant that localizes to recycling
endosomes and colocalizes with transcytosing bulk membrane lipids. NHE6.1 knockdown or overexpression decreases or
increases recycling endosome pH, respectively, and inhibits the maintenance of apical, bile canalicular plasma mem-
branes and, concomitantly, apical lumens. NHE6.1 knockdown or overexpression has little effect on the de novo
biogenesis of apical surface domains. NHE6.1 knockdown does not inhibit basolateral-to-apical transcytosis of bulk
membrane lipids, but it does promote their progressive loss from the apical surface, leaving cells unable to efficiently
retain bulk membrane and bile canalicular proteins at the apical surface. The data suggest that a limited range of
endosome pH mediated by NHE6.1 is important for securing the polarized distribution of membrane lipids at the apical
surface and maintenance of apical bile canaliculi in HepG2 cells and hence cell polarity. This study underscores the
emerging role of the endosomal recycling system in apical surface development and identifies NHE6 as a novel regulatory

protein in this process.

INTRODUCTION

Epithelial cells develop distinct apical and basolateral cell
surface domains. Hepatocytes, the main epithelial cells of
the liver, develop apical plasma membrane domains at the
lateral surface between adjacent cells followed by the ap-
pearance of intercellular cavities or lumens. These domains,
via an as yet unknown process, subsequently develop into a
branching canalicular network into which biliary compo-
nents and detoxified waste products are secreted. The sort-
ing and targeting of specific proteins to the apical plasma
membrane domains provide and secure the specialized
functions required at the bile canaliculi. Similarly as ob-
served in other epithelial cells (van Meer and Simons, 1986;
Nichols et al., 1988), also membrane lipids can be sorted and
targeted to the apical bile canalicular plasma membrane,
where they may help protect the bile canalicular surface
domain against the detergent-like actions of bile compo-
nents (van IJzendoorn and Hoekstra, 1998; Oude Elferink
and Paulusma, 2007).

After their formation, apical cell surface domains are
maintained despite the continuous bidirectional flow of
membranes between the apical and basolateral surface do-
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mains. Much of this flow of membranes occurs via vesicular
transport and involves the endosomal system. Polarized
hepatocytes, perhaps more than epithelial cells in other tis-
sues, rely heavily on the transcellular transport (transcyto-
sis) of proteins and sphingolipids for the development of
their apical (i.e., bile canalicular) cell surface domains (Barr
and Hubbard, 1993; Zaal et al., 1994; Zegers and Hoekstra,
1998). Consequently, considerable sorting and polarized tar-
geting of plasma membrane components must take place in
the endosomal system of the hepatocyte.

The molecular machineries that control the polarized traf-
ficking of plasma membrane proteins in the endosomal sys-
tem are not well understood. For basolateral proteins, sort-
ing involves wlB, which is a subunit of the Golgi- and
recycling endosome-associated adaptor and clathrin-bind-
ing protein AP1 (Félsch et al., 1999; Cancino et al., 2007;
Gravotta et al., 2007). Interestingly, however, hepatocytes do
not express wlB. Endosomal membrane microdomains may
participate in protein and lipid sorting (Mukherjee et al.,
1999). In the recycling endosomes of fibroblastic cells, GPI-
anchored proteins, which in epithelial cells are often ex-
pressed at the apical surface (Paladino et al., 2006), are
segregated from the typical basolateral transferrin receptor
in a cholesterol-dependent manner (Mayor et al., 1998). Fur-
thermore, in the common recycling endosomes (also called
subapical compartment or SAC) in polarized hepatocytes,
fluorescent sphingolipid analogs are sorted, and the cell
signaling-regulated apical targeting of lipid analogues from
the endosomal system has been correlated to the biogenesis
of apical cell surface domains (van IJzendoorn et al., 1997;
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van IJzendoorn and Hoekstra, 1999, 2000). Apart from sig-
naling pathways involving protein kinase A and C (Zegers
and Hoekstra, 1998), and calmodulin (Tyteca et al., 2005), no
endosome-associated proteins are known to regulate the
polarized distribution of membrane lipids and cell polarity.
In this study, we have investigated the function of the
sodium-proton exchanger NHE®6. In fibroblasts, NHE6 local-
izes to recycling endosomes (Brett et al., 2002; Nakamura et
al., 2005) where it is suggested to regulate their lumenal pH
(Nakamura et al., 2005; Ohgaki et al., 2008). Although the
endosomal pH is important for regulating receptor—cargo
interactions and for the intracellular trafficking of membrane
proteins, the role of NHES6 in regulating membrane traffick-
ing, and processes that are dependent on this, is not known.
Here, we have characterized the subcellular distribution of
NHES6 in polarized hepatocytes, and we demonstrate that
NHES is required for regulating endosomal pH, for securing
the polarized distribution of membrane lipids at the apical
surface, and for apical plasma membrane development.

MATERIALS AND METHODS

Cell Culture

HepG2 cells and COS-7 cells were maintained in pyruvate-free DMEM (DMEM)
containing 4.5 mg/L p-Glucose and in DMEM, respectively. Medium was sup-
plemented with heat-inactivated 10% fetal calf serum, penicillin and streptomy-
cin. For maintenance of stably transfected HepG2 cell lines, G418 (Invitrogen,
Carlsbad, CA) was included in the medium. Cells were cultured at 37°C in 5%
CO,. In all experiments, cells were seeded on poly-L-lysine—coated coverslips.

Materials and Antibodies

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used for transfection of
plasmid DNA and siRNA according to the manufacturer’s instruction. Cg-
NBD-glucosylceramide (GlcCer) was synthesized as described previously
(Kishimoto, 1975; Babia et al., 1994). Tetramethylrhodamine B isothiocyanate
(TRITC)-labeled phalloidin was purchased from Sigma-Aldrich (St. Louis,
MO). The following primary antibodies were used in this study: mouse
anti-early sorting endosome (EEA)1 (Abcam, Cambridge, United Kingdom),
mouse anti-lysosome-associated membrane protein (LAMP)1 (H4A3; Devel-
opmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA),
mouse anti-multidrug resistance-associated protein (MRP)2 (M2-1116; Alexis
Biochemicals, Zandhoven, The Netherlands), mouse anti-B-tubulin (TUB 2.1;
Sigma-Aldrich), rabbit anti-Ezrin (Santa Cruz Biotechnology, Santa Cruz,
CA), rabbit anti-Giantin (Covance Research Products, Princeton, NJ), and
rabbit anti-Rablla (Zymed Laboratories, South San Francisco, CA). Affinity-
purified rabbit polyclonal anti-NHE6 antibody was prepared as described
previously (Ohgaki et al., 2008). Secondary antibodies used for immunostain-
ing were conjugated with either one of Alexa Fluor*®®, Alexa Fluor®#¢ (In-
vitrogen), or Cy5 (Jackson ImmunoResearch Laboratories, West Grove, PA).
For immunoblotting, goat secondary antibodies against rabbit and mouse
immunoglobulin G labeled with IRDye680 and IRDye800 were used (LI-COR
Biosciences, Westburg B.V., Leusden, The Netherlands).

Plasmids

Expression plasmids of human NHE6 proteins, pPCMV-hNHE6.0, pCMV-
hNHES6.1, and pCMV-hNHE6.1-enhanced green fluorescent protein (EGFP)
were constructed as described previously (Ohgaki et al., 2008). pCMV-
hNHE6.1[E287Q/D292N] was constructed by the site-directed mutagenesis with
overlapping primers (5'-GAC AGT ACA ATG GCA ACA GCG TTA TTT AGG
ACG CTC TGT CCA AAA AGA AGT GCG TAA A-3' and 5'-TTT ACG CAC
TTC TTT TTG GAC AGA GCG TCC TAA ATA ACG CTG TTG CCA TTG TAC
TGT C-3"). pCMV-hNHE6.1-mCherry and pCMV-hNHE6.1[E287Q/D292N]-
mCherry were constructed for the expression of NHE6.1 tagged with a red
fluorescent protein, mCherry. BamHI-Xbal DNA fragment encoding mCherry
was amplified by polymerase chain reaction (PCR) from pcDNA3.1+ mCherry-
human-g-tubulin (gift from Dr. Ben Giepmans, University Medical Center Gro-
ningen, Groningen, The Netherlands), and introduced in frame into pCMV-
hNHES6.1. Rab11a-EGFP was a gift from R. E. Pagano (Mayo Clinic College of
Medicine, Rochester, MN).

Generation of Stable Cell Lines

HepG2 cells were transfected with pCMV-hNHE6.1-mCherry or pCMV-
hNHEG6.1[E287Q/D292N]-mCherry. After 24 h, cells were split in selection
medium containing G418 (0.8 mg/ml). Isolated candidate clones were tested
for the expression of NHE6.1-mCherry by immunoblotting and immunoflu-
orescence microscopy.
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Knockdown of NHE6 by RNA Interference

Three sets of duplex small interfering RNAs (siRNAs) targeted against human
NHES6 and a control scrambled siRNA were purchased from Invitrogen. The
sense strand sequences of two siRNA are 5'-CCA AGG AGA UUU AUG GGA
AAC AGU U-3’ (siNo.1) and 5'-GGA ACA GCA AUU UCU UGU UUC GUU
A-3" (siNo.2). Two of three NHE6 siRNAs that showed optimal knockdown
efficiency were used throughout this study. For transfection of siRNA, HepG2
cells were seeded at 1.5 X 10° cells/dish in 35-mm plastic dish. Twenty-four
hours after passage, NHE6 siRNA or scrambled siRNA were transfected. In
all experiments, untreated cells were also prepared as control. Cells were
subsequently incubated for 48 h and used for assays.

Western Blotting

Cells were washed three times with ice-cold phosphate-buffered saline (PBS)
and lysed in lysis buffer (PBS containing 1% NP-40 and protease inhibitors: 1
pg/ml aprotinin, 100 uM benzamidine, 0.5 ug/ml leupeptin, and 1 pg/ml
pepstatin A). After incubation on ice for 30 min, cells were homogenized in a
syringe with 27-gauge needle (20 strokes) and centrifuged for 10 min at
16,000 X g at 4°C. The supernatant fraction was collected and submitted to
SDS-polyacrylamide gel electrophoresis (PAGE). Boiling or heat treatment of
samples was omitted to avoid aggregation of NHE6. Proteins were trans-
ferred onto nitrocellulose membranes. For detection of immunoreactive sig-
nals, ODYSSEY infrared imaging system (LI-COR Biosciences, Westburg B.V.)
was used according to the manufacturer’s instruction. Obtained signals were
analyzed and quantified with Image] software (National Institutes of Health,
Bethesda, MD). When indicated, samples were treated with peptide N-glyco-
sidase F (PNGase F; New England Biolabs, Ipswich, MA) basically according
to the manufacturer’s protocol, although boiling of the samples was omitted.

Measurement of the Lumenal pH of Transferrin-positive
Endosomes in HepG2 Cells

Cells cultured in two-well chambered LabTek slides were serum starved in
0.1% bovine serum albumin (BSA)/Hanks’ balanced salt solution (HBSS) at
37°C for 20 min. Cells were then incubated with 0.1% BSA/HBSS containing
pH-sensitive fluorescein-labeled transferrin (66 pug/ml) in combination with
pH-stable Alexa Fluor>4°- or Alexa Fluor®*3-labeled transferrin (33 pg/ml) at
37°C for 45 min. The fluorescein-labeled transferrin acts as a pH sensor,
whereas the Alexa Fluor®3® or ¢33 probe acts as an internal standard for
uptake. Cells were subsequently washed with HBSS and analyzed with an
inverted SP2 confocal laser scanning microscope (Leica, Wetzlar, Germany).
For the calibration curve, cells were fixed with 4% paraformaldehyde after
incubation with labeled transferrins, washed with HBSS, and incubated in
calibration buffer, consisting of 125 mM KCl, 25 mM NaCl, and 25 mM HEPES
(for pH 7.4) or 2-(N-morpholino)ethanesulfonic acid (for pH 6.8, 6.3, and 5.5),
and 10 uM of the K* /H* ionophore nigericin, for 15 min before analysis with
the SP2 confocal laser scanning microscope (Leica). Digital images were
collected and the intensity of fluorescence after background substraction was
quantified with Image] software. Endosomal pH was calculated from the ratio
of fluorescence intensity of fluorescein and Alexa Fluor®*> or Alexa Fluor®3
(Ohgaki et al., 2008).

Immunofluorescence Microscopy

For the localization studies with immunostaining, cells were fixed with 4%
paraformaldehyde and permeabilized with 0.1% (vol/vol) Triton X-100. Then,
cells were incubated with the primary antibodies for 1 h at 37°C, followed by
incubation with fluorescently labeled secondary antibodies for 1 h at 37°C. To
evaluate the polarity of HepG2 cells, samples were observed by AX-70 epi-
fluorescence microscope (Olympus, Tokyo, Japan) equipped with a PlanApo
60 /1.40 oil objective with appropriate filter settings. Hoechst 33528 was
added into secondary antibody solutions at the concentration of 5 ng/ml.
Cells were incubated with either oncostatin M (OSM; 10 ng/ml) or dibutyryl
cAMP (db-cAMP; 1 mM) for 4 h before fixation, when indicated. To obtain a
quantitative index of polarity (BC/100 cells), randomly selected 10 fields
(each containing >50 cells) were analyzed in each coverslip, and the number
of bile canaliculi (BC) per 100 cells was calculated. Data are expressed as
mean * SD of three to five independent experiments.

Visualization of Subapical Compartment

The subapical compartment (SAC) was visualized with C,-NBD-labeled lipid
analogues as described previously (van IJzendoorn and Hoekstra, 1998, 2000).
In brief, cells were incubated with 4 uM C4-NBD-GlcCer or -SM in HBSS at
37°C for 30 min to allow internalization and transcytosis of lipids from the
basolateral surface into the BC. The remaining basolateral pool of lipid
analogue was removed on ice by a back-exchange procedure in 5% BSA/
HBSS, pH 7.4, twice for 20 min. To induce translocation of lipid probes from
BC and accumulation into SAC, cells were subsequently incubated in 5%
BSA/HBSS, pH 7.4, at 18°C for 1 h. When indicated, fluorescence remaining
at the BC was quenched by incubating the cells with 30 mM sodium dithionite
at 4°C. After 10 min, the sodium dithionite was extensively washed out with
ice-cold HBSS. The live cells were observed under by AX-70 epifluorescence
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microscope equipped with a PlanApo 60X /1.40 oil objective. Images were
acquired with ColorView digital camera and analysis software (Soft Imaging
System, Miinster, Germany). To check the localization of EEA1-positive com-
partments, the procedure of SAC visualization was followed without lipid
analogues. Subsequently, cells were fixed, stained and observed under AOBS
SP2 laser confocal microscope system equipped with a HCX PL Apo 63X/
1.40-0.60 oil objective.

Assay of GlcCer Transcytosis

The basolateral surface of cell was labeled by incubation with 4 uM C4-NBD-
GlcCer in HBSS on ice for 15 min followed by washing with ice-cold HBSS,
and chased at 37°C in prewarmed HBSS for indicated period to allow trans-
cytosis of lipid probe. After wash with ice-cold HBSS, the remaining basolat-
eral pool of lipid analogue was removed on ice by a back-exchange proce-
dure. Then cells were washed with ice-cold HBSS, and observed under live
condition as described above. Images were acquired with fixed exposure time
and saved as 8-bit TIFF files. Quantification of the NBD fluorescence at BC
was performed with Image] software. The location of BC identified by phase-
contrast image was manually selected, and the mean fluorescence intensity at
BC was calculated after subtraction of background. In a single experiment, in
each coverslip, randomly selected 10 BCs were analyzed and the fluorescence
intensity was averaged. Data are represented as mean *+ SD of four indepen-
dent experiments. Similarly sized BCs were selected for analysis, and differ-
ence in the averaged size of BC between siRNA-treated cells and untreated
control cells was confirmed to be <5% in each experiment.

Analysis of the Fate of Apically Delivered C4,-NBD-GlcCer

Cells were loaded with 4 uM C¢-NBD-GlcCer in HBSS at 37°C for 30 min to
allow internalization and transcytosis of probe into the BC. After washing
with ice-cold HBSS, probes remaining at basolateral surface were removed on
ice by a back-exchange procedure. Cells were subsequently incubated in 5%
BSA/HBSS, pH 7.4, at 37°C for indicated period, followed by washing with
ice-cold HBSS. Image acquisition and quantification of NBD-fluorescence at
BC were performed as described above. In a single experiment, in each
sample, randomly selected 10 BCs were analyzed, and the fluorescence in-
tensity was averaged. Data are represented as mean + SD of four indepen-
dent experiments. Similarly sized BCs were selected for analysis, and differ-
ence in the averaged size of BC between siRNAs-treated cells and untreated
control cells was confirmed to be <5% in each experiment.

Analysis of the Fate of Apically Delivered Dipeptidyl
Peptidase (DPP) IV

Cells were washed with HBSS buffer and incubated in HBSS supplemented
with antibodies against an extracellular epitope of DPPIV (gift from Dr.
Hauri, Biozentrum der Universitdt Basel, Basel, Switzerland) at 4°C for 30
min. After extensive washes, the bound antibodies were chased to the apical
domain at 37°C for 60 min (cf. Théard et al., 2007). To determine the subse-
quent fate of apically delivered DPPIV, the cells were either immediately
fixed on ice with 4% paraformaldehyde (t = 0) or incubated at 37°C for 30, 60,
90, or 120 min and then fixed on ice. Fixed cells were permeabilized as
described above and immunolabeled with Alexa Fluor*®®-labeled goat-anti-
mouse secondary antibodies and stained with Alexa Fluor®#3- or ¢33-labeled
phalloidin and Hoechst 33538. Data are expressed as percentage of phalloi-
din-labeled BC that are positive for DPPIV.

Statistical Analysis

Unpaired, two-tailed Student’s ¢ tests were used for statistical analysis. A p
value of <0.05 was considered to be statistically significant.

RESULTS

HepG2 Cells Express Highly N-Glycosylated NHE6.1

We first examined the expression of NHE6 in HepG2 cells.
As shown in Figure 1, NHE6 appears as three major bands
of >200 kDa (a), ~86 kDa (b), and ~60 kDa (c) on a Western
blot. In agreement with their respective increase in electro-
phoretic mobility when lysates had been treated with pep-
tide N-glycosidase F (PNGase), which removes N-linked
glycans from proteins, these bands correspond to highly
glycosylated oligomers (a in comparison with d), glycosy-
lated mature proteins, and less glycosylated immature pro-
teins (b and c in comparison with e), respectively. Two splice
variants of NHE6 have been reported, NHE6.0 and NHE®6.1.
Comparison of the Western blot profile of NHE6 in HepG2
cells with that of the two splice variants ectopically ex-
pressed in COS-7 cells indicates that HepG2 cells express the
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Figure 1. Endogenous expression and novel N-glycosylated state
of NHE6.1 in HepG2 cells. Endogenous NHEG6 expressed in HepG2
was detected by immunoblotting with anti-NHE6 antibody. For
comparison of the apparent molecular size on the SDS-PAGE gel,
one of two NHE6 variants, NHE6.0 or NHE6.1, was transiently
expressed in COS-7 cells. Untransfected cells were used as a nega-
tive control (Mock). Lysate of HepG2 cells was loaded 10 ug of
protein per lane, whereas COS-7 lysates were diluted to 50-fold (0.2
ug protein/lane). Before the separation by SDS-PAGE, samples
were incubated at 37°C for 1 h in the absence (left) or the presence
of PNGase F (right). Immunoreactive NHE6 bands are indicated
with small letters with bars.

NHES6.1 variant. It was noted that, compared with NHE6.1
from COS-7 cells, NHE6.1 from HepG2 cells migrates some-
what slower in the polyacrylamide gel. This difference was
not observed when lysates had been treated with PNGase F,
indicating that NHE6.1 in HepG2 cells is highly N-glycosy-
lated.

NHEG6.1 Dynamically Localizes to Sorting and Recycling
Endosomes in Polarized HepG2 Cells

To determine the subcellular distribution of NHE6.1 in po-
larized HepG2 cells, parental HepG2 cells or HepG2 cells
transiently expressing NHE6.1-EGFP or NHE6.1-mCherry
fusion proteins were cultured on glass coverslips for 3 d to
allow maximal polarity development, and fixed with para-
formaldehyde. Fixed cells were labeled with antibodies
against NHE6.1 and/or antibodies against known organel-
lar marker proteins. These included the EEA1 (early sorting
endosomes), the LAMP1 (late endosomes and lysosomes),
the small GTPase Rab11a (apical recycling endosomes), and
giantin (Golgi apparatus). The apical surface was marked
with MRP2 immunolabeling or TRITC-labeled phalloidin,
which stains the dense subapical actin filaments. To examine
whether NHE6.1 colocalized with Rab11a, either NHE6.1 or
Rablla was expressed as EGFP fusion (because of antibody
compatibility issues). The transient expression did not alter
the localization of either protein. As shown in Figure 2, A
and B, NHE®6.1-positive structures nearly completely co-
localize with EEAl-positive early endosomes, dispersed
throughout the cytoplasm. In addition, NHE6.1 colocalized
with Rablla-positive apical recycling endosomes surround-
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ing MRP2-containing apical surface domains. No colocaliza-
tion was observed with LAMP1-positive late endosomes
and lysosomes or giantin-positive Golgi membranes (Figure
2, C and D).

In addition to EEAl- and Rablla-positive endosomes,
polarized cells contain a common recycling endosome or
SAC where cargo, internalized from basolateral and apical
domains, converge (reviewed in Hoekstra et al., 2004). The
SAC in polarized HepG2 cells can be visualized by the low
temperature-mediated entrapment of fluorescent lipid ana-
logues, because their exit from the SAC but not other endo-
somes is inhibited at this temperature (van IJzendoorn et al.,
1998; see Materials and Methods). The basolateral surfaces of
HepG2 cells were first incubated with C,-NBD-sphingomy-
elin (SM) or GlcCer at 37°C for 30 min, which allows baso-
lateral to apical transcytosis of the lipid analogues. After the
removal of lipid probes remaining at the basolateral surface
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Figure 2. Subcellular localization of NHE6.1 in
HepG2 cells. Localization of NHE6.1 in HepG2
cells was characterized by immunofluorescence
confocal microscopy after fixation with 4% PFA.
(A) Cells were transiently transfected with
Rabl1la-GFP (green), and stained for endoge-
nous NHE6 (red) with either MRP2 or EEA1
(blue). (B) NHE6-EGFP (green) was transiently
expressed in HepG2 cells. Cells were stained for
endogenous Rablla (red) with either MRP2 or
EEA1 (blue). (C) Cells were stained for endoge-
nous NHES6 (green), F-actin (red), and LAMP-1
(blue). (D) Cells transiently expressing NHE6-
EGFP (green) were stained for F-actin (red) and
Giantin (blue). Antibodies used for the detection
of endogenous proteins are described in the Ma-
terials and Methods. For the staining of F-actin,
TRITC-labeled phalloidin was used. The shape
of cells was identified by differential interference
contrast images and indicated with broken lines.
Bars, 10 um.

by a back exchange procedure with BSA (see Materials and
Methods), the lipid analogues are subsequently chased from
the apical surface at 18°C for 60 min, which causes their
accumulation in the subapical compartment [van IJzendoorn
et al., 1998; see Figure 3, sodium dithionite (—)]. Finally,
fluorescence from lipid analogues remaining at the apical
surface is quenched with sodiumdithionite at 4°C for 10 min
(van IJzendoorn et al., 1998). After these steps, the majority
of intracellular fluorescent lipid can be visualized in the SAC
[Figure 3, sodium dithionite (+)]. Because permeabilization
of the cells for immunolabeling would perturb the subcellu-
lar distribution of the fluorescent lipid analogues, we per-
formed this experiment in cells stably transfected with
mCherry-tagged NHE6.1. Ectopically expressed NHE6.1-
mCherry and endogenous NHE6.1 displayed a similar in-
tracellular distribution (data not shown). As shown in Fig-
ure 3, NHE6.1-mCherry prominently colocalized with the

Molecular Biology of the Cell



Involvement of NHE 6 in Cell Polarity

Cs-NBD-GlcCer, Sodium dithionite (-)

NHES6.1-mCherry

NHES6.1-mCherry

Figure 3. Localization of NHE6.1 in SAC.
HepG2 cells stably expressing NHE6.1-mCherry
(red) were labeled with 4 uM C,-NBD-GlcCer or
C¢-NBD-SM (green) at 37°C for 30 min. Subse-
quently, fluorescent lipid analogue remaining in
the basolateral membrane was removed by back
exchange method with 5% BSA on ice. Cells
were further incubated at 18°C for 60 min to
induce accumulation of the lipid analogue at
SAC. To selectively quench the fluorescence at
BC, cells were incubated with 30 mM sodiumdi-
thionite at 4°C for 7 min [sodium dithionite (+)].
As a control, cells were treated with HBSS at the
same condition [sodium dithionite (—)]. Cells
were directly subjected to observation by micro-
scope under live condition. Merged fluorescent
images and phase contrast images are also
shown (Merged and PC, respectively).

fluorescent lipid analogues in the SAC. Together, we con-
clude that NHE6.1 localizes to all compartments (i.e., early
sorting endosomes, common recycling endosomes/SAC and
apical recycling endosomes) that make up the endosomal
recycling system.

In cells that had been incubated at 18°C for 1h, NHE®6.1-
mCherry accumulated in the subapical region and less of the
protein was detected in the periphery of the cells (Figure 3,
left row /red fluorescence; compared with NHE6 and NHE6-
green fluorescent protein (GFP) staining pattern in control
cells in Figure 2). To determine whether an incubation of the
cells at 18°C somehow caused a general redistribution and
subapical accumulation of endosomes, we immunolabeled
18°C-treated cells with antibodies against EEA1 to visualize
early sorting endosomes, which typically localize through-
out the cell. EEA1 mostly remained scattered throughout the
cells and NHE6.1-mCherry or endogenous NHE6.1 no
longer extensively colocalized with EEA1 (Figure 4; compare
with Figure 2). These data indicate that NHE6.1 at steady
state (37°C) localizes to all early endocytic compartments,
but at 18°C, which is rate limiting for passage through the
SAC, accumulates in the SAC. The localization of NHE6.1
within distinct endosomal compartments therefore seems
highly dynamic and could be subject to trafficking through
the endosomal system.

Vol. 21, April 1, 2010
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NHEG6.1 Controls the Number of Apical Lumens
Predominantly during the Maintenance Phase

Given the localization of NHE6.1 in the endosomal recycling
system, particularly in the SAC, we wondered whether
NHES6.1 could play a role in trafficking regulation and hence
apical plasma membrane biogenesis or maintenance. The
biogenesis of apical plasma membrane domains in HepG2
cells coincides with the formation of apical lumens. Live
imaging of HepG2 cell cultures reveals a dynamic formation
and disassembly of apical lumens in time (our unpublished
data). The number of apical lumens increases progressively
during the first 24 after plating (biogenesis phase), after
which the percentage increase levels off and reaches a
steady-state level ~72 h (maintenance phase) before the
number of apical lumens starts to decrease (van IJzendoorn
and Hoekstra, 2000). To discriminate between these biogen-
esis and maintenance phases, we designed three experi-
ments. In experiment A, cells were transfected with either of
two siRNAs against human NHE6.1 or scrambled siRNA
24 h after plating and analyzed 48 h later (maintenance
phase; Figure 5A). In experiment B, siRNA-treated cells as in
experiment A were subsequently detached from the substra-
tum with trypsin and the calcium chelator EDTA (a proce-
dure that destroys all existing apical lumens), replated and
analyzed 24 h later (biogenesis phase; Figure 5A). Alterna-
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tively, in experiment C (Figure 5A), siRNA-treated cells as in
experiment A were subsequently stimulated with OSM (10
ng/ml) or db-cAMP (1 mM) at 37°C for 4 h, taking advan-
tage of a previously published observation that apical lumen
biogenesis in 72-h-old HepG2 cell cultures can be further
stimulated within a short (4-h) time span by exposing the
cells to these compounds (Zegers and Hoekstra, 1997; van
IJzendoorn and Hoekstra, 2000; van der Wouden et al., 2002;
van IJzendoorn et al., 2004; Wojtal et al., 2007). Western blot
analyses demonstrated that 48 h after transfection, expres-
sion of NHE6.1 was inhibited by >70% with either of the
two siRNAs directed against NHE6.1, whereas the scram-
bled siRNA was without effect (Figure 5, B and C). Also 24 h
after subsequent replating, NHE6.1 expression was still re-
duced with ~70% compared with control cells (Figure 5D).
To accurately determine the effect of NHE6.1 knockdown
on the number of apical lumens, cells were fixed and immu-
nolabeled with antibodies against the resident bile canalic-
ular membrane proteins MRP2 (ABCC2), MDR1-GFP, or
GFP-GPI, and with the DNA binding dye Hoechst 33528.
Alternatively, apical lumens were visualized with the actin
filament-binding TRITC-phalloidin, which is indicative of
the presence of apical lumen structures regardless of their
protein composition. Cells then were examined with the
fluorescence microscope and the ratio of apical lumens per
100 cells was calculated (see Materials and Methods). In ex-
periment A (maintenance phase), NHE6.1 knockdown re-
duced the number of apical lumens with ~50% (p < 0.05,
Student’s t test) compared with cultures treated with scram-
bled siRNA (Figure 5E). In experiment B (biogenesis phase),
the number of apical lumens that appeared between 0 and
24 h after NHE6.1 knockdown was reduced with ~25%
compared with cultures treated with scramble siRNA (Fig-
ure 5F). In experiment C (biogenesis phase), NHE6.1 knock-
down did not prevent OSM or db-cAMP from stimulating
the further development of apical lumens (Figure 5G). The
inhibition of NHE®6.1 expression did not perturb the appear-
ance or spatial organization of sorting and recycling endo-
somes in polarized HepG2 cells (Supplemental Figure 1).
In addition to the knockdown experiments, a 10-fold sta-
ble overexpression of NHE6-mCherry (Supplemental Figure
2), slightly reduced the number of apical lumens with <25%
during the first 24 h of culturing (biogenesis phase), but at 48
and 72 h after plating, when maintenance comes into play,
a pronounced reduction in the number of apical lumens of
~60% was observed (Figure 5H). A 10-fold stable over-
expression of a nonfunctional NHE6.1[E287Q/D292N]-
mCherry mutant (see below) did not alter the number of
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Figure 4. Segregation of NHE6.1 from EEA1-
positve early endosomes during SAC visual-
ization. The procedure of SAC visualization
described in Figure 3 was followed with
NHE6.1-mCherry stable cells (top) and normal
HepG2 cells (bottom), except that fluorescent
lipid analogue was omitted from the solution.
Cells were then fixed and investigated by im-
munostaining. In stable cells, the localization
of NHE6.1-mCherry was identified by its flu-
orescence (red), and compared with the local-
ization of Ezrin (green) and EEA1 (blue). Nor-
mal HepG2 cells were stained for F-anctin
(red), NHE6 (green) and EEA1 (blue). The
shape of cells was confirmed by differential
interference contrast images and indicated
with broken lines. Bar, 10 um.

apical lumens (Figure 5H), suggesting that the observed
effect of wild-type NHEG6.1 overexpression is not the result
of overexpression-related toxicity. Collectively, these data
demonstrate that changes in the expression level of NHE6.1
in HepG2 cell cultures reduce the number of bile canalicular
lumens, and point to a role of NHE6.1 in the maintenance,
rather than the de novo biogenesis of bile canalicular
lumens.

Altered NHE6.1 Expression Leads to a Less Efficient
Retention of Bulk Membrane Lipids at the Apical Plasma
Membrane Domain

How does NHEG6.1, a protein located in the endosomal sys-
tem, contribute to apical lumen development? Hepatocytes
rely heavily on the endosomal system for the polarized
trafficking of bile canalicular membrane components. Thus,
many newly synthesized bile canalicular components reach
the apical surface after their initial delivery to the basolat-
eral, sinusoidal surface and subsequent basolateral to apical
transcytosis. In addition, apical plasma membrane compo-
nents are subject to endocytosis, followed by their subse-
quent degradation or recycling to the apical surface. We first
examined whether NHE6.1 colocalized with the fluorescent
lipid analogue GlcCer. This lipid analogue is a marker of
bulk membrane flow and transcytosed from the basolat-
eral surface to the apical surface, where it is efficiently
retained via apical recycling (van IJzendoorn et al., 1997;
van Jjzendoorn and Hoekstra, 1998). The basolateral sur-
faces of HepG2 cells expressing NHE6.1-mCherry were con-
tinuously incubated with the fluorescent lipid at 37°C for 30
min, which allows the lipid probe to fill the entire transcy-
totic pathway (van IJzendoorn et al., 1997). Cells were then
examined with the fluorescence microscope. As shown in
Figure 6A, NHE6.1-mCherry extensively colocalized with
structures that were fluorescently labeled with transcytosing
C4-NBD-GlcCer, consistent with the colocalization of NHE6.1
with endosome markers (Figure 2). These data confirm that
NHEDS6.1 associates with the transcytotic route followed by bulk
membrane flow.

To investigate whether NHE6.1 regulates apical plasma
membrane-directed bulk membrane flow, the expression of
NHES6.1 in HepG2 cells was inhibited by treating 24-h-old
cells with siRNAs (see Materials and Methods). A pulse-chase
experiment was then performed with C,-NBD-GlcCer (see
Materials and Methods). For this, transcytosis of the lipid
analogue, preinserted into the basolateral surface of control
and siRNA-treated cells, was assessed after 5, 15, and 30 min
by measuring the fluorescence intensity of C,-NBD-GlcCer
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Figure 5. Effect of altered NHE6.1 expression on the development of apical lumens during the maintenance- and biogenesis phase. (A)
Schematic procedure of sample preparation and analysis. In experiment A, cells were transfected with either of two siRNAs against human
NHES6.1 or scrambled siRNA 24 h after plating and analyzed 48 h later (maintenance phase). In experiment B, siRNA-treated cells as described
in experiment A were subsequently detached from the substratum with trypsin and the calcium chelator EDTA (a procedure that destroys
all existing apical lumens), replated, and analyzed 24 h later (biogenesis phase). In experiment C, siRNA-treated cells as described in
experiment A were subsequently stimulated with OSM (10 ng/ml) or db-cAMP (1 mM) at 37°C for 4 h (biogenesis phase). (B) Samples were
prepared as described in experiment A, and the expression of NHE6.1 (top) and B-tubulin (bottom) was analyzed by Western blotting. (C)
The intensity of immunoreactive bands in B was quantified as described under Materials and Methods. The relative amount of expression was
calculated as percentage relative to control. The data shown are the average of five independent experiments = SD. *p < 0.05 in unpaired
Student’s ¢ test. (D) Cells were prepared as described in experiment B, and expression of NHE6.1 (top) and B-tubulin (bottom) was analyzed
by immunoblotting. (E) Knockdown of NHE6.1 was conducted as described in experiment A. Forty-eight hours after transfection, cells were
fixed and stained for apical BC membrane markers: MRP2, F-actin, MDR1-GFP, and GFP-GPI. Staining for F-actin was performed with
normal HepG2 cells, whereas the fluorescence of GFP of stable transformants was used for MDR1-GFP and GFP-GPIL. Polarity of cells,
expressed as BC/100 cells, was determined and shown as percentage relative to untreated control cells. The data shown are the average of
four independent experiments = SD, *p < 0.05 in unpaired Student’s ¢ test. (F) Knockdown of NHE6.1 was performed as described in
experiment B. Forty-eight hours after transfection of siRNA, cells were split again and incubated for further 24 h. Then, cells were fixed,
stained for MRP2, and subjected to the investigation of polarity (BC/100 cells). The data shown are the average of four independent
experiments + SD, *p < 0.05 in unpaired Student’s  test. (G) Knockdown of NHE6.1 was performed as described in experiment C. Forty-eight
hours after transfection, cells were treated with medium supplemented with OSM (10 ng/ml) (light gray bars) or db-cAMP (1 mM) (open
bars) for 4 h and then fixed and stained for MRP2. The Polarity was investigated and shown as percentage relative to control cells treated
with normal medium (dark gray bars). The data are expressed as the mean value of four independent experiments + SD, *p < 0.05 in
unpaired Student’s t test. (H) Three stable clones of NHE6.1-mCherry and a stable clone of mutant NHE6.1-mCherry were established and
isolated as described in Materials and Methods. From 1 d to 3 d after split, cells were fixed at every 24 h, and the polarity was evaluated by
apical staining with MRP2 (BC/100 cells). The data are expressed as the mean value of four independent experiments = SD, *p < 0.05 in
unpaired Student’s t test.

in the apical surface. As shown in Figure 6B, the inhibition of
NHES6.1 expression did not inhibit basolateral-to-apical
transcytosis of C,-NBD-GlcCer during the first 15 min. How-
ever, the accumulation of C,-NBD-GlcCer in the apical
plasma membrane was significantly reduced (p < 0.05,
Student’s t test) after a subsequent 15-min chase, com-
pared with control cells. We observed no visible intracel-
lular accumulation of lipid analogs after incubation at
37°C (Figure 6C).

Vol. 21, April 1, 2010

Given the absence of an effect during the first 15 min of
transcytosis, and because a restriction of this experiment is
that it does not take the subsequent fate of apically arrived
lipid analogues into account, we hypothesized that NHE6.1
knockdown might not inhibit basolateral-to-apical transcy-
tosis of the lipid analogues but rather their subsequent api-
cal retention. To address this, the lipid analogue was al-
lowed to transcytose to the apical plasma membrane domain
after which its subsequent fate was monitored by a subse-
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quent chase at 37°C for 15, 30, or 60 min in back exchange
medium (see Materials and Methods; cf. van IJzendoorn et al.,
1997). At each time point, the mean fluorescence intensity in
the apical surface was measured (see Materials and Methods).
In control cells, 17, 42, and 58% of the original apical NBD
fluorescence was lost after a 15-, 30-, and 60-min chase,
respectively (Figure 7A, circles). In contrast, in siRNA-
treated cells, 47, 67, and 78% of the original apical NBD
fluorescence was lost after a 15-, 30-, and 60-min chase,
respectively (Figure 7, squares). Thus, an increase in the loss
of apical membrane-associated NBD-lipid of ~275% was
observed during the first 15 min of chase (Figure 7A). A
similar loss of apical membrane-associated NBD-lipid was
observed in cells that stably overexpress wild-type NHE6.1-
mCherry but not in cells that stably overexpress the mutant
NHEG6.1[E287Q/D292N]-mCherry (Figure 7B). No intracel-
lular accumulation of the labeled lipids was observed in
NHE®6.1 knockdown or overexpressing cells. It is concluded
that after its delivery at the apical surface in NHE6.1
knockdown or overexpressing cells, C,-NBD-GlcCer is
less well retained at the apical surface and, instead, is
likely to be transcytosed to the basolateral surface, where
the probe would be retrieved by the BSA in the incubation
medium.

Altered NHE6.1 Expression Leads to a Less Efficient
Retention of a Bile Canalicular Protein at the Apical
Plasma Membrane Domain

We next investigated the fate of a resident bile canalicular

protein DPP IV in the apical plasma membrane domain of
parental, NHE6.1 knockdown, and NHE6.1-mCherry over-
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Figure 6. Colocalization of NHE6.1 with transcy-
tosing lipids and effect of NHE6.1 knockdown on
the kinetics of transcytosis. (A) HepG2 cells stably
expressing NHE6.1-mCherry (red) were incubated
with 4 uM C4-NBD-GlcCer (green) on ice for 15 min
and incubated at 37°C for 15 min. The remaining
basolateral pool of lipid analogue was removed on
ice by a back-exchange procedure and cells were
observed under live condition. Merged fluorescent
images and phase contrast images are also shown
(Merged and PC, respectively). Bottom, high mag-
nification of the indicated area in top panels with a
white square. (B) Knockdown of NHE6.1 was con-
ducted as described in Figure 5. After incubation
with 4 uM C¢-NBD-GlcCer on ice for 15 min, cells
were chased at 37°C for indicated periods (5, 15, and
30 min). Quantification of the NBD fluorescence at
BC was performed as described in Materials and
Methods (untreated control cells, dark gray bars;
scrambled siRNA-treated cells, bright gray bars;
NHES6.1 siRNA-treated cells, open bars and slashed
bars). In a single experiment, in each sample, ran-
domly selected 10 BCs were analyzed and the fluo-
rescence intensity was averaged. Data are shown as
mean * SD of four independent experiments. *p <
0.05 in unpaired Student’s t test. (C) Representative
images of cells chased for 30 min were shown (un-
treated control cells, top; NHE6.1 siRNA-treated
cells, bottom.

expressing HepG2 cells. Like other single membrane span-
ning canalicular proteins in hepatocytes, newly synthesized
DPPIV is first delivered to the basolateral surface from
where it is transcytosed to the apical plasma membrane
domain. This typical indirect mode of trafficking allows a
pulse-chase analysis of basolateral to apical transcytosis of
the protein and its subsequent fate in the apical plasma
membrane domain, using antibodies directed against an
external epitope of DPPIV (Slimane et al., 2003). Thus,
HepG2 cells are incubated with anti-DPPIV antibodies at
4°C for 30 min, washed to remove nonbound antibodies, and
incubated at 37°C for 60 min to allow transcytosis to the
apical plasma membrane (cf. Slimane et al., 2003; Théard et
al., 2007). DPPIV in the apical plasma membrane was then
chased for 0, 30, 60, 90, or 120 min to examine its fate. At
each time point, cells were fixed and immunolabeled with a
fluorescently conjugated secondary antibody against the
anti-DPPIV antibody and costained with Alexa-Fluor®*3-
conjugated phalloidin to visualize F-actin as a structural
component of the apical plasma membrane domains. As
shown in Figure 7C, after 0 min of chase, 92% of Alexa
Fluor®#3-phalloidin—positive BC was positive for DPPIV, and
this remained stable for at least 120 min. In NHE6.1 knock-
down cells the percentage of Alexa Fluor®*3-phalloidin—pos-
itive BC containing DPPIV did not significantly change after
30 or 60 min, whereas after 90 and 120 min this percentage
significantly decreased to 63 and 55%, respectively (Figure
7C). Similarly, in HepG2 cells overexpressing NHE6.1-
mCherry, the percentage of Alexa-Fluor®33-phalloidin-posi-
tive BC containing DPPIV did not significantly change after
30 or 60 min, whereas after 90 and 120 min this percentage
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Figure 7. Effect of NHE6 knockdown on the fate of apically delivered C,-NBD-GlcCer and DPPIV. (A and B) After knockdown of NHE6
as described in Figure 5 (A) or overexpression of NHE6.1-mCherry or NHE6.1[E287Q/D292N]-mCherry (B), HepG2 cells were loaded with
4 uM C4-NBD-GlcCer at 37°C for 30 min. After back-exchange procedure on ice, cells were subsequently incubated in 5% BSA/HBSS, pH
7.4, at 37°C for indicated period. Quantification of the NBD fluorescence at BC was performed as described in Materials and Methods. In a
single experiment, in each sample, randomly selected 10 BCs were analyzed and the fluorescence intensity was averaged. Data are shown
as mean *+ SD of four independent experiments. *p < 0.05 in unpaired Student’s t test. (C) After knockdown of NHE6 as described in Figure
5 (A) or overexpression of NHE6.1-mCherry or NHE6.1[E287Q/D292N]-mCherry (B), anti-DPPIV antibodies were allowed to bind DPPIV
at the basolateral surface and transcytose to the apical domain. The fate of apically delivered DPPIV was subsequently determined by a
subsequent chase at 37°C for 30, 60, 90, or 120 min, as described in Materials and Methods. Data are shown as mean percentage of
DPPIV-positive BC (£SD) of three independent experiments. (D) Fluorescent images showing the persistent localization of DPPIV in
phalloidin-positive BC (filled arrows) and the loss of DPPIV signal from some phalloidin-labeled BC (empty arrows) in siRNA treated and
NHE6.1-mCherry-overexpressing cells, after a 120-min chase period. Bar, 10 wm.

significantly decreased to 71 and 62%, respectively (Figure = Altered NHE6.1 Expression Influence Endosome pH
7C). In both cases, intracellular or basolateral appearance of
DPPIV could not be detected. This decrease in the percent-
age of Alexa-Fluor®®3-phalloidin—positive BC containing
Ell:lgxt‘f\,fflgg tlFg;g;\éeflﬁgg?ﬁljffcfgi;‘(]g;z};ée;g;%g; endosorpes (see Materials and 'Methods). We decided to mu-
resentative images showing the persistent localization of tate regldues ,E287 apd D292 in NHE6j1 because the corre-
DPPIV at phalloidin-positive BC (filled arrows) and a loss of sponding residues in NHE1 (Murtazina ,Et al., 2001) a.nd
DPPIV signal from phalloidin-positive BC in siRNA-treated =~ NHE8 (Nakamura et al., 2005) resulted in a loss of ion
and NHE6.1-mCherry overexpressing cells (empty arrows) transpo.rt. activity. Quantltatlve confocal microscopic analy-
are depicted in Figure 7D. Collectively, these data suggest ~ ses of living, polarized HepG2 cells revealed that the pH of
that an altered NHE6.1 expression leads to a less efficient ~ subapical transferrin-positive endosomes was 6.6 (Figure 8),
retention of the bile canalicular protein DPPIV at the apical ~ which is in agreement with earlier reports on the pH of
plasma membrane domain. recycling endosomes in other cell types (Wang et al., 2000;

We next determined whether NHE6.1 knockdown or over-
expression of wild-type or mutant (E287Q/D292N) NHE®6.1-
mCherry influenced the pH of subapical transferrin-positive
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Figure 8. Effect of altered NHE6.1 expression on endosomal pH.
Serum-starved cells that had been treated with siRNA against
NHE6.1 or overexpressed wild-type or mutant NHE6.1-mCherry
were incubated with a combination of pH-sensitive fluorescein-
labeled transferrin and pH-stable Alexa Fluor®#- or Alexa Fluor®3-
labeled transferrin to measure endosomal pH as described in Mate-
rials and Methods. Data are presented as mean *+ SD.

Nakamura et al., 2005). NHE6.1 knockdown reduced the pH
to 5.9, whereas overexpression of NHE6.1-mCherry in-
creased the pH of subapical transferrin-positive endo-
somes to 7.3 (Figure 8). Overexpression of the mutant
NHE6.1[E287Q/D292N]-mCherry did not affect endosome
pH, supporting that this is a nonfunctional NHE6.1 mutant.
Collectively, these data demonstrate that NHE6.1 contrib-
utes to the pH regulation of subapical recycling endosomes.

DISCUSSION

In this study, we have investigated the role of NHES6, a sodium-
proton exchange protein, in polarized hepatic HepG2 cells. We
demonstrate that HepG2 cells express an NHE6.1 variant that
resides in EEA1- and Rablla-containing early and apical re-
cycling endosomes, respectively, and in the subapical com-
partment (equivalent of the common recycling endosome in
other epithelial cells). NHE6.1 in HepG2 cells is highly N-
glycosylated and represents the first demonstration of a
different state of N-glycosylation of not only NHE6 but also
of all NHE isoforms between cell lines, although the func-
tional significance remains to be determined. The endosomal
localization of NHE6.1 in polarized cells is consistent with
that in fibroblastic cells (Brett et al., 2002; Nakamura et al.,
2005). We never observed NHES6.1 in late endosomes, or the
Golgi complex. In agreement with its subcellular distribu-
tion, NHE®6.1 colocalizes with all intracellular compartments
of the transcytotic pathway followed by bulk membrane
flow (visualized with fluorescent lipid analogues). Intrigu-
ingly, when cells are incubated at 18°C, which permits ve-
sicular trafficking but prevents exit from the subapical com-
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partment (Apodaca et al., 1994; Barroso and Sztul, 1994; van
IJzendoorn and Hoekstra, 1998), NHE6.1 accumulates in the
subapical compartment leaving peripheral EEAl-containing
endosomes devoid of NHE6.1. Together, the data indicate
that NHE6.1 associates with the transcytotic route for bulk
membrane flow, and that NHE®6.1 itself is subject to traffick-
ing through the endosomal recycling system.

Knockdown or overexpression of NHE6.1 and NHE®6.1-
mCherry, respectively, in HepG2 cells caused a reduction in
the number of apical bile canalicular lumens and therefore a
reduction in the number of apical plasma membrane do-
mains. However, the de novo biogenesis of apical surface
domains, as occurs after treatment of the cells with oncosta-
tin M or dibutyryl cAMP or after cell plating, was not or
only slightly inhibited. In addition, after NHE6.1 knock-
down, the transcytotic delivery of sphingolipid analogs to
the apical surface as such was not inhibited, but the loss of
apically delivered sphingolipid analogs and the resident bile
canalicular protein DPPIV from the apical surface was
clearly promoted compared with control cells. In addition
to NHE6.1 knockdown, the overexpression of wild type
NHE6.1-mCherry, but not that of a nonfunctional mutant of
NHES6.1, promoted the loss of apically delivered sphingolip-
ids and dipeptidyl peptidase IV. These data suggest that a
carefully controlled expression of NHE6.1 is required for
polarized HepG2 cells to maintain their apical cell surface
domains, possibly by controlling the polarized cell surface
distribution of membrane lipids.

The molecular mechanism via which NHE6 controls mem-
brane trafficking remains elusive. Knockdown or overexpres-
sion of NHES6.1 did not cause visible changes in the appearance
(e.g., size or number) of early and recycling endosomes. Nei-
ther did it perturb the profoundly polarized spatial organiza-
tion of Rablla-positive apical recycling endosomes. Consis-
tently, no abnormalities were observed in the appearance of
endosomes in fibroblast of patients with X-linked mental re-
tardation caused by mutations in NHE6 (Gilfillan et al., 2008).
Knockdown of NHE6.1 reduced the lumenal pH of trans-
ferrin-positive endosomes. Conversely, overexpression of
NHE6.1-mCherry, but not mutant NHE6.1[E287Q/D292N]-
mCherry, elevated the lumenal pH of transferrin-positive
endosomes, similar to overexpressed NHE8 or NHE9 in
organelles of other cell lines (Nakamura et al., 2005). These
data present the first evidence that NHE6.1 expression, and
its residues E287 and D292, contributes to the regulation of
endosomal pH. It is plausible that polarized membrane traf-
ficking and apical plasma membrane maintenance requires
the pH of endosomes to be kept within a limited range.
Although the exact role of endosome pH in the regulation of
membrane trafficking and in particular polarized trafficking
is unclear, steep pH gradients in the apical recycling path-
way have been demonstrated (Wang et al., 2000). Moreover,
the specific expression of an acid-activated ion channel in
apical endosomes was shown to affect apical plasma mem-
brane-directed trafficking (Henkel et al., 1998). The lumenal
pH of endosomes has been reported to regulate the recruitment
of B-COP and &-COP, known to control vesicular trafficking
and endosomal recycling, to the cytoplasmic surface of endo-
somes (Aniento et al., 1996). However, we did not detect any -
or &-COP that colocalized with EEA1- or Rablla-positive
endosomes in HepG2 cells by confocal fluorescence micros-
copy. The yeast Na*/H* exchanger Nhx1p, which mostly
resembles mammalian NHE6, regulates luminal and cyto-
plasmic pH to control vesicle trafficking out of the endosome
and Nhx1p knockout results in the entrapment of proteins in
endosomes as well as a missorting of vacuolar protein to the
extracellular space, which is accompanied by an aberrant
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endosomal morphology (Bowers et al., 2000; Brett et al.,
2005). In our experiments, by contrast, the down-regulated
expression or overexpression of NHE6.1 did not cause a visible
intracellular accumulation of the proteins or lipids tested. Al-
though our study demonstrates that NHE6.1, conceivably by
fine tuning the endosomal pH as shown here directly for the
first time, is involved in securing the polarized distribution
of membrane lipids in epithelial cells, future studies are thus
needed to address the underlying mechanisms.

Our study adds to the emerging view that regulatory
proteins residing in the endosomal system control epithelial
cell surface polarity. Importantly, however, to date only a
few endosomal proteins that control surface polarity have
been identified. The n1B subunit of the Golgi- and recycling
endosome-associated AP1 adaptor protein controls sorting
of proteins to the basolateral surface of cultured epithelial
cells. In vivo, myosin Vb, a protein that normally localizes in
recycling endosomes and regulates protein trafficking, was
recently linked to microvillus inclusion disease, a rare but
fatal enteropathy characterized by the absence of a structur-
ally and compositionally defined apical cell surface domain
in the patients’ intestinal epithelial cells (Miiller et al., 2008;
Erickson et al., 2008; our unpublished data). In hepatocytes,
loss of Rablla or myosin Vb function perturbs the develop-
ment of apical bile canalicular plasma membrane domains
(Wakabayashi et al., 2005). The intestine-specific knockout of
the small GTPase Rab8 in mice resulted in a specific loss of
the apical surface in intestinal epithelial cells, resembling
microvillus inclusion disease (Sato et al., 2007). These in vivo
studies clearly demonstrate the role of the recycling endo-
somal system in apical cell surface polarity. Our study iden-
tifies endosomal NHEG6 as a novel regulatory protein in the
development of the apical cell surface domain of cultured
hepatic cells, and underscores the importance of the endo-
somal system in epithelial polarity. Interestingly, mutations
in NHE6 cause X-linked mental retardation resembling An-
gelman syndrome (Gilfillan et al., 2008), and it will be of
interest to investigate whether these NHE6 mutations cause
defects in neuronal polarity.
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