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Background: Little is known about the molecular mechanism regulating MRP4 expression on the cell surface.
Results: SNX27 physically associates with MRP4 through PDZ-PDZ interaction and accelerates MRP4 internalization.
Conclusion: SNX27 mediates MRP4 internalization and thereby negatively modulates the cell surface expression and transport

function of MRP4.

Significance: This study provides insights into the mechanisms responsible for MRP4 internalization and SNX27 function.

Multidrug resistance-associated protein 4 (MRP4/ABCC4)
makes a vital contribution to the bodily distribution of drugs
and endogenous compounds because of its cellular efflux abili-
ties. However, little is known about the mechanism regulating
its cell surface expression. MRP4 has a PDZ-binding motif,
which is a potential sequence that modulates the membrane
expression of MRP4 via interaction with PDZ adaptor proteins.
To investigate this possible relationship, we performed GST
pull-down assays and subsequent analysis with matrix-assisted
laser desorption/ionization-time of flight mass spectrometry.
This method identified sorting nexin 27 (SNX27) as the inter-
acting PDZ adaptor protein with a PDZ-binding motif of MRP4.
Its interaction was confirmed by a coimmunoprecipitation
study using HEK293 cells. Knockdown of SNX27 by siRNA in
HEK293 cells raised MRP4 expression on the plasma mem-
brane, increased the extrusion of 6-['*C]mercaptopurine, an
MRP4 substrate, and conferred resistance against 6-['*C]mer-
captopurine. Cell surface biotinylation studies indicated that
the inhibition of MRP4 internalization was responsible for these
results. Immunocytochemistry and cell surface biotinylation
studies using COS-1 cells showed that SNX27 localized to both
the early endosome and the plasma membrane. These data sug-
gest that SNX27 interacts with MRP4 near the plasma mem-
brane and promotes endocytosis of MRP4 and thereby nega-
tively regulates its cell surface expression and transport
function.
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The transport of solutes across biological membranes is
indispensable for living organisms, and a number of transport-
ers are implicated in this process. The ATP-binding cassette
(ABC)? transporter superfamily is the largest transporter gene
family. The multidrug resistance-associated protein 4 (MRP4)
is the fourth member of subfamily C of the ABC transporter
superfamily. This transporter was initially identified as a homo-
logue of MRP1 by screening databases of human expressed
sequence tags (1). Subsequent in vitro studies demonstrated the
broad substrate specificity of MRP4, which includes cAMP,
c¢GMP, GSH, and glucuronide conjugates (2—4). In vivo studies
using MRP4-deficient mice have shown the vital contribution
of MRP4 to the bodily distribution of these substrates (5-7).
Loss of function of MRP4 in mice induces hematopoietic tox-
icity because of the accumulation of active metabolites of
purine analogues in their myelopoietic cells (6) and tends to
cause cystic fibrosis transmembrane conductance regulator
(CFTR)-mediated secretory diarrhea through the disrupted
regulation of cCAMP concentration in the limited compartment
(7). Thus, the physiological function of MRP4 is becoming
clearer, although less is known about the regulation of its cell
surface expression through posttranslational mechanisms.

MRP4 comprises 12 putative membrane-spanning domains
and two ATP-binding motifs and contains a consensus class I
PDZ-binding motif (PDZ-bm) at the C-terminal end (ETAL;
X(S/T)X¢, where X represents an unspecified residue and ¢ is a
hydrophobic residue) (1, 8). The PDZ-bm interacts with pro-

3 The abbreviations used are: ABC, ATP-binding cassette; PDZ-bm, PDZ-bind-
ing motif; SNX, sorting nexin; 6MP, 6-mercaptopurine; CFTR, cystic fibrosis
transmembrane conductance regulator; 5-HT,,R, 5-hydroxytriptamine
type-4(a) receptor; Kir3 channel, G protein-gated potassium channel;
NR2C, N-methyl-p-aspartate receptor 2C; B2AR, B2-adrenoreceptor; 6TG,
6-thioguanine; KH, Krebs-Henseleit; Tfn, transferrin; AP2, AP2 adaptor
complex; sulfo-NHS-SS-biotin, sulfosuccinimidyl 2-(biotinamido)-ethyl-
1,3-dithiopropionate; Alexa594, Alexa Fluor 594-labeled Tfn.
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teins containing a PDZ domain through a protein-protein
interaction module, which is called PDZ-PDZ interaction, and
mediates the correct sorting and tethering of membrane pro-
teins to a specific subcellular localization by assembling the
protein complex through this interaction (8, 9). It is conceivable
that some PDZ domain-containing proteins interact with
MRP4 via PDZ-PDZ interaction and modulate its expression
on the plasma membrane. In the current study, we performed
GST pull-down assays and subsequent analysis with matrix-
assisted laser desorption/ionization-time of flight mass spec-
trometry (MALDI-TOF MS) and identified sorting nexin 27
(SNX27) as one of the partners that interacts with a PDZ-bm of
MRP4.

SNX27 is a member of the SNX family of proteins, which are
unified by the presence of a phox domain, a phospholipid-bind-
ing motif, and implicated in intracellular sorting and trafficking
(10). SNX27 was originally identified in the rat neocortex as a
developmentally regulated psychostimulant-inducible novel
gene, which was designated as mrtl (methamphetamine-re-
sponsive transcript 1), having two splice forms (SNX27a
(mrtla)and SNX27b (mrt1b)) that vary only in their C-terminal
ends (11). Among the SNX family, SNX27 is unique in that this
protein is the only SNX member containing a PDZ domain (10,
11). SNX27 interacts with the PDZ-bm of a few membrane
proteins through its PDZ domain and regulates their intracel-
lular sorting (12—17). However, the function of SNX27 has not
been characterized fully because the sorting process affected by
SNX27 depends on the targeted proteins. SNX27 modulates
the early endosomal trafficking of the 5-hydroxytryptamine
type-4(a) receptor (5-HT,R), G protein-gated potassium
(Kir3) channels, and N-methyl-p-aspartate receptor 2C (NR2C)
(12, 13, 15). SNX27 also helps in the efficient recycling of 82-
adrenoreceptor (82AR) to the plasma membrane (14). Reports
like these have generated interest in the association of SNX27
with the intracellular sorting of MRP4 in some processes and
thereby in the regulation of the cell surface expression and
transport function of MRP4.

Herein, we examined the effect of SNX27 suppression by
siRNA in HEK293 cells on the cell surface expression of MRP4;
sensitivity to 6-mercaptopurine (6MP) and 6-thioguanine
(6TG), whose nucleotide metabolites are toxic MRP4 sub-
strates; and endocytosis and recycling rates of MRP4. The cel-
lular localization of SNX27 was explored in HEK293 and COS-1
cells. The data show that SNX27 interacts with MRP4 near the
plasma membrane and promotes endocytosis of MRP4 and
thereby negatively regulates its cell surface expression and
transport function.

EXPERIMENTAL PROCEDURES

Materials—Antibodies against MRP4, lysosomal-associated
membrane protein 1 (LAMP1), early endosome antigen 1
(EEAL), transferrin receptor, FLAG epitope (m2), hepatocyte
growth factor-regulated tyrosine kinase substrate, and (3-actin
were purchased from Abcam (Cambridge, UK), BD Transduc-
tion Laboratories (San Diego, CA), BD Pharmingen (San Diego,
CA), Invitrogen, Sigma-Aldrich, Novus Biologicals (Littleton,
CO), and MP Biomedicals (Solon, OH), respectively. Antibod-
ies against hypoxanthine phosphoribosyltransferase 1 (HPRT1)
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and thiopurine methyltransferase were obtained from Abnova
(Taipei, Taiwan). Anti-SNX27 antibody, which recognizes both
isoforms of SNX27 (11), was kindly provided by Dr. Toru
Nishikawa (Tokyo Medical and Dental University, Tokyo,
Japan). SNX27 expression was depleted selectively with siRNA
targeting both isoforms of SNX27 (SNX27 siRNA) (sense, 5'-
GGUUGGCAUGGACAGUACGTT-3'; antisense, 5'-CGUAC-
UGUCCAUGCCAACCTT-3’) purchased from Ambion (Austin,
TX). siRNA against firefly luciferase (control siRNA) was
obtained from Dharmacon (Lafayette, CO). ['*C]6MP (51 mCi/
mmol) was obtained from Moravek Biochemicals (Brea, CA). A
human multiple-tissue blot (TB37-Set-I) was purchased from
G-Biosciences (St. Louis, MO). All other chemicals were of ana-
lytical grade.

Construction of Plasmid Vectors—Human SNX27b (SNX27b)
c¢DNA (NM_030918.5) was amplified by PCR with KOD Plus
(Toyobo, Osaka, Japan) from cDNA of HEK293 cells and was
subcloned into pcDNA3.1(+) (Neomycin) (Invitrogen).
pcDNA3.1(+) (Neomycin) harboring human MRP4 (MRP4)
c¢DNA (NM_005845) was constructed by subcloning of MRP4
cloned into pShuttle (Clontech, Palo Alto, CA) (5). cDNAs of
human Rab4 (M28211), Rab5 (BC001267), Rab7 (BC013728),
and Rab11 (AF000231) were generated by PCR from cDNA of
HEK293 cells using the forward primers 5'-CACTCG
AGCAATGTCCGAAACCTACG-3' (Rab4), 5'-CACTCGAG-
ACATGGCTAGTCGAGGCGCAAC-3' (Rab5), 5'-GTCTC-
GAGGAAGGATGACCTCTAGGAAG-3' (Rab7), and 5'-CA-
CTCGAGCAATGGGCACCCGCGACGAC-3" (Rabll) and
the reverse primers 5'-GTGAATTCCTAACAACCACACTC-
CTGAGC-3' (Rab4), 5'-GTGAATTCGGAAGCAGAAGAC-
TATTCCAGC-3' (Rab5), 5'-GTGAATTCCTCAGCAACTG-
CAGCTTTCTG-3' (Rab7), and 5'-GTGAATTCCTTAGAT-
GTTCTGACAGCAC-3' (Rab11) and were subcloned into the
EcoRI/Xhol restriction sites of pAcGFP-C1 (Clontech). cDNAs
corresponding to the 100 amino acids in the C terminus of
MRP4 (amino acid residues 1226 —1325) (MRP4-C,,) and the
PDZ domain of SNX27 (SNX27 PDZ) (amino acid residues
43-134) were generated by PCR using the forward primers 5’'-
GGATCCTGCACCGTGCTAACCATTGCACAC-3" (MRP4)
and 5'-GGATCCCGCATCGTCAAGTCCG-3" (SNX27) and
the reverse primers 5'-GAATTCCAGTGCTGTCTCGAAAA-
TAGTTAAGG-3' (MRP4) and 5'-GAATTCCTAAGGTACA-
GATAACACTGTC-3’ (SNX27) and were subcloned into the
BamHI/EcoRI restriction sites of the bacterial expression vec-
tor pGEX6P-2 (Amersham Biosciences). pBAsi-hU6 Pur DNA
(Takara Bio Inc., Shiga, Japan) encoding shRNA against MRP4
(MRP4 shRNA) or firefly luciferase shRNA (control shRNA)
was constructed by PCR involving empty pBAsi-hU6 Pur DNA
vector with the following primers: 5'-CTTGTGGAAAGGAC-
GAGGATCCGATGGTGCATGTGCAGGATCTCAAGAG-
AATCCTGCACATGCACCATCTTTTTTTCTAGAGTCG-
ACCTGCAGGC-3"and 5'-GCCTGCAGGTCGACTCTAGA-
AAAAAAGATGGTGCATGTGCAGGATTCTCTTGAGAT-
CCTGCACATGCACCATCGGATCCTCGTCCTTTCCAC-
AAG-3" (MRP4 shRNA) and 5'-GCCTGCAGGTCGACTCT-
AGAAAAAAACGTTACCGCGGAATACTTCGATCTCTT-
GAATGGCCAGCGTGCACATGCTGGATCCTCGTCCTT-
TCCACAAG-3' and 5'-CTTGTGGAAAGGACGAGGATC-
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CAGCATGTGCACGCTGGCCATTCAAGAGATCGAAGT-
ATTCCGCGGTAACGTTTTTTTCTAGAGTCGACCTGC-
AGGC-3’ (control shRNA) (18). cDNAs of MRP4 with a FLAG
epitope at the N terminus (FLAG-MRP4), FLAG-MRP4, and
MRP4-C,., lacking the last four amino acids of the C terminus
(FLAG-MRP4A4 and MRP4-C, A4, respectively), were con-
structed using a QuikChange II XL site-directed mutagenesis
kit (Stratagene, La Jolla, CA) according to the manufacturer’s
instructions (18). The sequences of the constructed vectors
were confirmed using an ABI PRISM 3110 Genetic Analyzer
(Applied Biosystems, Foster City, CA).

Cell Culture and Construction of MRP4 Knockdown Cells—
HEK293, HeLa, COS-1, and HepG2 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen) supple-
mented with 10% fetal bovine serum at 37 °C with 5% CO, and
95% humidity. pBAsi-hU6 Pur DNA encoding MRP4 shRNA or
control shRNA was transfected into HEK293 cells with Fugene
6 (Roche Applied Science). After 48 h, transfected cells were
selected with 1 pg/ml puromycin (Sigma-Aldrich). Several
clones were isolated, and the expression of MRP4 was con-
firmed by Western blot analysis with anti-MRP4 antibody.

GST Fusion Protein Production and in Vitro Binding Assays—
To construct the GST fusion protein with MRP4-C,,. (GST-
MRP4-C,,,), MRP4-C,, A4 (GST-MRP4-C,,,A4), and SNX27
PDZ (GST-SNX27 PDZ), the constructs of MRP4-C,, ., MRP4-
C,o;A4, and SNX27 PDZ in the pGEX6P-2 vector were trans-
formed into Escherichia coli BL21. A 5-ml aliquot of bacteria,
grown overnight in LB medium containing 50 wg/ml ampicillin
was transferred to 500 ml of 2X YT medium (1.6% tryptone, 1%
yeast extract, 0.5% NaCl) containing 100 ug/ml ampicillin and
cultured at 37 °C for an additional 3 h until the A, reached 0.4.
Protein expression was then induced by the addition of 0.1 mm
isopropyl B-p-thiogalactoside and incubation overnight at
20 °C. After the induction, the bacteria were pelleted, washed,
and resuspended in cold phosphate-buffered saline (PBS) con-
taining a protease inhibitor mixture (Roche Applied Science)
and 0.2 mM phenylmethylsulfonyl fluoride. Bacteria were solu-
bilized with B-PER (bacterial protein extraction reagent)
(Thermo Scientific, Rockford, IL). Cell debris was removed by
centrifugation at 14,000 X gfor 30 min at4 °C, and the resulting
bacterial lysate was either used immediately or stored at —80 °C
until use. GST fusion proteins were purified by incubation with
glutathione-agarose beads (Amersham Biosciences) for 2 h at
4 °C followed by washing with cold PBS. The amount of fusion
protein eluted from the beads was quantified using the Lowry
protein assay with bovine serum albumin (BSA) as the standard
(19).

For in vitro binding assays, HepG2 cells were solubilized in
lysis buffer (20 mm Tris-HCI, pH 7.5, 150 mm NaCl, 1 mm
Na,EDTA, 1 mMEGTA, 1% Triton X-100, 2.5 mMm sodium pyro-
phosphate, 1 mm -glycerophosphate, 1 mm Na,VO,, and 1
pg/ml leupeptin) containing a protease inhibitor mixture
(Roche Applied Science) and 0.2 mm phenylmethylsulfonyl fluo-
ride. The prepared lysate was then incubated with 50 ul of glu-
tathione-agarose beads containing 50 ug of bound GST fusion
protein for 2 h at 4 °C. After binding, the beads were washed
three times in PBS containing 1% Triton X-100. Bound proteins
were eluted with elution buffer (50 mm Tris-HCI, pH 8.0, 10 mMm
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glutathione), separated by SDS-PAGE, and subjected to silver
staining or Western blot analysis.

Protein Identification by Mass Spectrometry—Protein bands
plus blank regions were excised from SDS-polyacrylamide gels
visualized with silver staining and destained using a SilverQuest
silver staining kit (Invitrogen) according to the manufacturer’s
instructions. After destaining, samples were subjected to in-gel
digestion with a trypsin solution overnight at 37 °C. Superna-
tants were collected, washed with 0.1% trifluoroacetic acid
(TFA), eluted with 50% acetonitrile solution containing 0.1%
TFA, and analyzed by MALDI-TOF MS. A list of the deter-
mined peptide masses was subjected to mass fingerprinting
using the Mascot software program (Matrix Science, London,
UK), which was used to search the National Center for Biotech-
nology Information protein databases.

Immunoprecipitation—HEK293 cells were solubilized for 1 h
at4 °Cin 1 ml of lysis buffer (10 mm Tris-HCI (pH 7.5), 150 mm
NaCl, 1% Nonidet P-40, 5 mm MgCl,, and 1 mm CacCl,) and
centrifuged at 12,000 X g for 10 min at 4 °C. The resultant
supernatant was precleared by adding control IgG and 50 ul of
protein G-Sepharose beads (Roche Applied Science). Three
percent of each precleared lysate was preserved at —80 °C as the
input specimen. The remaining precleared lysate was incubated
with anti-FLAG or anti-SNX27 antibody for 2 h at 4 °C, after
which 50 ul of protein G-Sepharose beads was added, and the
lysate was incubated for 2 h at 4 °C. Immune complexes were
precipitated, washed, and eluted as described previously (18,
20). The specimens were separated by SDS-PAGE and sub-
jected to Western blot analysis.

Transport Study—The transport study was performed as
reported previously (21). In brief, HEK293 cells expressing
MRP4 shRNA (HEK-MRP4 shRNA) or control sShRNA (HEK-
control shRNA) were seeded onto 12-well plates coated with
poly-L-lysine and poly-L-ornithine (Sigma-Aldrich) at a density
of 4.0 X 10° cells/well and transfected with SNX27 siRNA or
control siRNA using Lipofectamine RNAi Max (Invitrogen)
according to the manufacturer’s instructions. Forty-eight hours
after siRNA transfection, the cells were washed once and pre-
incubated with Krebs-Henseleit (KH) buffer (118 mm NaCl,
23.8 mm NaHCO, 4.83 mm KCl, 0.96 mm KH,PO,, 1.20 mm
MgSO,, 12.5 mm HEPES, 5.0 mM glucose, and 1.53 mm CaCl,
adjusted to pH 7.4) at 37 °C for 15 min. The uptake and efflux
assay was then initiated by adding KH buffer containing 5 um
[**C]6MP. The uptake was terminated at a designated time by
removing the incubation buffer and adding ice-cold KH buffer.
The cells were washed three times with ice-cold KH buffer,
solubilized in 0.2 N NaOH, and kept overnight at room temper-
ature, and 0.4 N HCI was added. For the efflux assay, the cells
were incubated for 2 h in KH buffer containing 5 um ['**C]6MP,
washed three times, and incubated with KH buffer at 37 °C. At
the time points indicated, the incubation buffer was collected,
and the cells were solubilized as described for the uptake assay.
The radioactivity of the cell lysate and incubation buffer was
measured in a liquid scintillation counter (LS 600SC, Beckman,
Fullerton, CA) after mixing each sample with scintillation fluid
(Clear-sol I; Nacalai Tesque, Kyoto, Japan) in a scintillation vial.
The protein concentration of the cell lysate was measured by
the Lowry method with BSA as the standard. The uptake value
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was calculated as described previously (22). Efflux percentage
was calculated by dividing the radioactivity in the incubation
buffer at each time point by total radioactivity in the cell lysate
and incubation buffer at that time point.

Cell Proliferation Assay—HEK-MRP4 shRNA and HEK-con-
trol shRNA cells were seeded into 96-well plates coated with
poly-L-lysine and poly-L-ornithine at a density of 2.5 X 10*
cells/well and transfected with SNX27 siRNA or control siRNA
using Lipofectamine RNAi Max (Invitrogen) according to the
manufacturer’s instructions. The next day, various concentra-
tions of 6MP, 6TG, and etoposide were added to the growth
medium. After 96 h of growth in the presence of a drug, cell
proliferation assays were performed using the CellTiter 96 cell
proliferation assay (Promega, Madison, WI) according to the
manufacturer’s instructions.

Immunofluorescence—COS-1 cells were seeded onto glass
coverslips (Matsunami Glass Ind. Ltd., Osaka, Japan) in 12-well
plates at a density of 1.0 X 10° cells/well. In the experiments in
which ectopically expressed Rab proteins were required, COS-1
cells were transfected with pAcGFP-C1 containing Rab4, Rab5,
Rab7, or Rab1l using Lipofectamine 2000 (Invitrogen), har-
vested after 24 h of culture, and seeded as described above.
Twenty-four hours after seeding, the cells were fixed in 4%
paraformaldehyde, PBS for 10 min, permeabilized in 0.1% sa-
ponin, PBS for 10 min, blocked with 3% BSA, PBS for 30 min,
and stained with anti-SNX27, anti-EEA1, and anti-LAMP1
antibodies for 2 h, followed by Alexa Fluor 488 donkey anti-
mouse immunoglobulin G and Alexa Fluor 594 donkey anti-
rabbit immunoglobulin G (Molecular Probes, Inc., Eugene, OR)
for 1 h. These staining procedures were performed at room
temperature. The cells were mounted onto glass slides with
VECTASHIELD mounting medium (Vector Laboratories Inc.,
Burlingame, CA) and were visualized by confocal microscopy
using a Leica TCS SP5 II laser-scanning confocal microscope
(Leica, Solms, Germany).

Uptake of Alexa Fluor 594-labeled transferrin—COS-1 cells
were seeded onto glass coverslips in 12-well plates at a density
of 1.0 X 10° cells/well. Twenty-four hours after seeding, the
cells were incubated in serum-free DMEM containing 0.2%
BSA to deplete endogenous transferrin (Tfn) for 2 h. After incu-
bation with Alexa Fluor 594-labeled Tfn (Alexa594 Tfn) (100
pg/ml) (Molecular Probes, Inc.) for the indicated time, surface-
bound Alexa594 Tfn was removed by acid wash (50 mum glycine,
100 mm NaCl, pH 3.0). The cells were stained with anti-SNX27
antibody followed by Alexa Fluor 488 donkey anti-mouse
immunoglobulin G according to the procedure described above
and visualized by confocal microscopy using an LSM 510 appa-
ratus (Carl Zeiss, Oberkochen, Germany).

Cell Surface Biotinylation and Determination of Rate of Deg-
radation of Cell Surface Expressed Protein—HEK293 cells were
seeded in 6-well plates coated with poly-L-lysine and poly-L-
ornithine at a density of 8.0 X 10° cells/well. Forty-eight hours
after seeding, cell surface biotinylation was performed using
Sulfo-NHS-SS-biotin (Pierce) as described previously (23, 24).
After cell solubilization, 5% of the biotinylated specimens were
preserved to evaluate SNX27 expression in whole-cell lysates,
and the remaining 95% of specimens were precipitated with
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streptavidin-agarose beads (Pierce) to prepare the cell surface
fraction.

To examine the degradation rate of the cell surface-resident
protein, HEK293 cells were seeded in 6-well plates coated with
poly-1-lysine and poly-L-ornithine at a density of 8.0 X 10°
cells/well and transfected with SNX27 siRNA or control siRNA
using Lipofectamine RNAi Max according to the manufactur-
er’s instructions. Cell surface biotinylation was performed after
48 h in culture. Biotinylated HEK293 cells were incubated for
various periods at 37 °C before solubilization. The remaining
biotinylated protein was then isolated with streptavidin-aga-
rose beads as described previously (24, 25), separated by SDS-
PAGE, and subjected to Western blot analysis.

Endocytosis and Recycling Assays—HEK293 cells were
seeded in 6-well plates coated with poly-L-lysine and poly-L-
ornithine at a density of 8.0 X 10° cells/well and transfected
with SNX27 siRNA or control siRNA using Lipofectamine
RNAi Max according to the manufacturer’s instructions. An
endocytosis assay was performed after 48 h in culture as
described previously (24, 26). For recycling assays, the trans-
fected cells were biotinylated after 48 h in culture and
warmed to 37 °C for 15 min to load endocytic vesicles with
biotinylated proteins. Cells were then cooled immediately to
4 °C and incubated with stripping buffer (50 mm Tris, 100 mm
NaCl, 25 mm 2-mercaptoethanesulfonate, 25 mm dithiothreitol
(pH 8.6)) at 4 °C to reduce the disulfide bonds between pro-
teins labeled with sulfo-NHS-SS-biotin in the plasma mem-
brane. Cells were then either lysed or warmed again to 37 °C
for various periods to allow biotinylated MRP4 in the intra-
cellular compartment to recycle to the plasma membrane.
Cells were then cooled again to 4 °C, and the disulfide bonds
in the proteins biotinylated with sulfo-NHS-SS-biotin
remaining in the plasma membrane were reduced with strip-
ping buffer. The recycling of internalized MRP4 was calcu-
lated as the difference between the amount of biotinylated
MRP4 after the first and second incubation with stripping
buffer.

Western Blot Analysis—Prepared specimens from each
experiment were loaded into wells on a 7.5% SDS-PAGE plate
with a 3.75% stacking gel and subjected to Western blot analysis
as described previously (23, 25). Immunoreactivity was
detected with an ECL Advance Western blotting detection kit
(Amersham Biosciences). The intensity of the band indicating
MRP4 was quantified using Multi Gauge software version 2.0
(Fujifilm, Tokyo, Japan).

Statistical Analysis—Experiments were repeated at least
three times, and the data in the figures are presented as the
means * S.E. The significance of differences between two vari-
ables and between multiple variables was calculated at the 95%
confidence level by Student’s ¢ test and one-way analysis of
variance with Dunnett’s test, respectively, using Prism software
(GraphPad Software, Inc., La Jolla, CA).

RESULTS

Identification and Verification of PDZ-PDZ Interaction between
MRP4 and SNX27—To identify the proteins that interact with
the PDZ-bm of MRP4, GST-MRP4-C,., and GST were gener-
ated and subjected to in vitro binding assays using lysates of
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FIGURE 1. Identification and verification of PDZ-PDZ interaction between
MRP4 and SNX27. GST, GST-MRP4-C,,, (residues 1226-1325), GST-MRP4-
CierA4 (residues 1226-1321), and GST-SNX27 PDZ (residues 43-134) (50 u.g)
were immobilized to 50 ul of glutathione-agarose beads and incubated with
lysates from HepG2 cells for 2 h at 4 °C. The eluted samples were resolved on
7.5% SDS-PAGE and stained with silver (A) or subjected to Western blot anal-

ysis (B and C). A representative result from three independent experiments is
shown. *, band analyzed by MALDI-TOF MS.
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HepG2 cells, and the resultant specimens of the assays were
resolved by SDS-PAGE (Fig. 14). The specific protein band at
~62 kDa in SDS-PAGE (indicated by an asterisk in Fig. 1A) was
analyzed by MALDI-TOF MS and was found to comprise
SNX27. To verify that the interaction between MRP4 and
SNX27 is through their PDZ-bm and PDZ-domains, GST-
MRP4-C,,,, GST-MRP4-C,. A4, and GST-SNX27 PDZ were
immobilized to glutathione-agarose beads and incubated with
lysates from HepG2 cells. SNX27 was pulled down by GST-
MRP4-C,,, but not by GST-MRP4-C,_,A4 (Fig. 1B), and MRP4
was pulled down by GST-SNX27 PDZ but not by GST itself
(Fig. 1C), indicating that the interaction of MRP4 and SNX27
occurs via PDZ-PDZ interaction. This interaction between
MRP4 and SNX27 was confirmed in a study with lysates of
HEK293 cells as well as HepG2 cells (data not shown).

GST-MRP4-C,,, and -MRP4-C A4 were detected as two
bands (Fig. 1B). The upper bands around 37 kDa represent
GST-MRP4-C,,, and -MRP4-C A4 themselves because these
proteins were constructed with GST, a 26-kDa protein, with the
amino acids corresponding to the C-terminal sequence of
MRP4, a peptide of about 12 kDa, at the C-terminal end. By
contrast, the lower bands seem to be degradation products of
GST-MRP4-C,., and -MRP4-C,, A4. Given that the bands were
detected by a monoclonal antibody recognizing full-length
GST, these products would have been derived from GST-
MRP4-C,,, and -MRP4-C,, A4 cleaved at the part of the C-ter-
minal sequence of MRP4.

Regulation of MRP4 Expression by SNX27—Western blot
analysis using the human multiple-tissue panel showed that
SNX27 is expressed ubiquitously in human tissues, including
the kidney and brain (Fig. 24), where MRP4 plays a pivotal role
in drug disposition (5, 27) (Fig. 2A4). The expression of SNX27
was also observed in mouse bone marrow (Fig. 2B), where

ter
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MRP4 actively exports thiopurine nucleotides and prevents
hematopoietic toxicity (6). The physiological interaction
between MRP4 and SNX27 in bone marrow and kidney and in
HEK293 cells was confirmed by coimmunoprecipitation and
subsequent Western blot analysis using homogenates prepared
from mouse bone marrow, kidney, and HEK293 cells (Fig. 2, C
and D).

The functional association of SNX27 with MRP4 was next
evaluated by observing the change in MRP4 expression by
transfection of SNX27 siRNA targeting both isoforms of
SNX27, SNX27a and SNX27b (Fig. 34). HEK293, HeLa, and
HepG2 cells were selected for this study because the endoge-
nous expression of MRP4 and SNX27 and the interaction
between these molecules were verified in these cell lines (Fig.
2D) (data not shown). The expression level of MRP4 was
increased 2—3-fold by the suppression of SNX27 in all tested
cells, and an approximately 4-fold increase in MRP4 was
observed in the cell surface fraction of HEK293 cells (Fig. 3, A
and B). Conversely, the overexpression of SNX27b in HEK293
cells decreased MRP4 expression by 2.5- and 3-fold in the cell
lysates and cell surface fraction, respectively (Fig. 3, C and D).
Taken together, these results indicate that SNX27 negatively
regulates MRP4 expression in the cell lines cultured. No effect
on the expression level of the Na*/K*-ATPase al subunit was
observed with the change in SNX27 expression (Fig. 3, A-D),
suggesting that the SNX27-mediated regulation is specific for
MRP4.

Effect of SNX27 Suppression on 6MP and 6TG Sensitivity—
The change in MRP4 function by SNX27 suppression was
examined by measuring the efflux of radioactivity from
[**C]6MP taken up into HEK293 cells because 6MP is intracel-
lularly converted to thionucleoside monophosphates, which
are toxic metabolites and good substrates of MRP4 (28). HEK-
MRP4 shRNA and HEK-control shRNA were generated, and an
approximately 5-fold lower MRP4 expression in HEK-MRP4
shRNA than in HEK-control shRNA was verified (Fig. 44). Sup-
pression of MRP4 function in HEK-MRP4 shRNA was con-
firmed by the lower efflux activity of [**C]6MP and higher sen-
sitivity to 6MP toxicity than those observed in HEK-control
shRNA (Fig. 4C and Table 1). In contrast to the sensitivity assay,
which produced a convincing result (Table 1), the efflux assay
showed a modest difference between HEK-MRP4 shRNA and
HEK-control shRNA (Fig. 4C). However, this can be explained
by the fact that 6MP is metabolized to various compounds in
HEK?293 cells and is excreted predominantly in the form of MP
riboside by equilibrative nucleoside transporters, not by MRP4,
and that thio-IMP, a toxic metabolite of 6MP, is a good sub-
strate of MRP4 (28).

The transfection of SNX27 siRNA significantly increased the
[**C]6MP efflux in HEK-control shRNA but not in HEK-MRP4
shRNA (Fig. 4C), indicating that the suppression of SNX27
increases the extrusion of ['**C]6MP by inducing MRP4 expres-
sion on the plasma membrane. HEK-control shRNA trans-
fected with SNX27 siRNA extruded 1.7- and 1.6-fold more
['*C]6MP after 10 and 30 min of incubation, respectively, than
did those with control siRNA.

The result of the efflux assay using [**C]6MP was reflected in
the sensitivity of these cells to 6MP and 6 TG, a guanine analog
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dent experiments.

of 6MP (Fig. 4, D and E, and Table 1). In HEK-control shRNA,
the transfection of SNX27 siRNA increased the resistance to
6MP by 3.3-fold and resistance to 6T G by 2.5-fold. By contrast,
in HEK-MRP4 shRNA, SNX27 suppression had no significant
effect on 6MP- and 6TG-induced toxicity. Sensitivity to etopo-
side, which is not a substrate of MRP4, was not affected by the
depletion of SNX27 and/or MRP4 (Fig. 4F and Table 1). These
results indicate that SNX27 suppression confers resistance
to both 6MP and 6TG by increasing MRP4 function, which
increases the extrusion of their toxic metabolites. This find-
ing was supported further by the similar expression level of
HPRT1, which mediates the conversion of 6MP and 6TG to
toxic metabolites, and of thiopurine methyltransferase, which
methylates 6MP and reduces its toxicity, and the similar uptake
ability of [**C]6MP in HEK-MRP4 shRNA and HEK-control
shRNA transfected with SNX27 siRNA or control siRNA (Fig.
4, A and B).

Subcellular Localization of SNX27—The subcellular localiza-
tion of SNX27 was investigated using cell surface biotinylation
and immunocytochemistry. Cell surface biotinylation showed
the presence of SNX27 in the cell surface fraction, although the
ratio of its amount in the cell surface fraction to that in input
material was much lower than that of MRP4, a plasma mem-
brane marker (Fig. 54). EEA1 and hepatocyte growth factor-
regulated tyrosine kinase substrate, which are both early endo-
some markers, were not observed in the cell surface fraction,
indicating no contamination by the intracellular fraction.
Because the lesser distribution of SNX27 in the cell surface
fraction indicates a subcellular distribution other than in the
plasma membrane, immunocytochemistry was applied to
COS-1 cells, which are used widely in membrane sorting
studies (29). SNX27 colocalized with EEA1 but not with
LAMP-1, a lysosome marker (Fig. 5B), as reported previously
(15). Alexa594 Ttn taken up into COS-1 cells colocalized with
SNX27 as peripheral dotlike structures for up to 10 min after
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the start of its uptake but accumulated in the perinuclear
regions and colocalized poorly with SNX27 30 min after uptake
began (Fig. 5C). Given that, after internalization, Tfn is trans-
ferred initially to early endosomes and is then sorted to recy-
cling endosomes, this indicates that SNX27 localized mainly in
early endosomes but not in recycling endosomes. These find-
ings were supported further by the colocalization of SNX27
with exogenously expressed AcGFP-Rab4 (Fig. 5D) and
AcGFP-Rab5 (Fig. 5E), early endosome markers, but poorly
with exogenously expressed AcGFP-Rab7 (Fig. 5F), a late endo-
some marker, and AcGFP-Rab11 (Fig. 5G), a recycling endo-
some marker. AcGFP-Rab4 and AcGFP-Rab5 did not colocal-
ize with LAMP-1, suggesting that the merged immunosignals
from SNX27 and AcGFP-Rab4 or AcGFP-Rab5 (Fig. 5, D and E)
were derived from their colocalization and not from their
coclustering (supplemental Fig. 1).

Involvement of SNX27 in MRP4 Internalization—To explore
the involvement of SNX27 in intracellular sorting of MRP4
because of its endosomal and cell surface localization, we used
cell surface biotinylation to investigate the degradation rate of
MRP4 on the plasma membrane in HEK293 cells. These in vitro
studies were conducted by depleting without overexpressing
SNX27 because overexpression of SNXs can have secondary
effects on intracellular trafficking by inducing tubulation of the
endosomal network (30). Suppression of SNX27 by SNX27
siRNA transfection significantly delayed the degradation of cell
surface-resident MRP4 (Fig. 6, A and B). The amounts of biotin-
labeled MRP4 remaining after the 10- and 20-h incubations
were about 2-fold higher in SNX27-depleted cells than in con-
trol cells (Fig. 68). SNX27 suppression did not alter the degra-
dation rate of the Na™/K*-ATPase al subunit on the plasma
membrane (Fig. 64).

Because MRP4 on the plasma membrane is thought to be
degraded through the endosomal-lysosomal pathway after
internalization (31), to investigate the mechanism by which
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FIGURE 3. Regulation of MRP4 expression by SNX27. Depletion (A and B) and

were transfected with SNX27 siRNA or control siRNA (A and B) and pcDNA3.1(+

overexpression (Cand D) of SNX27. HEK293 (A-D), HelLa (A), and HepG2 (A) cells
)-SNX27 or empty vector (E.V.) (Cand D). After 48 h of transfection, cell lysates

were prepared (A and C), and cell surface biotinylation (B and D) was performed as described under “Experimental Procedures.” Top, prepared specimens were
subjected to Western blot analysis. A representative result from three independent experiments is shown. Bottom, Image Gauge software was used to quantify
the ratios of band intensities of each protein to that of B-actin (A and C) or Na* /K" -ATPase a1 subunit (B and D). Each bar represents the mean * S.E. (error bars)

of three to four independent experiments. *, p < 0.05; **, p < 0.01.

SNX27 modulates the degradation of cell surface-resident
MRP4 in detail, endocytosis and recycling rates of MRP4 were
measured using cell surface biotinylation in HEK293 cells. The
endocytosis assay showed that the internalization rate of MRP4
was significantly delayed by SNX27 siRNA transfection (Fig. 7,
A and B). The amounts of internalized MRP4 after 2- and 5-min
incubations were 2.1- and 3.2-fold lower, respectively, in
SNX27 siRNA-transfected HEK293 cells than in cells with con-
trol siRNA (Fig. 7B). By contrast, recycling of MRP4 to the
plasma membrane was not affected by SNX27 suppression (Fig.
7, C and D). SNX27 suppression had no effect on either endo-
cytosis or recycling of the Na* /K" -ATPase al subunit (Fig. 7,
Aand C).
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DISCUSSION

The current study was designed to examine the mechanism
regulating the cell surface expression of MRP4, which is
responsible for the distribution of drugs and endogenous com-
pounds in various tissues, such as the bone marrow, kidney, and
brain (5-7). In contrast to the characterization of the physio-
logical function of MRP4, its posttranslational mechanism
remains unclear.

The PDZ-bm mediates correct sorting and tethering of mem-
brane proteins to specific subcellular locations through interac-
tions with proteins containing the PDZ domain (8, 9). Therefore,
we searched for proteins that interact with the PDZ-bm of MRP4,
which is located at its C-terminal end, using GST pull-down assays
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FIGURE 4. Effect of SNX27 depletion on resistance to 6MP and 6TG. HEK-MRP4 shRNA or HEK-control shRNA cells were transfected with SNX27 siRNA or
control siRNA. After 24 h (D-F) or 48 h (A-C) of transfection, these cells were studied. A, expression of MRP4, SNX27, HPRT1, and thiopurine methyltransferase.
Left, cell lysates were prepared and subjected to Western blot analysis. A representative result from four independent experiments is shown. Right, Image
Gauge software was used to quantify the ratios of band intensities of each protein to that of B-actin. Each bar represents the mean = S.E. (error bars) of four
independent experiments. ¥, p < 0.05; ***, p < 0.001 compared with control siRNA-transfected HEK-control shRNA cells. B, time profiles of uptake of ['*CI6MP.
Cells were incubated at 37 °C in KH buffer containing 5 um ['*CI6MP, and its time-dependent uptake was determined. Each bar represents the mean =+ S.E. of
three independent experiments. C, time profiles of efflux of ['*CI6MP. Cells were incubated for 2 h as described in B, and the time-dependent efflux was
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or etoposide (E) at the concentration indicated. Drug sensitivity was determined as described under “Experimental Procedures.” Each point represents the
mean = S.E. from three independent experiments in triplicate. **, p < 0.01; ¥, p < 0.05.

TABLE 1
Growth inhibition of SNX27-depleted HEK293 cells by cytotoxic agents

The growth inhibition was measured as described under “Experimental Procedures.” The IC,, values are the concentrations at which growth is inhibited by 50%. The ICy,
values shown are the means = S.E. of three independent experiments performed in triplicate. -Fold resistance (FR) is obtained by dividing the IC,, of SNX27
siRNA-transfected cells by that of control siRNA-transfected cells.

Control shRNA MRP4 shRNA
Control SNX27 siRNA Control SNX27 siRNA
Drug siRNA IC;, IC,, FR siRNA IC,, IC,, FR
M M -fold M M -fold
6MP 135 *+ 47 446 = 94 3.3% 29.5+ 8.6 40.9 =179 1.3
6TG 84.2 = 18.5 213 £39 2.5% 199 £9.6 158+ 7.6 0.8
Etoposide 242 * 0.60 2.40 = 0.71 1.0 1.10 £ 0.20 0.94 = 0.17 0.8

“ Significant as determined by use of the nonparametric two-tailed Wilcoxon test (p < 0.05).

and subsequent MALDI-TOF MS analysis. We identified SNX27, Given that MRP4 on the plasma membrane is degraded after

a PDZ domain-containing protein, as the binding partner of
MRP4. In vitro binding assays and a coimmunoprecipitation study
confirmed that its interaction is via PDZ-PDZ interaction (Fig. 1, B
and C) and is present in living cells (Fig. 2, Cand D). Knockdown of
SNX27 in HEK293 cells increased the cell surface expression of
MRP4 and efflux of 6MP (Figs. 3B and 4, C-E, and Table 1). Fur-
ther functional characterization of SNX27 in HEK293 cells using
cell surface biotinylation showed that the suppression of this pro-
tein inhibits the degradation and internalization of cell surface-
resident MRP4 but has no effect on its recycling to the plasma
membrane (Figs. 6 and 7).
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internalization (31), the decrease in the degradation of cell sur-
face-resident MRP4 by SNX27 depletion is probably caused by
inhibition of its internalization from the plasma membrane.
Our findings suggest that SNX27 can interact with MRP4 via
PDZ-PDZ interaction and thereby regulate the cell surface
expression and transport function of MRP4 by modulating its
internalization process. This is the first report to evaluate
MRP4 internalization directly and to show the molecules
involved in its internalization process.

We used HEK293 and HeLa cells expressing FLAG-MRP4,
FLAG-MRP4A4, MRP4, or MRP4A4 to try to confirm that the
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effect of SNX27 on MRP4 is mediated through the PDZ-PDZ
interaction. In contrast to endogenous MRP4, the expression of
exogenously expressed MRP4 was positively regulated by
SNX27, and the expression level of MRP4A4 was not affected by
SNX27 expression (data not shown).

The colocalized dotlike structure of MRP4 with SNX27, sug-
gesting the colocalization of both proteins in early endosomes
and in vesicles directed to early endosomes, was hardly detect-
able in our immunocytochemical study using HeLa cells and
COS-1 cells (data not shown); however, the lack of such a pat-
tern in our immunocytochemical study does not contradict our
current finding that SNX27 mediates MRP4 internalization.
Given that only 4 —5% of cell surface-resident MRP4 is internal-
ized per minute (Fig. 7, A and B) and that most of the MRP4
internalized is recycled to the plasma membrane within 5 min
(Fig. 7, C and D), it is conceivable that, at steady state, MRP4
localizes predominantly to the plasma membrane and to a
much lesser extent in SNX27-positive vesicles. This hypothesis
is supported further by the result of the coimmunoprecipitation
assay, showing that the ratio of the amount of MRP4 to that of
SNX27 was much smaller in the coimmunoprecipitates with
SNX27 than that in the input specimen (Fig. 2D).

Hoque and Cole (31) used immunocytochemistry with monen-
sin, an inhibitor of membrane protein recycling, to show that
Na®/H"* exchanger regulatory factor isoform 1 (NHERF1),
another PDZ domain-containing protein, may promote MRP4
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FIGURE 7. Effect of SNX27 on endocytosis and recycling of MRP4. After 48 h of control siRNA or SNX27 siRNA transfection, HEK293 cells were subjected to an
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internalization. NHERF1 regulates the internalization of mem-
brane proteins, but the influence of this adaptor protein varies
depending on the proteins interacting with the PDZ-bm. In other
words, the disruption of NHERF1 function inhibits the internal-
ization of the parathyroid hormone receptor (32), whereas it pro-
motes chemokine receptor CCR5, as is the case for MRP4 (33).
NHERF1 increases the recruitment of arrestin-2 to CCR5 (33),
which can facilitate the internalization of CCR5 by targeting it to
clathrin-coated pits through the interaction between arrestin-2,
the AP2 adaptor complex (AP2), and clathrin (34). At present, we
do not know how SNX27 accelerates the internalization of MRP4.
However, if the internalization of MRP4 is mediated by clathrin-
mediated endocytosis involving NHERF1, arrestin, AP2, and
clathrin, as occurs for CCR5, SNX27 may work on the cargo selec-
tion process and its subsequent recruitment to clathrin-coated pits
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through PDZ-PDZ interaction. This would confer high substrate
selectivity to the clathrin-mediated endocytosis machinery. This
hypothesis is supported by the results showing that the suppres-
sion of SNX27 expression had no effect on the internalization rate
of the Na™/K*-ATPase al subunit (Fig. 74) and the uptake of
[*?*T] Tfn,* both of which are mediated in an AP2- and clathrin-de-
pendent manner (35, 36). These indicate that SNX27 is not impli-
cated in the fundamental processes of clathrin-mediated endocy-
tosis, such as the formation of a putative nucleation module on the
plasma membrane where clathrin is recruited, clathrin coat
assembly, and scission of clathrin-coated vesicles from the plasma

“H. Hayashi, S. Naoi, T. Nakagawa, T. Nishikawa, H. Fukuda, S. Imajoh-Ohmi, A.
Kondo, K. Kubo, T. Yabuki, A. Hattori, M. Hirouchi, and Y. Sugiyama, unpub-
lished data.
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membrane (37). Given that the low density lipoprotein receptor
appears to have cargo-specific adaptors, autosomal recessive
hypercholesterolemia, and disabled homologue 2, which recruit
low density lipoprotein receptor to AP2 (37), it is conceivable that
SNX27 is an adaptor protein that specifically recruits the mem-
brane proteins with the PDZ-bm to clathrin-coated pits.

SNX27 has been reported to interact with 5-HT, R, the
cytohesin-associated scaffolding protein, diacylglycerol kinase
{, B2AR, Kir3 channels, and NR2C via PDZ-PDZ interaction
and to modulate intracellular sorting of these proteins (12-16,
38). The results of our study are consistent with the results of
immunocytochemical analysis for 5-HT,R, Kir3 channels,
and NR2C, showing that SNX27 targets these membrane pro-
teins to early endosomes (12, 13, 15). However, our results are
inconsistent with those for B2AR, which show that SNX27 pro-
motes the trafficking of the B2AR from endosomes to the
plasma membrane thorough its entry into retromer (14, 38). At
present, we do not know why SNX27 had no effect on MRP4
recycling (Fig. 7, C and D) despite the predominant localization
of the former protein in early endosomes and to a lesser extent
in the cell surface in our experimental system (Fig. 5). One
possible explanation is that different recycling pathways are
used for MRP4 and the B2AR. B2AR uses the SNX27/retromer-
mediated recycling pathway from EEA1-positive endosomes to
the plasma membrane (38), whereas MRP4 can be recycled to
the plasma membrane predominantly using other routes such
as the Rab11-dependent recycling pathway. Unlike endogenous
MRP4, the expression of exogenously expressed MRP4 was
controlled positively by SNX27 (data not shown). This differ-
ence may reflect the localization of MRP4 to early endosomes,
where SNX27 and 32AR, but not endogenous MRP4, are acces-
sible because of saturation of the normal intracellular traffick-
ing pathway of MRP4 by its high transient expression, facilitat-
ing the SNX27/retromer-mediated recycling of MRP4 to the
plasma membrane and consequent increase in its cell surface
expression.

In conclusion, our in vitro studies suggest that SNX27 asso-
ciates physically with MRP4 through PDZ-PDZ interaction,
which promotes the internalization of MRP4 and thereby neg-
atively regulates its cell surface expression and transport func-
tion. MRP4 makes a vital contribution to the bodily distribution
of xenobiotics and endogenous compounds through its cellular
efflux abilities (6, 7). Therefore, impaired regulation of MRP4
and of other reported proteins that interact with SNX27 may be
responsible for growth and survival defects in the SNX27 gene-
deleted mice (12). Further studies on the physiological function
of MRP4 would provide mechanistic insights into these
phenotypes.

In addition to a role in the intracellular trafficking shown
in this study, PDZ-PDZ interaction seems to be essential for
the physiological function of MRP4 because MRP4 forms
macromolecular complexes with CFTR at the apical mem-
brane of gut epithelial cells, where these complexes are involved
in the regulation of CFTR-mediated chloride currents (7).
Future research to characterize further the proteins interacting
with the PDZ-bm of MRP4 and their functions would advance
our understanding of the posttranslational regulation of MRP4,
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including its
function.

intracellular trafficking and physiological
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