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ABSTRACT

Project Code : TRG5380010

Project Title : Roles of proteins involving in anion exchanger 1 trafficking in

human kidney cells

Investigator : Dr. Mutita Junking Mahidol University
E-mail Address : mjunking@yahoo.com, mutita.jun@mahidol.ac.th
Project Period : June 2010 — May 2012

Distal renal tubular acidosis (dRTA) is a kidney disease characterized by defect
of acid secretion by the a-intercalated cells of the cortical collecting duct of the distal
nephron. Development of dRTA is result from impaired trafficking of kidney anion
exchanger 1 (kAE1), a CI/HCO, exchanger at the basolateral membrane of o-
intercalated cells. The trafficking route of kAE1 from its biosynthesis site to the
basolateral membrane has not been well characterized. We have recently reported that
AP-1 mui1A, a subunit of AP-1A adaptor complex involving in sorting of the cargo
proteins, interacts with the C-terminus of kAE1. In this study, role of basolateral-related
sorting proteins including adaptor protein complexes, clathrin, and protein kinase D on
kAE1 localization were determined using RNA interference (RNAI) in polarized MDCK
cells. Suppression of AP-1A, AP-3, AP-4, and clathrin reduced membranous kAE1.
The interaction between KkAE1 and sorting proteins was observed by co-
immunoprecipitation and yellow fluorescent protein-based protein fragment
complementation assay (YFP-PCA) in HEK 293T cells. Moreover, co-localization
between kAE1 and sorting proteins was investigated by immunofluorescence staining in
human kidney tissues. To gain a better understanding into normal kAE1 trafficking,
further studies would be carries out in polarized kidney cell lines to examine next steps
of trafficking involving transportation along cytoplasm, tethering, and fusion of kAE1 to
membrane. The investigation of normal trafficking of human kAE1 will provide a new

perception into a molecular mechanism associated with the pathogenesis of dRTA.

Keywords : kidney anion exchanger 1, distal renal tubular acidosis, protein trafficking,

sorting protein
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EXECUTIVE SUMMARY

Kidney anion exchanger 1 (kAE1) is a bicarbonate transporter involved in maintaining
acid-base homeostasis in the human body. kAE1 is the basolateral CI/HCO, exchanger of
the acid-secreting type A intercalated cells of the kidney. Several mutations in the AE7
(SLC4A1) gene have been found and associated with both autosomal dominant and
autosomal recessive distal renal tubular acidosis (dRTA) which characterized by an inability of
the kidney to secrete H" into urine resulting in systemic metabolic acidosis often accompanied
by several clinical manifestations including muscle weakness, growth retardation, metabolic
bone disease, nephrocalcinosis, nephrolithiasis, chronic pyelonephritis, and renal failure. The
AE1 mutations associated with dRTA do not cause defect of the protein in CI/HCO, exchange
function but result in impaired ftrafficking or mistargeting of the mutant kAE1 proteins.
Characterization of dRTA-associated AE7 mutations using transfected cell systems
demonstrated that AE1 mutations affect the intracellular trafficking of kAE1 protein to the
basolateral surface, either mistargeting kAE1 protein to inappropriate destinations or
accumulating within intracellular compartment. However, it has yet been unknown how the
protein trafficking fails or why mistargeting of KAE1 protein occurs.

Protein transport along the secretory pathway is a tightly regulated process and
requires specific protein-protein interactions and recognitions between cargo molecules and
trafficking machinery to achieve correct targeting of cargo proteins to their destinations.
Mutations that disrupt such interactions or cause protein misfolding often impair the transport
process. To understand the pathogenesis of dRTA caused by AET mutations, it is
necessary to investigate the transport and targeting process of kAE1 protein from its
biosynthesis site to the cell surface in both normal and abnormal conditions.

To investigate the trafficking process of kAE1 and why mutant KAE1 fail to transport,
our group has identified interacting proteins of KAE1 in human kidney using yeast two hybrid
(Y2H) screening. Proteins that specifically interact with KAE1 (either N- or C-terminus) have
been screened and isolated from a human kidney cDNA library. The partial sequences of
prey-cDNAs obtained from the screening and sequencing were analyzed with homology
BLAST search for full-length cDNA and proteins in the NCBI GenBank and EMBL
databases.

We have recently reported that AP-1 mu1A, a subunit of AP-1A adaptor complex
involving in sorting of the cargo proteins, interacts with the C-terminus of KAE1. However, it
is not known whether or not kAE1 trafficking depend on other sorting proteins, such as other
members of adaptor complex (AP-1B, AP-3, and AP-4), Clathrin, Protein kinase D1, and
Protein kinase D2 as well as motor proteins, such as kinesins which are also important in

the basolateral trafficking process.



In this study, the roles of basolateral trafficking-related proteins have been
characterized. Members of adaptor complex (AP-1B, AP-3, and AP-4), Clathrin, and Protein
kinases (PKD1 and PKD2) were knocked down and examined for their effect on cell
surface transport of kKAE1 in Madin-Darby canine kidney cell lines (MDCK). Interactions
between kAE1 and effected proteins were observed human kidney cell lines (HEK 293T).
Moreover, localization of kAE1 and trafficking-related proteins were investigated human
kidney tissues. This study provide a new insight into molecular mechanisms of kAE1
trafficking associated with adaptor-related protein complexes and motor proteins in normal

conditions in human o-intercalated cells.



INTRODUCTION

Distal renal tubular acidosis (dRTA) is a kidney disease characterized by a failure of acid
secretion by the a-intercalated cells of the cortical collecting duct of the distal nephron. This
failure of acid secretion it leads to an inability to acidify the urine to a pH of less than 5.5.
Because renal excretion is the primary means of eliminating acid from the body, the decrease
net acid excretion into urine results in positive acid balance and hyperchloremic metabolic
acidosis, which often associate with several clinical manifestations including muscle weakness,
growth retardation, metabolic bone disease, nephrocalcinosis, nephrolithiasis, chronic

2). Familial dRTA can be inherited in both autosomal

pyelonephritis, and renal failure'™
dominant (AD) and autosomal recessive (AR) patterns with a broad spectrum of clinical
severity. Patients with AD dRTA sometimes remain asymptomatic until reaching adolescence
or adulthood, whereas others with AR dRTA may be severity affected since young ages
accompanied with failure to thrive, growth retardation and rickets. Development of dRTA can
result from mutations in any genes of several ion transporters and enzymes required for acid
secretion and bicarbonate reabsorption across the o-intercalated cell membrane® ¥. A
common hereditary cause is mutations of solute carrier family 4, anion exchanger, member 1
(SLC4A1) or AE1 gene encoding anion exchanger 1 (AE1, band 3)(5), the basolateral
bicarbonate transporter of the intercalated cell, which may transmit in an autosomal dominant
fashion in western European cases, or in an autosomal recessive fashion in Southeast Asian
cases. The Southeast Asian cases are associated with more severe hypokalemia(s).

Human AE1 is a prototype member of bicarbonate transporter superfamily involving in
maintenance of acid-base homeostasis in human body. The human AE17 gene located on
chromosome 17921-22. The AE1 gene comprises 20 exons and 19 introns ranging to
approximately 20 kb® ”. It encodes erythroid AE1 (eAE1), the major integral protein that
serves the dual roles of CI/HCO, exchange and cytoskeletal anchorage of red cell membrane,
and kidney AE1 (kAE1), which is the basolateral CI/HCO, exchanger of the acid-secreting
o-intercalated cell of the kidney. Transcription of the eAE1 in erythroid precursors is under
the control of an erythroid-specific promoter upstream of exon 1, while the renal transcription
arises from a distinct promoter within intron 3 of the AE7 gene. Thus the resultant kidney
transcripts encode kidney-specific kAE1 polypeptides lacking 65 amino acids at the N-
terminus®.

The function of kAE1 is important in the process of bicarbonate reabsorption across the
basolateral membrane of the a-intercalated cells of the renal collecting duct, which occurs in
association with net acid excretion mediated by H'-ATPase pump in the apical membrane of
these cells. Failure of either acid excretion or bicarbonate reabsorption by these cells leads
to intracellular accumulation of H and HCO3' and inhibit further dissociation of carbonic acid,

leading to an electro neutral imbalance and failure of the a-intercalated cells in acid

3



secretion or dRTA®"?,

Despite the importance of kAE1 for acid-base homeostasis, very
little is known about its trafficking or regulation in the kidney. Animal studies suggest that
the a-intercalated cells might increase kAE1 levels at the basolateral membrane during
chronic metabolic acidosis and reduce kAE1 levels during acute metabolic alkalosis" " but
the mechanism for how this occurs is unknown.

AE1 is a 911 amino acid multispanning membrane protein, with both N-terminal
(residues 1-359) and C-terminal (residues 881-911) domains located in the cytoplasm. Both
the N- and C-termini are essential for basolateral trafficking of kAE1"™.  Several motifs
located within the cytosolic domains of integral membrane proteins are involved in the
“ The study

showed that the C-terminus

targeting of basolateral proteins, including tyrosine motifs and di-leucine motifs
of a natural C-terminal truncation mutant kAE1R901stop(17’ ¥
contains a nonclassical tyrosine motif, Y904 (using erythrocyte AE1 numbering) that is

(15, 18, 19)

critical for basolateral trafficking . The identity of the N-terminal trafficking determinant

is unknown, but one suggestion is that the N-terminal tyrosine residue Y359 might be
important“s’ 20,

eAE1?"

This is because both Y359 and Y904 are known to be phosphorylated in
and Y359 and Y904 in KAE1 are phosphorylated under specific conditions and that
tyrosine phosphorylation can influence kAE1 localization””

Several mutations in AE7 gene have been found to be associated with both autosomal

23-25 . . .
( ). The mutations associated with autosomal

dominant and autosomal recessive dRTA
dominant dRTA such as missense mutations in codon 589 (R589H, R589S, R589C), S613F,
and R901X still maintaining anion exchange activity, are defective in AE1 traffic to the
basolateral surface, causing either intracellular retention of AE1 in non-polarized human
embryonic kidney 293 (HEK 293) or mistargeting of AE1 to apical membrane in polarized
Madin-Darby canine kidney (MDCK) cells™ ™ * ) The AE1 mutations linked to autosomal
recessive dRTA are G701D, Av850 and A858D%". A current hypothesis is that these
mutations caused dRTA either by preventing the movement of mutant and normal proteins to
the cell surface (impaired trafficking) or sending the mutant proteins to inappropriate site (mis-
targeting), which resulted in impairing bicarbonate movement across the basolateral
membrane®® **.

The trafficking itinerary of KAE1 from its biosynthesis site to specialized subdomains on
the basolateral membrane surface has not been well characterized. So far, beyond
observations that some mutations caused defects in trafficking to basolateral membrane of
kAE1, it has yet been unknown how the protein trafficking fails and what checkpoint is present
in normal trafficking of KAE1. Thus, to understand kAE1 transport, targeting, and regulation, it
is necessary to identify kAE1 binding proteins (KAE1-BPs). The possibility is that different
binding protein(s) that interact with either C-terminal or N-terminal cytoplasmic domain of kAE1
may contribute KAE1 trafficking or targeting to basolateral membrane in human kidney. The

yeast-two hybrid (Y2H) system is among a few methods to demonstrate protein-protein

4



30 . . . . .
®® " This can be carried out by a selection or screening for novel proteins

interaction in vivo
from cDNA library that specifically interacts with a target protein of interest. The principle of
this system is based on transcription readout taking place within living yeast cells. Y2H
screening has been conducted to isolate protein from cDNA library derived from human kidney
cells that interacts with the large N-terminal and C-terminal region of KAE1. To gain a better
insight into kAE1 trafficking, we recently reported for proteins binding to the C-terminal
region of KAE1 (Ct-kAE1) containing motifs crucial for intracellular trafficking by a yeast two-
hybrid (Y2H) screen®”
found to interact with Ct-kAE1 by the Y2H screen. The interaction between Ct-kAE1 or full-

. An adaptor-related protein complex 1 1A (AP-1 mu1A) subunit was

length KAE1 with AP-1 mu1A was confirmed by in vitro and in situ studies, including GST
pull-down assay, co-immunoprecipitation, affinity co-purification, co-localization, and yellow
fluorescent protein (YFP)-based protein fragment complementation assay (PCA).
Interestingly, suppression of endogenous AP-1 mu1A in human embryonic kidney (HEK)
293T by small interfering RNA (siRNA) decreased membrane localization of kAE1 and
increased its intracellular accumulation, suggesting a role of AP-1 mulA in the KAE1
trafficking in kidney Ol-intercalated cells®”.

The adaptor protein complexes play crucial roles in cargo selection and vesicle
formation in post-Golgi trafficking pathways. So far, four types of adaptor protein complexes
have been described: AP-1, AP-2, AP-3 and AP-4. Three of them (AP-1, AP-3 and AP-4)
function in protein sorting at the trans-Golgi network (TGN) or endosomes, while one (AP-2)
mediates endocytosis at the plasma membrane. In mammalian, two forms of AP-1
complexes, AP-1A and AP-1B, exist. Both share the same subunits except the medium
chain, which is a central subunit that mediates cargo selection via direct binding with
tyrosine-based sorting motifs on the cytoplasmic domain of cargo proteins(32'34) AP-1A
contains an ubiquitiously expressed mu1A whereas AP-1B contains an epithelial-specific
mu1B subunit™. Functionally, the ubiquitous AP-1A facilitates vesicle transport between the
TGN and early endosomes, and the epithelial-specific AP-1B is required for polarized

)

trafficking of many basolateral membrane proteins(36. The AP-3 adaptor protein regulates

the exit of exogenous vesicular stomatitis virus glycoprotein (VSVG) that contains

basolateral sorting signal, from the Golgi complex in HelLa cells en

Simmen et al. ®® have
proposed a role for AP-4 in basolateral sorting of receptors for LDL, transferrin and
mannose-6-phosphate in MDCK cells, but their study did not fully clarify the organelle
location of this sorting event. Clathrin is expected to be involved in basolateral protein

sorting, as adaptor protein complexes have binding sites for clathrin®.

All four adaptor
protein complexes bind directly to both YXX® motifs (in which X represents any amino acid
and @ represents a large hydrophobic residue) and [D/E]XXXL[L/I] ‘acidic dileucine’ motifs,
at least one of which is contained in many clathrin-coated vesicles cargo proteins. Clathrin-

coated vesicles (CCV) are vehicles for intracellular trafficking in all nucleated cells. Many



studies have demonstrated their essential roles in endocytosis and cellular signaling
processes at the plasma membrane. Clathrin is also required for polarity of the basolateral
plasma membrane proteins in the MDCK cells. Suppression of clathrin expression by RNA
interference depolarized most basolateral proteins and slowed down the exit of basolateral
proteins from the Golgi complex and promoted their mis-sorting into apical carrier vesicles
while clathrin knockdown did not affect the polarity of apical proteins. These results
demonstrate necessity for clathrin in basolateral protein trafficking in epithelial cells"”.

In polarized epithelial cells, protein transport from the TGN is directed towards two
different plasma membrane domains, apical and basolateral. For basolateral proteins,
adaptor protein complexes and clathrin-coated vesicles might be involved in sorting proteins
in the TGN. Protein kinase D1 (PKD1) is a serine/threonine kinase that binds to the TGN

(41, 42)

through its first cysteine-rich domain in a DAG-dependent process Expression of a

kinase-inactive form of PKD inhibited protein transport from the TGN to the cell surface™
Two additional isoforms of PKD, PKD2 and PKD3, have been identified. In polarized MDCK
cells, PKD1 was required to transport proteins that contained basolateral sorting signals.
Inactivation of PKD1 arrested basolateral cargo molecules in the TGN. Proteins containing
apical sorting signals were not found arrested in the TGN when the kinase activity of PKD1

was compromised in the MDCK cells®”

Similarly, PKD2 and PKD3 are also necessary for
the transport of basolateral proteins from the TGN. Interestingly, PKD1 and PKD2 are
responsible for transporting different basolateral cargo molecules from the TGN. In cells
deficient in PKD1 kinase activity, the basolateral protein Sec6 was found arrested in the
TGN® Transport of E-cadherin and B-integrin to the basolateral surface was unaffected
under these conditions. Conversely, expression of a kinase-inactive form of PKD2 resulted
in retardation of B-integrin and E-cadherin transport, but not of Sec6p transport, in the TGN.
PKD3 was found to inhibit the trafficking of the VSV-G protein (a protein containing the
basolateral sorting signals) but did not affect the transport of apical cargo or of the

basolateral proteins Sec6p, P-integrin, and E-cadherin™®

Thus, PKD3 is also involved in
the transport of basolateral cargo. However, the identities of the intracellular molecules that
require the activity of PKD3 are not known.

RNA interference (RNAI) is a powerful technology for investigation of protein expression
or function. RNA interference is a process by which gene is post-transcriptional suppressed
using double stranded RNA (dsRNA) duplexes as guide to target and destroy their

(44, 45)

homologous mRNA in a sequence specific manner . The most important characteristics of

RNAI is that it is triggered by dsRNA, which is cleaved into 21-23 bp so called small interfering

RNA (siRNA) by RNase lll-ike enzyme inducer.

The siRNA is subsequently loaded onto
multicomponent nuclease to form a complex known as RNA-induced silencing complex

(RISC). The RISC hybridizes to target mRNA with a complementary region leading to



cleavage of its target in the middle of 21-23 bp of the complementary without affecting the
unrelated RNA.

In this study, the role of basolateral-related sorting proteins including adaptor protein
complexes, clathrin, and protein kinase D on kAE1 localization were determined using RNAI in
polarized MDCK cells permanently expressing kAE1-HA. The interaction between kAE1 and
sorting proteins was observed in vitro by co-immunoprecipitation and in situ by yellow
fluorescent protein-based protein fragment complementation assay (YFP-PCA) in human
kidney cell lines (HEK 293T). Moreover, co-localization between kAE1 and sorting proteins
was investigated in human kidney tissues by using immunofluorescence staining. To gain a
better insight into normal kAE1 trafficking, further studies would be carries out in polarized
kidney cell lines to examine next steps of trafficking involving transportation along cytoplasm,
tethering, and fusion to membrane. The investigation of the normal trafficking of human
kAE1 will provide a new perception into a molecular mechanism associated with the

pathogenesis of dRTA.



OBJECTIVES

1. To study the role of basolateral trafficking-related proteins on kAE1 localization in MDCK
and HEK 293T cells.

2. To examine the interaction between kAE1 and basolateral trafficking-related proteins in
HEK 293T cells.

3. To observe the expression and localization of kAE1 and basolateral trafficking-related

proteins in human kidney tissues.



RESEARCH METHODOLOGY

1. Establishment of MDCK cells permanently expressing kAE1 (MDCK-kAE1-HA)
1.1 Cell culture and viral preparation
HEK 293T cells were maintained in complete medium [Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum (PERBIO), 100 Units/ml penicillin
and 100 pg/ml streptomycin]. The cells were cultured in 25-cm’ flask at 37°C with 5% CO,
and sub-cultured twice per week following a standard trypsinization protocol. The day before
transfection, the cells were cultured in 25-cm’ flask with 50% confluent then cells will be co-
transfected with pVpack-GP, pVpack-VSVG, and pFB Neo-WT kAE1 HA557 (1.5 ug each)
using FUGENE® 6 Transfection Reagent (Roche). After incubate for 24-36 h, culture medium
was collected and filtered.
1.2 Viral transfection
The day before transfection, MDCK cells were cultured in 25-cm’ flask with 50-
70% confluent. In order to make cells susceptible to virus, 1:1000 of Polybrene (Sigma)
was added for 2 h. Then culture medium containing virus prepared as above was added
to Polybrene treated MDCK cells for 24-36 h. Then culture medium was removed and
replaced with medium containing G418 (Sigma). The cells were cultured in G418 medium
for 1 week, and colonies resistant to G418 were screened. kAE1-HA was detected by rabbit
anti-HA (Invitrogen), or mouse anti-f-actin antibody (Sigma) as an internal control followed
by probing with either swine anti-rabbit antibody conjugated-horseradish peroxidase (HRP)
(DakoCytomation) or rabbit anti-mouse antibody conjugated-HRP (DakoCytomation)
respectively. Chemiluminescent signals generated by SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific) were detected using a G:BOX
chemiluminescence imaging system (Syngene).
1.3 Immunofluorescent staining in polarized MDCK cells
MDCK-KAE1-HA cells or wild type MDCK cells were grown on 24 mm polyester
Transwell filter supports (Corning Costar), with a diameter of 12 mm and a pore size of 0.4
um for 4 days. Filters were rinsed twice with cold PBS and fixed in ice-cold methanol for 10
min. After two washes with PBS, cells were permeabilized with 0.2% (v/v) Triton X-100 in
PBS for 15 min, washed 3 times in PBS, and blocked with 3% (w/v) BSA/PBS for 30 min
prior to incubation with rabbit anti-HA (Invitrogen) for 60 min at room temperature. Cells
were then washed three times with PBS and incubated with donkey anti-rabbit IgG
conjugated with Cy3 fluoresceine (Jackson Immunoresearch Laboratories) for 30 min at
room temperature. The filters were incubate with PBS containing Hoechst 33342 (Molecular
Probes) and then washed with PBS and mounted with Fluorosave (Invitrogen). Cellular
localization of KAE1-HA was observed by using a laser scanning confocal Zeiss LSM 510

microscope (Carl Zeiss).



2. Conventional PCR

To examine mRNA expression of sorting proteins from MDCK-KAE1-HA cells, total RNA
was prepared by Trizol reagent (Invitrogen) and chloroform extraction. mRNA was quantified
by conventional PCR using a pair of specific primers for each sorting proteins consisting of
forward primer and reverse primer (Table 1). The assay was performed by using GoTag®
DNA polymerase (Promega) and thermocycler (Biometra). Briefly, RNA samples (1 pg) were
reverse transcribed using the SuperScript " First-Strand Synthesis System (Invitrogen) as
specified by the manufacturer. The PCR amplification of the cDNA products was carried out in
a reaction that contained 1 pl of cDNA, 5x colorless GoTaqg® reaction buffer (Promega), 10
mM dNTP mix (Promega), 10 pmol of each primer and 0.25U GoTaq® DNA polymerase
(Promega). cDNA samples were heated at 95°C for 5 minutes and then subjected to 30
amplification cycles of denaturation at 95°C for 30 seconds, primer annealing at 58°C for 30
seconds, and extension at 72°C for 30 seconds, followed by a final extension at 72°C for 10
minutes. DNA fragments were visualized after agarose gel electrophoresis by staining with

ethidium bromide. The following negative controls were included water instead of cDNA.

Table 1 Sequences of primers for candidate sorting proteins

Sorting protein Forward primer Reverse primer
Adaptor-related protein complex 1A (AP-1A) CTAGTGTGGAGGCCGAAGAC | CGGAGCTGGTAATCTCCATT
Adaptor-related protein complex 1B (AP-1B) CAATGCCTCCCTGGTGTACT GACACAGCGTTGGTGACAGT
Adaptor-related protein complex 3 (AP-3) ATGAACCTGACACCCACACA GGCTCGGATTCTCTTCTGGT
Adaptor-related protein complex 4 (AP-4) GGCTCAAGAGCTTCCTTCCT TACCGCATCACAGTCAGCTC
Clathrin heavy chain (CTLC) TGAAGTTGGCACACCACCTA TGGCTTCATGAGGTGCAGTA
Protein kinase D1 (PKD1) TGCACCGAAAGTACCAAACA ACTCTGCCATTGCCATCTCT
Protein kinase D2 (PKD2) CAACAAGGACACGCTGAGAA | GCAGTGACGATCTCAAAGCA

3. RNA interference

Small interfering RNA (siRNA) directed against each sorting proteins was designed using
BLOCK-T™ RNAI Designer (Invitrogen). The target sequences for siRNA of each sorting
protein are shown in Table 2. Transfection of each siRNA or siControl was performed using
Lipofectamine 2000 (Invitrogen) as detailed by the manufacturer. MDCK-kAE1-HA cells (104
cells) were grown on 24 mm polyester Transwell filter supports for 2 days before transfection.
The double-stranded siRNA were transfected. Then the cells were harvested 3 days after
transfection for further study by immunofluorescence staining and flow cytometry.

To examine knockdown efficiency by siRNA, total RNA was prepared from the
transfected cells by Trizol reagent (Invitrogen) and chloroform extraction. The mRNA was
quantified by real-time RT-PCR using a pair of specific primers as showed in Table 1. The
assay was performed by using LightCycIer® 480 SYBR Green | Master (Roche) and a
LightCycIer® 480 Instrument equipped with a 96-well thermal cycler (Roche). Briefly, RNA
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samples (1 wg) were reverse transcribed using the SuperScript .

First-Strand Synthesis
System (Invitrogen) as specified by the manufacturer. cDNA templates were then subjected
to a 10-minute initial denaturation at 95°C prior to 50 cycles of PCR (95°C for 15 seconds,
58°C for 15 seconds, and 72°C for 30 seconds, per cycle) in the presence of Tag DNA
polymerase and the primer pairs. The mRNA levels were normalized against human beta-
actin  (forward primer 5-AGAAAATCTGGCACCACACC-3' and reverse primer 5-
CTCCTTAATGTCACGCACGA-3’) using the comparative Ct (delta delta Ct) method. The
experiment to generate each data set was performed in ftriplicate, which was expressed as
an average value (mean + SE) and the significant of differences was addressed by Student’s

t-test. A P-value < 0.05 was considered statistically different.

Table 2 Accession number and target sequence for siRNAs

Sorting proteins Accession number Target sequence
Adaptor-related protein complex 1A (AP-1A) NM_032493.3 TCCGAAGGCATCAAGTATCGGAAGA
Adaptor-related protein complex 1B (AP-1B) NM_005498.4 AATTCCACCAGTGCGTGCGGC
Adaptor-related protein complex 3 (AP-3) NM_012095.4 AAGGCAGCTATACATTTGATC
Adaptor-related protein complex 4 (AP-4) NM_004722.3 AAGTGCTGGACTATGGCTATG
Clathrin heavy chain (CTLC) NM_004859.3 AAGCCACAGCTGGAATAATTG
Protein kinase D1 (PKD1) NM_002742.2 AAGTGACCATTAATGGAGATT
Protein kinase D2 (PKD2) NM_016457.4 AACAACACGACCAACAGATAC

4. Flow cytometry

HA epitope inserted at the third extracellular loop of kAE1 would be expressed
extracellularly. Thus, expression of KAE1-HA on the cell surface could be determined by
fluorescence staining and flow cytometry. MDCK-kKAE1-HA cells were transfected with
siRNA against each of sorting protein or siControl. Three days after transfections, the cells
were collected by trypsinization then centrifugation at 4°C. They were re-suspended in
chilled DMEM containing with 2% fetal bovine serum, 1% BSA, and 10 mM NaN,, before
incubated with rabbit anti-HA antibody (Invitrogen) for 1 hour at 4°C. After incubation, the
cells were washed twice with chilled DMEM containing with 2% fetal bovine serum, 1% BSA,
and 10 mM NaN,. Then, donkey anti-rabbit IgG conjugated with Cy3 fluoresceine (Jackson
Immunoresearch Laboratories) was used for 1 hour at 4°C. The cells were washed again

and analyzed by using FACSort™ flow cytometer (Becton—Dickinson).

5. Co-immunoprecipitation

HEK 293T cells were transfected with KAE1-Myc for 48 hours. Then the HEK 293T cells
were lysed in RIPA buffer containing 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS,
150 mM NaCl, 20 mM Tris—HCI; pH 7.4, 5 mM EDTA, and protease inhibitor cocktail. Five
ug of mouse anti-AP-1A (Abnova), mouse anti-AP-1B (Abnova), goat anti-AP-3 (Santa Cruz
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Biotechnology), mouse anti-AP-4 (Santa Cruz Biotechnology), or goat anti-Clathrin (Santa
Cruz Biotechnology) were added to lysates. The mixture was incubated with gentle rotation
at 4°C for 6 hours. The incubation was continued 24 hours after addition of Protein G
Sepharose (Amersham Pharmacia Biosciences). Subsequently, Protein G Sepharose was
collected by centrifugation at 13,000 x g for 5 min and washed twice with 0.1% Triton X-100,
150 mM NaCl, 20 mM Tris—HCI; pH 7.4, 5 mM EDTA. The bound proteins were eluted by
boiling in SDS-PAGE loading buffer, separated by SDS-PAGE, and transferred to
nitrocellulose membrane. After blocking with 5% skim milk, the membranes were incubated
with mouse anti-Myc (Santa Cruz Biotechnology) followed by probing with either a rabbit
anti-mouse antibody conjugated-horseradish peroxidase (HRP) (DakoCytomation).
Chemiluminescent signals generated by SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) were detected using a G:BOX chemiluminescence imaging

system (Syngene).

6. Construction of sorting proteins-expressed vectors

pcDNA3.1/Zeo-YFP[1]-Zip and pcDNA3.1/Zeo-YFP[2]-Zip, encoding two separate
fragments of yellow fluorescent protein (YFP) fused with leucine zipper protein inserted
between the Nofl/Xbal sites of the pcDNA3.1/Zeo vectors (Invitrogen), were the gifts from
Professor Stephen W. Michnick, University of Montreal, Canada. These constructs were
consisted of the sequences encoding YFP fragments (either YFP[1] — amino acids 1 to 158,
or YFP[2] — amino acids 159 to 240) and Zip cDNA encoding leucine zipper. A sequence
encoding flexible 10 amino-acid linker (GGGGS), was inserted between the sequences
encoding YFP fragment and leucine zipper. The full-length cDNAs encoding KAE1 wild type
(WT) were amplified by PCR and subcloned into the BspEl/Xbal sites of the pcDNA3.1/Zeo-
YFP[1]-Zip by replacing the Zip sequence. AP-1A, AP-1B, AP-3, and AP-4 were also
amplified by PCR and subcloned into the BspEl/Xbal, Notl/Xbal, BamHlI/Xhol, and Notl/Xbal
of the pcDNAS3.1/Zeo-YFP[2]-Zip, respectively. pcDNA3.1-CHC-FL constructs for full-length
clathrin heavy chain were the gifts from Dr. Masato Enari, National Cancer Center Research
Institute, Division of Refractory Cancer Research, Tokyo, JAPAN. The construct was
subcloned into the Hindlll/Nofl site of pcDNA3.1/Zeo-YFP[2]-Zip by replacing the Zip
sequence. Plasmid constructs, including pcDNA3.1/Zeo-YFP[1]-kKAE1, pcDNA3.1/Zeo-
YFP[2]-AP-1A, pcDNAS3.1/Zeo-YFP[2]-AP-1B, pcDNA3.1/Zeo-YFP[2]-AP-3, pcDNAS3.1/Zeo-
YFP[2]-AP-4, and pcDNA3.1/Zeo-YFP[2]-CLTC were generated. These constructs could
express YFP[1]-kAE1, YFP[2]-AP-1A, YFP[2]-AP-1B, YFP[2]-AP-3, YFP[2]-AP-4 and YFP[2]-
CLTC fusion proteins, respectively. The insert sequences in all constructs and their in-frame

junctions were confirmed by DNA sequencing.
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7. Yellow fluorescent protein-based protein fragment complementation assay (YFP-

PCA)

Two days before transfection, the HEK 293T cells were collected by trypsinization and
seeded in 6-well plates. The cultured cells were individually transfected with 1 ug each of
the following constructs: pcDNA3.1/Zeo-YFP[1]-kAE1, pcDNA3.1/Zeo-YFP[2]-AP-1A,
pcDNA3.1/Zeo-YFP[2]-AP-1B, pcDNA3.1/Zeo-YFP[2]-AP-3, pcDNA3.1/Zeo-YFP[2]-AP-4, and
pcDNA3.1/Zeo-YFP[2]-CLTC by using Lipofectamine 2000 (Invitrogen) according to the
manufacture’s protocol. The cells were also co-transfected with different pairs of the
constructs including: pcDNA3.1/Zeo-YFP[1] and pcDNA3.1/Zeo-YFP[2] (as a negative
control), pcDNA3.1/Zeo-YFP[1]-kAE1 and pcDNA3.1/Zeo-YFP[2]-kAE1 (as a positive control
due to kAE1 dimerization), pcDNA3.1/Zeo-YFP[1]-kAE1 and pcDNAS3.1/Zeo-YFP[2]-AP-1A,
pcDNA3.1/Zeo-YFP[1]-kAE1 and pcDNA3.1/Zeo-YFP[2]-AP-1B, pcDNA3.1/Zeo-YFP[1]-kAE1
and pcDNA3.1/Zeo-YFP[2]-AP-3, pcDNA3.1/Zeo-YFP[1]-kAE1 and pcDNA3.1/Zeo-YFP[2]-
AP-4 and pcDNA3.1/Zeo-YFP[1]-kAE1 and pcDNA3.1/Zeo-YFP[2]-CLTC. Two days after
transfection, the cells were fixed in situ in 3% formaldehyde, rinsed, permeabilized with 0.1%
Triton X-100 in PBS and blocked with 1% BSA. Then the cells were reacted with rabbit
anti-TGN46 (Abcam), followed by donkey anti-rabbit IgG conjugated with Cy3 fluoresceine
(Jackson Immunoresearch Laboratories). The coverslips were incubate with PBS containing
Hoechst 33342 (Molecular Probes) and then washed with PBS and mounted with
Fluorosave (Invitrogen). Cell fluorescence images were observed by using a laser scanning

confocal Zeiss LSM 510 microscope (Carl Zeiss).

8. Double immunofluorescence staining

Human fresh frozen tissues were obtained from leftover specimens of the Department
of Pathology, Faculty of Medicine Siriraj Hospital, Mahidol University, Thailand. The protocol
was approved by the Human Research Ethics Committee, Siriraj Institutional Review Board,
Mahidol University (#Si128/2011). Sections were fixed by acetone for 10 minutes before
immunostaining with the rabbit anti-human band3 (kAE1) (Santa Cruz Biotechnology) and
mouse anti-AP-1A (Abnova), mouse anti-AP-1B (Abnova), goat anti-AP-3 (Santa Cruz
Biotechnology), mouse anti-AP-4 (Santa Cruz Biotechnology), or goat anti-Clathrin (Santa
Cruz Biotechnology) as the primary antibodies, followed by donkey anti-rabbit IgG
conjugated with Cy3 fluoresceine (Jackson Immunoresearch Laboratories) and goat anti-
mouse IgG or donkey anti-goat coupled to Alexa 488 (Invitrogen) as the secondary
antibodies. The sections were then were incubate with PBS containing Hoechst 33342
(Molecular Probes) and then washed with PBS and mounted with Fluorosave (Invitrogen).

The sections were examined under the LSM 510 META confocal microscope (Carl Ziess).

13



RESULTS

1. MDCK cells permanently expressing kAE1 was established as MDCK-kAE1-HA cells.

MDCK cells that permanently expressed HA-tagged kAE1 (kAE1-HA) were constructed as
MDCK-kKkAE1-HA using retroviral system. KkAE1-HA in MDCK cells was determined by
immunoblotting and immunofluorescence staining. kAE1-HA could be detected in protein
lysate (Figure 1A) and localized at basolateral membrane of polarized MDCK-KAE1-HA cells
(Figure 1B).

o >
© X
A “Qe"‘ (\,@@ B Wild type MDCK MDCK-KAE1-HA
A C
Q\\\ V‘\O

Anti-HA . € KAEL-HA
(96 kDa)

Anti-B-actin | NS W < B-actin
(47 kDa)

__ X.Z
.. )

Figure 1 Expression of KAE1-HA in MDCK cells. (A) Immunoblotting using anti-HA antibody.
(B) Localization of kAE1 in polarized MDCK-kAE1-HA cells by confocal microscopy using anti-
Ct-kAE1 antibody.

2. The endogenous expression of basolateral sorting proteins were detected in
MDCK-kAE1-HA cells.

The expression of AP-1 mu1A (AP-1A) and other six candidate sorting proteins, which
may affect kKAE1 trafficking, were determined in MDCK-KAE1-HA cells. Total RNA was
extracted and reverse transcribed. Then mRNA was quantified by conventional PCR using
primers as shown in Table 1. All selected sorting proteins were detected in MDCK-KAE1-HA

cells (Figure 2).
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Figure 2 Gene expressions of candidate sorting proteins in MDCK-kAE1-HA cells were

determined by conventional PCR.
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3. Suppression of AP-1A, AP-3, AP-4, and CLTC but not AP-1B, PKD1, and PKD2

reduced basolateral KAE1 in MDCK-kAE1-HA cells

To address the effect of selected sorting proteins on kAE1 localization, we employed
siRNA to transiently deplete the expression of each sorting proteins in MDCK-KAE1-HA cells.
siRNAs targeting sorting proteins were designed (Table 2) and the efficiency of siRNAs in
suppression of endogenous sorting proteins is shown in Figure 3. As shown by real-time PCR
analysis, transfection of MDCK-KAE1-HA cells with 10, 20, and 40 pmol of siRNA against each
of sorting protein reduced transcription within 24 h. Moreover, siRNA treatment efficiency
suppressed the level of sorting proteins in a time-dependent manner, and the suppression
effects were detected until 72 h after transfection (Figure 3A). Neither siRNA-scramble
(siControl), nor Lipofectamine 2000 (data not show) affected the level of sorting proteins
expression. Protein expression was also determined by Western blot analysis. Transfection
of MDCK-kAE1-HA cells with 40 pmol of each siRNA clearly decreased adaptor protein

complexes and clathrin proteins while expression of kKAE1-HA was not changed (Figure 3B).
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The effects of siRNA against each sorting protein on kAE1 localization were observed.
HA epitope inserted at the third extracellular loop of kAE1 would be expressed
extracellularly. Thus, expression of kAE1-HA on the cell surface could be determined by
flow cytometry and immunofluorescence staining. Non-polarized and polarized MDCK-KAE1-
HA cells were transfected with 40 pmol of siRNA against each sorting protein for 72 h then
non-polarized MDCK-KAE1-HA cells were collected and determined by flow cytometry using
anti-HA antibody. The results showed that siRNA targeting AP-1A, AP-3, AP-4, and clathrin
decreased membranous kAE1 expression >30% while siRNA against AP-1B, PKD1, and
PKD2 did not (Figure 4). siRNA transfected polarized MDCK-kAE1-HA cells were
immunofluorescence stained using anti-HA antibody. Reduction of basolateral kKAE1 was
observed in polarized MDCK-KAE1-HA cells transfected with siRNA targeting AP-1A, AP-3,
AP-4, and clathrin, but suppression of AP-1B, PKD1, and PKD2 did not affect kAE1

localization (Figure 5).
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Figure 4 Percentage of cell surface expression of kAE1. MDCK-KAE1-HA cells were
transfected with 40 pmol of siRNA against each sorting proteins or siControl for 72 h. Cells
were collected and determined by flow cytometry using anti-HA antibody. Control cells are
wild type MDCK cells. Untreated cells are untransfected MDCK-KAE1-HA cells. Results are

the mean * SD (bars) of three independent experiments.
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Figure 5 Localization of kAE1 in polarized cells. MDCK-kAE1-HA cells were grown on
polyester Transwell filter supports for 2 days then cells were transfected with 40 pmol of
siRNA for 72 h. Immunofluorescence staining was done using anti-HA antibody.

Localization of KAE1 was observed by laser scanning confocal microscope.

4. KkAE1 interacts with sorting proteins: AP-1A, AP-3, and AP-4 and clathrin but not

AP-1B in HEK 293T cells by co-immunoprecipitation and YFP-PCA

To establish whether KAE1 interacts with adaptor proteins complexes and clathrin, full-
length KAE1 cDNA sequences were previously sub-cloned into mammalian expression
vectors with Myc epitope inserted at the third extracellular loop of KAE1 and transfected in to
HEK 293T cells. Proteins interaction was observed by co-immunoprecipitated kAE1-Myc
with adaptor proteins complexes (AP-1A, AP-1B, AP-3, and AP-4) or clathrin using antibody
against each of adaptor proteins complexes or clathrin, the co-immunoprecipitated kAE1 was
detected by Western blot method using anti-Myc antibody.

Figure 6 showed co-immunoprecipitation of kAE1-Myc with AP-1A, AP-3, AP-4, and
clathrin which indicate the interaction of kKAE1 and these sorting proteins. However, co-
immunoprecipitaion of kAE1-Myc with AP-1B using anti-AP-1B antibody; the co-
immunoprecipitated kAE1 could not be detected. This suggests that another adaptor
complexes other than AP-1B could interact with kAE1 and are responsible for the

basolateral sorting of KAE1.
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Figure 6 Co-immunoprecipitation study using HEK 293T cells demonstrated interaction
between KAE1 and sorting proteins. HEK 293T cells expressing KAE1-Myc were lysed and
proteins were either directly run on SDS-PAGE or immunoprecipitated with antibody against
adaptor-related proteins or clathrin as indicated prior to the SDS-PAGE. After transferring
proteins on nitrocellulose membrane, samples were blotted with anti-Myc antibody. Lane 1:
input; lane 2: immunoprecipitation with no antibody, lane 3: immunoprecipitation with

antibody against adaptor-related proteins or clathrin, and lane 4: unbound.

The interaction between kAE1 and sorting proteins within HEK 293T cells were next
examined by yellow fluorescent protein (YFP)-based protein fragment complementation
assay (PCA). The YFP fusion proteins were individually expressed (data not shown) or co-
expressed in HEK 293T cells and their interactions demonstrated by intracellular green
fluorescent signals that were captured by confocal microscopy. HEK 293T cells were co-
transfected to express YFP[1] and YFP[2] as a negative control, no fluorescent signal was
detected (Figure 7A). As a positive control, the HEK 293T cells were co-transfected to
express YFP[1]-kAE1 and YFP[2]-KAE1; dimerization of kAE1 fusion proteins resulted in
YFP[1] and YFP[2] complementation (Figure 7B) showing intracellular green-fluorescent
signals.  Similarly, when they were co-transfected to express either YFP[1]-kAE1 and
YFP[2]-AP-1A (Figure 7C) or YFP[2]-AP-3, YFP[2]-AP-4, and YFP[2]-CLTC (Figure 7E, 7F,
and 7G), intracellular green-fluorescent signals were captured. However, intracellular green-
fluorescent signals were not detected in HEK 293T cells with co-expression of YFP[1]-KAE1
and YFP[2]-AP-1B (Figure 7D). These confirmed the co-immunoprecipitation results that
kAE1 could interact with AP-1A, AP-3, AP-4, and Clathrin but not AP-1B.
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Figure 7 Investigation of in situ interaction between kAE1 and sorting proteins in HEK 293T
cells by yellow fluorescent protein (YFP)-based protein fragment complementation assay
(PCA). (A) The cells were co-transfected to express YFP[1] and YFP[2] as negative control,
showing no fluorescent signal. (B) The cells were co-transfected to express YFP[1]-kAE1
and YFP[2]-kAE1 as positive control generating intracellular green fluorescent signals. (C)
The cells were co-transfected to express YFP[1]-kAE1 and YFP[2]-AP-1A, (E) YFP[1]-kAE1
and YFP[2]-AP-3, (F) YFP[1]-kAE1 and YFP[2]-AP-4, (G) YFP[1]-kAE1 and YFP[2]-CLTC
showing intracellular green fluorescent signals indicating their interaction. (D) The cells were
co-transfected to express YFP[1]-kAE1 and YFP[2]-AP-1B showing no fluorescent signal

indicating no interaction between kAE1 and AP-1B.

5. KkAE1 co-localizes with AP-1A, AP-3, AP-4, and clathrin but not AP-1B in human
kidney tissues as determined by double immunofluorescence staining

According to the in vitro interaction between kAE1 and basolateral-sorting proteins, we
suppose that kAE1 and those basolateral-sorting proteins co-localized in cells of kidney tissues.
We further determined the expression and localization of these proteins in human kidney tissues.
Human fresh frozen tissues were obtained from leftover specimens of the Department of
Pathology, Faculty of Medicine Siriraj Hospital, Mahidol University, Thailand. The protocol was
approved by the Human Research Ethics Committee, Siriraj Institutional Review Board, Mahidol
University (#Si128/2011). Sections were fixed and immunostained with the anti-Ct-kAE1
antibody and the antibodies against each of sorting proteins as the primary antibodies, followed
by the secondary antibodies coupled to Cy3 or Alexa 488. The sections were then examined

under the LSM 510 META confocal microscope (Carl Ziess). The antibody against kAE1
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detected both a clear predominant basolateral staining and a discrete vesicular intracellular
staining. In a high intensity, AP-1A, AP-3, AP-4, and clathrin were stained similarly as that of
kAE1 at basolateral membrane. In the insets, a higher magnification of the intracellular red and
green staining showed co-localization of both endogenous kAE1 and endogenous sorting
proteins with the exception of AP-1B, supporting that kAE1 interacts with AP-1A, AP-3, AP-4,

and clathrin in the human kidney tissue (Figure 8)
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Figure 8 kAE1 protein co-localizes with endogenous KIF3B in human kidney tissues. Fresh
frozen human kidney sections were incubated with the rabbit anti-kAE1 antibody and the
goat or mouse antibodies against each of sorting protein (first column). Slides were then
incubated with the anti-rabbit antibody coupled to Cy3 (red) and the anti-goat or anti-mouse
antibodies coupled to Alexa 488 (green), followed by nuclear staining with Hoechst 33258

(blue). The samples were examined using confocal microscope and a 100 X lens.
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DISCUSSION AND CONCLUSION

Trafficking defect of KAE1 has been revealed as a potential molecular basis of dRTA
caused by SLC4A1 mutations since almost all mutant kKAE1 showed normal level or modest

. . s g 5, 18, 24, 26, 47
reduction of anion-transport activities' ).

However, to date, the trafficking pathway
of kAE1 to the polarized basolateral cell surface and its defect associated with dRTA have
not been clearly described. To solve defective steps in kAE1 trafficking process,
identification of proteins involved in kAE1 intracellular trafficking is essential. We previously
reported the effect of AP-1 mu1A, a medium subunit of an adaptor protein complex AP-1A —
clathrin-associated adaptor proteins, on kAE1 traffickingm). Suppression of endogenous AP-
1 mu1A in human embryonic kidney (HEK) 293T by small interfering RNA (siRNA)
decreased membrane localization of kAE1, suggesting a role of AP-1 mu1A in the kAE1

trafficking in kidney a-intercalated cells®”

In this study, we proposed to identify the
molecular mechanisms of KAE1 protein trafficking to basolateral membrane of kidney cells.
Role of basolateral sorting proteins including four adaptor protein complexes (AP-1A, AP-1B,
AP-3, and AP-4), clathrin heavy chain, and two protein kinases D (PKD1 and PKD2), were
identified using siRNA. Suppression of AP-1A, AP-3, AP-4, and Clathrin heavy chain in
MDCK-kAE1-HA cells decreased basolateral membrane localization (Figure 4 and 5). While
reduction of AP-1B, PKD1, and PKD2 did not affect kAE1 localization (Figure 4 and 5). The
role of the AP-1B complex in kAE1 basolateral sorting was previously examined by
expression of wild-type C-terminal kAE1 or kAE1A11(with 11-amino acid deletion) in LLC-
PK1 cells, which lack the mu1B subunit"™. Although the AP-1B complex cannot form in

(19)

these cells, wild-type kAE1 was correctly targeted to the basolateral membrane' . The role

of PKD1 and PKD2 were previously reported to involved in the transport of basolateral cargo
in MDCK cells'*. However, recruitment and activation of PKD at the TGN need activation of
a not-yet-identified G protein—coupled receptor (GPCR) by cargo activates a trimeric G
protein(48).

effect on basolateral localization of KAE1 in PKD1 and PKD2 suppressed MDCK cells.

kAE1 might has no G protein—coupled receptor sequence or motif that show no

The adaptor protein complexes play essential roles in cargo selection and vesicle
formation in post-Golgi trafficking pathways. We previously reported that KAE1 interacts with
AP-1 mu1A, a subunit of AP-1A adaptor complex, in a yeast two-hybrid screen®”.  The
interaction was confirmed by GST pull-down assay, co-immunoprecipitation, affinity co-
purification, and YFP-based protein fragmentation complementation assay (YFP—PCA)m). In
this study, we investigated whether kAE1 interacts with AP-1B, AP-3, AP-4, and clathrin, in
vitro co-immunoprecipitation and in situ YFP-PCA in HEK 293T cells were conducted. The
results showed kAE1 interacts with AP-1A, which confirm our previous report. Here, we

found kAE1 also interacts with AP-3, AP-4 and clathrin (Figure 6 and 7). kAE1 do not
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interact with AP-1B by both assays. In general, various membrane proteins are sorted to the
basolateral membrane through the interaction of tyrosine-based targeting motifs in their
cytoplasmic domains with adaptor protein complexes, one of which is AP-1B. The study in
LLC-PK1 cells demonstrated that full length kAE1, which contain a tyrosine-based
@ Moreover, LLC-PK1

cells, which the AP-1B complex cannot form, wild-type kAE1 was correctly targeted to the
(19)

basolateral-sorting signal, did not recognize the AP-1B complex
basolateral membrane These studies reveal that another adaptor complex other than
AP-1B is responsible for the basolateral sorting of KAE1 in LLC-PK1 cells. In addition with
our finding, these data supported the concept that AP-1B is not involved in KAE1 impaired
trafficking associated with dRTA.

The kAE1 protein predominantly localizes at basolateral membrane but it also co-
localizes with AP-1A at TGN of HEK 293T°". In this study, we observed co-localization of
endogenous KAE1 and basolateral-sorting proteins, unless AP-1B, in intracellular of human
kidney tissue sections (Figure 8). The kAE1 is a chloride/bicarbonate exchanger located at
the basolateral membrane of a-intercalated cells. The interaction between kAE1 and
basolateral-sorting proteins is may be transient and necessary for targeting newly
synthesized KAE1 protein from TGN. The defective protein trafficking due to mutations of
the KAE1, which cause dRTA, has been attributed to impaired acid secretion secondary to a
loss of CI'/HCO3' transport“s' 1719, 20,27, 49) However, our results show that the mechanism
underlying this defect in traffickihg may also involve the interaction between kAE1 and
sorting proteins, which facilitates transport of vesicles from TGN (Figure 9). Several sorting
signals for basolateral membranes are known, such as tyrosine and dileucine motifs ™.
Adaptor proteins are known to bind to these motifs and are involved in basolateral sorting.
Motor proteins are also required for transportation of a cargo protein from TGN to the
plasma membranes. KIF3B is one of the kinesin Il subfamilies of the kinesin superfamily,
which consists of a large family of molecular motors that transport the intracellular cargo
along the microtubules using the energy derived from hydrolysis of ATP®". we reported
that KAE1 interacts with kinesin family member 3B (KIF3B) in kidney cells™
of endogenous KIF3B in HEK 293T cells by small interfering RNA (siRNA) decreases

membrane localization of kAE1, which suggest that KIF3B is involved in the trafficking of

Suppression

kAE1 to the plasma membrane of human kidney a-intercalated cells®.  Mechanisms of

kAE1 sorting and transportation are proposed as shown in figure 9.
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Figure 9 Schematic representation of model for basolateral trafficking of kKAE1 in polarized

cells. Newly synthesized kAE1 leaves the trans-Golgi network (TGN). The adaptor proteins
are recruited to the TGN membrane through sorting signal at C-terminus of kAE1. Clathrin
assembles onto the adaptors to form the clathrin-coated vesicle. Following detachment from
the TGN membrane the clathrin and adaptor proteins are uncoated separately. The vesicle
containing kAE1 is then transported along microtubules to the cell surface via the motor

protein complexes (KIF3B).

In conclusion, we have demonstrated a critical role for adaptor protein complexes (AP-
1A, AP-3, and AP-4) and clathrin heavy chain in kAE1 trafficking to the basolateral
membrane by a knockdown study which showed a marked reduction of kAE1 on the
membrane and its accumulation in the cytoplasm of polarized MDCK cells. Role of sorting
proteins on kKAE1 ftrafficking is based on their interaction. To gain a better insight into
normal KAE1 trafficking, further studies would be carries out in polarized kidney cell lines to
examine next steps of trafficking involving transportation along cytoplasm, tethering, and
fusion to membrane. The investigation of the normal trafficking of human kAE1 will provide

a new perception the molecular defect of dRTA associated with SLC4A 1 mutations.
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Kidney anion exchanger 1 (kAE1) mediates chloride (Cl~) and bicarbonate (HCO3 ) exchange at the baso-
lateral membrane of kidney a-intercalated cells. Impaired trafficking of kAE1 leads to defect of the ClI~/
HCO3~ exchange at the basolateral membrane and failure of proton (H") secretion at the apical mem-
brane, causing a kidney disease — distal renal tubular acidosis (dRTA). To gain a better insight into
KAE1 trafficking, we searched for proteins physically interacting with the C-terminal region of KAE1
(Ct-kAE1), which contains motifs crucial for intracellular trafficking, by a yeast two-hybrid (Y2H) system.
An adaptor-related protein complex 1 pt1A (AP-1 mu1A) subunit was found to interact with Ct-kAE1. The
interaction between either Ct-kAE1 or full-length KAE1 and AP-1 mu1A were confirmed in human embry-
onic kidney (HEK) 293T by co-immunoprecipitation, affinity co-purification, co-localization, yellow fluo-
rescent protein (YFP)-based protein fragment complementation assay (PCA) and GST pull-down assay.
The interacting site for AP-1 mulA on Ct-kAE1 was found to be Y904DEV907, a subset of YXX@ motif.
Interestingly, suppression of endogenous AP-1 mulA in HEK 293T by small interfering RNA (siRNA)
decreased membrane localization of kAE1 and increased its intracellular accumulation, suggesting for

the first time that AP-1 mulA is involved in the kAE1 trafficking of kidney a-intercalated cells.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Human anion exchanger 1 (AE1 or band 3), encoded by solute
carrier family 4, anion exchanger, member 1 (SLC4A1) gene, is a plas-
ma membrane transporter functioning in CI~/HCOs;~ exchange to
regulate intracellular pH and acid-base homeostasis in the human
[1]. Two AE1 isoforms, erythroid AE1 (eAE1) and kidney AE1
(KAE1), have been characterized [2]. eAE1 is a major protein on
red cell membrane, functioning in both electroneutral anion (Cl~/
HCO3 ™) exchange and cytoskeletal anchorage. It contains 911 ami-
no acids which organize into three structurally and functionally
distinct domains: a cytoskeleton-associated amino-terminal do-
main, a central anion-transporting transmembrane segment, and
short cytoplasmic carboxyl-terminal domain [3]. KAE1, which lacks
the first 65 amino acids, is expressed at the basolateral membrane

* Corresponding author. Fax: +66 2 4184793.
E-mail address: grpye@mahidol.ac.th (P.-t. Yenchitsomanus).
! These two authors contributed equally.

0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.09.015

of acid-secreting o-intercalated cells of kidney and mediates CI~/
HCO3~ transport across the basolateral membrane to balance H*
secretion across the apical surface into urine [4].

Failure of either acid excretion or bicarbonate reabsorption due
to mutations in the gene encoding H*-ATPase or KAE1, respectively,
leads to distal renal tubular acidosis (dRTA), a kidney disorder
characterized by an inability to acidify urine resulting in systemic
metabolic acidosis and several clinical manifestations such as mus-
cle weakness, failure to thrive, hypokalemia, hypercalciuria, hypo-
citraturia, and nephrolithiasis or nephrocalcinosis [5]. Genetic
studies revealed two modes of inheritance of dRTA attributable
to SLC4A1 mutations: autosomal dominant (AD) and autosomal
recessive (AR) dRTA [6], in which molecular mechanisms have
been unveiled. The SLC4A1 mutations causing both forms of dRTA
generate mutant kAE1 that almost maintains functional anion-ex-
change activity but exhibits basolateral trafficking defect and
intracellular retention in human embryonic kidney 293 (HEK
293) [7-10] cells and several mutations showed either intracellular
retention or apical mis-targeting of KAE1 in polarized Madin-Dar-
by canine kidney (MDCK) cells [11-13].


http://dx.doi.org/10.1016/j.bbrc.2010.09.015
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The involvement of the C-terminal portion of kAE1 in proper
basolateral trafficking was reported [13,14]. A 20-bp deletion in
exon 20 of SLC4A1 leading to a mutation that changes alanine to
leucine (A > L) at position 888 and a premature termination codon
at position 889 (A888L + 889X), which truncates the protein by 23
amino acids, was identified in two affected brothers with dRTA
[15]. R901X (band3 Walton) mutation, a deletion of the last 11
amino acids of AE1, was found to be associated with dominant
dRTA in two affected brothers of one family [11,13,16]. Further-
more, tyrosine residue at position 904 (Tyr904) is critical for polar-
ized transport of kAE1 as Y904A or Y904A +V907A mutation
caused non-polarized distribution of kAE1 in polarized MDCK cells
[11,13]. Removal of the last five amino acids was sufficient to re-
tard kAE1 trafficking in HEK 293 and LLC-PK1 cells [17]. Despite
many pieces of evidence suggesting that C-terminal portion of
KAE1 is involved in basolateral membrane trafficking, very little
information is known for proteins that physically interact with
the C-terminal tail of KAE1 [18]. We reported here that KAE1 inter-
acts with AP-1 mulA, a subunit of AP-1A adaptor complex, in a
yeast two-hybrid screening. The interaction was further confirmed
by co-immunoprecipitation, affinity co-purification, immunofluo-
rescence staining, protein fragmentation complementation assay
(PCA)[19], and GST pull-down assay . The effect of AP-1 mu1A sup-
pression by RNA interference on kAE1 trafficking in HEK 293T cells
was also identified.

2. Materials and methods
2.1. Plasmid construction

pcDNA3-KAE1 (a kind gift from Professor Reinhart Reithmeier,
University of Toronto, Canada) containing full-length kKAE1 cDNA
was used as a template for amplification of a sequence consisting
of 108 bp encoding the C-terminal 36 amino acids of AE1 (Ct-
KAE1). The EcoRl/Sall-digested Ct-kAE1 was subsequently inserted
in-frame into pGBKT7 plasmid (Clontech) to generate a bait con-
struct (pGBKT7-Ct-KAE1) expressing a fusion of GAL4-DNA binding
domain and Ct-kAE1 in a yeast two-hybrid system. The details of
plasmid construction for co-immunoprecipitation, affinity co-puri-
fication, double immunofluorescence staining, yellow fluorescent
protein (YFP)-based protein fragment complementation assay
(PCA), GST pull-down assay, and immunofluorescence staining
and flow cytometry were described in the Supplementary material.

2.2. Yeast two-hybrid screening

To generate the bait strain, pGBKT7-Ct-kAE1 was transformed
into the yeast AH109 strain. The bait construct was tested for cor-
rect protein expression prior to library screening. No intrinsic tran-
scriptional activity of the bait construct was observed as measured
in an autoactivation test by growing on synthetic dropout (SD)/-
His-Ade medium supplemented with X-o-gal. The prey strain,
Y187, pre-transformed with the prey plasmids, pACT2, which car-
ried the GAL4-activation domain fused to fragments from a human
kidney cDNA library. The yeast two-hybrid screen was performed
according to the manufacturer’s protocol (Clontech). Mated
diploids whose cDNA-encoded products interacted with the bait
protein were selected by growth on SD/-Trp-Leu-His-Ade plates
and SD/-Trp-Leu-His-Ade plates supplemented with X-o-gal
(Clontech) to assay for activation of reporter genes [HIS3, ADE2,
MELT1 (a-galactosidase)]. The positive colonies with strong reporter
activities were selected. The prey plasmids rescued from positive
colonies were transformed into E. coli for PCR amplification. The
Alul restriction patterns of PCR products were generated and the
representatives from different restriction patterns were chosen

for the specificity tests. Specific interactions between the bait pro-
tein and the encoded products of isolated preys were tested by re-
transforming the prey plasmid into the yeast strain AH109 and
then re-mated with the opposite mating strain Y187 harboring
either the bait plasmid (Ct-kAE1), empty vector, or two other plas-
mids containing unrelated genes (p53 and laminC). The cDNA frag-
ments of the positive clones from the specificity tests were
sequenced and aligned with the database (http://www.ncbi.nlm.
nih.gov) in order to obtain full-length cDNA sequences that were
completely matched with the in-put sequences.

2.3. Cell culture and transfection

HEK 293T cells were maintained in complete Dulbecco’s Modi-
fied Eagle Medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (Perbio), 100 units/ml penicillin and 100 pg/ml
streptomycin at 37 °C with 5% CO,. Two days before transfection,
the HEK 293T cells were collected and seeded in six-well plates.
The cultured cells were transfected with pcDNA3.1 vector or its
derivative constructs according to the designed experiments by
DEAE-dextran method as previously described [20] or by Lipofect-
amine transfection method following the manufacture’s protocol
(Invitrogen). After transfection for 2 days, the cells were collected
for further analyses.

2.4. Co-immunoprecipitation and affinity co-purification

Two days post-transfection, the HEK 293T cells were lyzed in ly-
sis buffer containing protease inhibitor cocktail (Roche). Co-immu-
noprecipitation and affinity co-purification using Co?*-chelated
resins (BD Biosciences) were performed as described in our previ-
ous study [20].

2.5. Double immunofluorescence staining

HEK 293T cells were grown on coverslips for 1 day, transfected
or co-transfected with plasmid constructs using Lipofectamine
2000 (Invitrogen), and cultured for another 2 days. The immuno-
fluorescence staining was performed using rabbit anti-Ct-KAE1,
mouse anti-Myc, mouse anti-AP-1 mu1A (Abnova), rabbit anti-cal-
regulin (Santa Cruz) or rabbit anti-TGN46 (Abcam), followed by
donkey anti-rabbit IgG conjugated with Cy3 fluoresceine (Jackson
Immunoresearch Laboratories) and goat anti-mouse IgG conju-
gated with Alexa 488 fluoresceine (Molecular Probes) by protocol
which was described in our previous study [20].

2.6. Yellow fluorescent protein (YFP)-based protein fragment
complementation assay (PCA)

Two days before transfection, the HEK 293T cells were collected
and seeded in six-well plates. The cultured cells were individually
transfected with 1 pg each of the YFP construct or co-transfected
with different pairs of the constructs. Two days after transfection,
the cells were fixed in 3% formaldehyde, permeabilized with 0.1%
Triton X-100 and blocked with 1% BSA. The coverslips were washed
and mounted with Fluorosave. Cell fluorescence images were ob-
served by using a laser scanning confocal Zeiss LSM 510 micro-
scope (Carl Zeiss).

2.7. GST pull-down assay

The pGEX4T-2-GST, pGEX4T-2-GST-Ct-kAE1 and pGEX4T-2-
GST-Ct-kAE1 mutants were transformed into E. coli BL21 (DE3).
The pTrcHisA-AP-1 mulA were transformed into E. coli DH5aL.
The bacterial cells were grown in Luria broth to express the recom-
binant proteins. The bacterial cells were lyzed in lysis buffer. The
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GST or GST-fusion proteins were conjugated with Glutathione-Se-
pharose 4B beads (Amersham) then incubated with His-tagged AP-
1 mulA soluble lysate. The unbound proteins were eliminated by
serial washing: once with PBS containing 0.1% Triton X-100,
20mM EDTA, once with PBS containing 0.1% Triton X-100,
10 mM EDTA, and once with PBS. The binding protein complexes
were eluted and subjected to analysis by Western blotting using
mouse anti-His antibody (Amersham) and rabbit anti-mouse IgG-
HRP conjugate (Santa Cruz). Chemiluminescent signals generated
by SuperSignal West Pico Chemiluminescent Substrate (Thermo
Scientific) were detected by exposure to an X-ray film.

2.8. RNA interference

Small interfering RNA (siRNA) directed against mulA subunit of
AP-1 (siAP-1 mulA) has previously been described [21]; its se-
quence was 5-TCCGAAGGCATCAAGTATCGGAAGA-3' (Invitrogen).
Transfection of either siAP-1 mulA or siControl was performed
using Lipofectamine 2000 (Invitrogen). The efficiency of AP-1
mulA knockdown by siRNA was examined by real time RT-PCR
and Western blotting (see details in Supplementary material).
HEK 293T cells were seeded for 24 h before transfection. The dou-
ble-stranded siRNA were transfected twice with a 24-h interval.
pcDNA3.1-kAE1-HA or pcDNA3-KAE1-Myc was co-transfected
with first transfection of siRNA. Cells were harvested 48 h after
the second transfection for further study.

2.9. Flow cytometry

Myc epitope inserted at the third extracellular loop of kAE1
would be expressed extracellularly. Thus, expression of KkAE1-
Myc on the cell surface could be determined by fluorescence stain-
ing and flow cytometry. HEK 293T cells were co-transfected with
the pcDNA3-kAE1-Myc and siAP-1 mulA or siControl. Two days
after transfections, the cells were collected and determined by flow
cytometry as described in our previous study [20].

3. Results and discussion

Trafficking defect of kAE1 has been revealed as a potential
molecular basis of dRTA caused by SLC4A1 mutations
[9,10,20,22]. However, to date, the trafficking pathway of kAE1 to
cell surface have not been clearly described. In this study, we have
firstly reported a novel interaction between kAE1 and AP-1 mulA,
a medium subunit of an adaptor protein complex AP-1A. The inter-
action of the two proteins was confirmed by in vitro and in situ
studies. The interacting site for AP-1 mulA on Ct-KAE1 was also
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identified by YFP-PCA and GST pull-down assay. We therefore
examined whether AP-1 mulA is necessary for KAE1 targeting to
the plasma membrane by knocking down AP-1 mulA using RNA
interference.

3.1. Identification of AP-1 mulA as a Ct-kAE1-binding protein in a
yeast two-hybrid screening

To explore the molecular trafficking machineries involved in the
basolateral sorting and transport of kAE1, a yeast two-hybrid
screening was carried out to search for proteins that bind to the
C-terminus of kAE1 (Ct-kAE1, amino-acids 876-911), which con-
tains a putative tyrosine-based sorting signal Y904DEV907. A bait
construct, pGBKT7-Ct-kAE1, was used to screen a human kidney
cDNA library. One plasmid contained a partial cDNA sequence en-
coded C-terminal fragment of AP-1 mulA (amino acids 306-423,
Fig. 1A). It is interesting that this region is a part of the AP-1
mulA segment which reported to directly interact with tyrosine-
based sorting signals present in cargo proteins [22]. The prey plas-
mid containing partial AP-1 mulA ¢cDNA sequence isolated from
the initial screen was re-transformed for re-mating. Mated diploid
cells were cultured on SD/-Trp-Leu-His-Ade and SD/-Trp-Leu-His-
Ade/X-0-Gal plates as shown in Fig. 1B. Only the diploid cells with
both plasmids containing Ct-kAE1 and AP-1 mu1A cDNA sequences
activated the expression of reporter genes; hence, they grew and
turned blue on plates, respectively.

3.2. kAE1 interacted with AP-1 mulA in HEK 293T cells as detected by
co-immunoprecipitation and affinity co-purification

To establish whether kAE1 interacts with AP-1 mulA in mam-
malian cells, full-length kKAE1 and AP-1 mulA cDNA sequences
were sub-cloned into mammalian expression vectors and transfec-
ted or co-transfected into HEK 293T cells. Fig. 2A shows co-immu-
noprecipitation of kAE1 with His-AP-1 mulA by using anti-His
antibody; the co-immunoprecipitated kAE1 could be detected by
Western blot using anti-Ct-kAE1 antibody (lane 3). Similarly, in
the affinity co-purification assay using Co?* column (Fig. 2B),
KAE1 was co-purified with His-AP-1 mulA, which was detected
using anti-Ct-kAE1 antibody (lane 3). Lanes 1, 2, and 5 in both fig-
ures were lysate inputs.

3.3. Subcellular localization of kAE1 and AP-1 mulA in HEK 293T cells
Subcellular localization of kKAE1 and AP-1 mulA in HEK 293T

cells was investigated by double immunofluorescence staining
and confocal microscopy. KAE1-HA and His-AP-1 mulA showed

423 AP-1muiA

423 YQRL-binding

I CtKAE1-binding

lamC

i :"nSDl-Trp-Leu-His-Ade

SD/-Trp-Leu-His-Ade/X-a-Gal

Fig. 1. Identification of AP-1 mu1A as a kAE1 interacting protein by yeast two-hybrid system. (A) Schematic diagram of the identified AP-1 mu1A fragment. (B) Specificity test
of Ct-kAE1 and AP-1 mulA interaction by growth of yeast diploids on synthetic dropout (SD)/-Trp-Leu-His-Ade medium and SD/-Trp-Leu-His-Ade/X-a-Gal agar plates.
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Fig. 2. Verification of kAE1 and AP-1 mulA interaction by co-immunoprecipiation and co-purification assays and cellular localization of kAE1 and AP1-mulA. (A) Co-
immunoprecipitation of KAE1 and AP-1 mulA expressed in HEK 293T cells. (B) Affinity co-purification of KAE1 and AP-1 mulA expressed in HEK 293T cells. (C) Cellular

localization of KAE1 and AP1-mu1lA. kAE1-HA and His-AP-1 mu1lA was individually t

ransfected (a and b, respectively). KAE1-HA and His-AP-1 mu1A were co-transfected HEK

293T cells at 48 h (c-e) and 72 h (f-h). (D) Investigation of in situ interaction between KAE1 and AP-1 mu1A expressed in HEK 293T cells by YFP-PCA. (E) Percentage of YFP-

expressed cells obtained from (D).

differential localization in the transfected HEK 293T cells in both
individually (Fig. 2C(a, b)) or co-transfected to express kAE1-HA
and His-AP-1 mu1A (Fig. 2C(c-h)). While His-AP-1 mu1A dispersed

LL 901 904
NN [[}C
7° e

I
"
I

I
I

Ct-KAE1-WT
Ct-kAE1/R901X
Ct-KAE1/Y904A
Ct-kAE1/L873,874A
Ct-KAE1/R901X/L873,874A
Ct-kAE1/Y904A/L873,874A

[
M
nd

AN
wh P a®
@@ @ 8t
At
o
<L
&

<
e\‘”
et
ot o
S G.-;."

o

o
cﬁ‘p

— | P muiA

Fig. 3. (A) lllustrations of the carboxyl terminus of KAE1 (Ct-kAE1). Different GST-Ct-

throughout the cytoplasm (Fig. 2C(b, d, g)), kKAE1-HA showed dy-
namic distribution. After transfection for 48 h, kKAE1-HA might sat-
urate the sorting pathway (Fig. 2C(c)), which was co-stained with
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KkAE1-mutants were generated from GST-Ct-kAE1-WT. (B) GST pull-down binding assay.

(C) Prediction of secondary structures of Ct-kAE1-WT and Ct-kAE1-mutants by using CLC Main Workbench software.
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His-AP-1 mulA at Golgi/TGN like and partially stained at the cell
membrane (Fig. 2C(e)). However, after transfection for 72 h,
KAE1-HA was localized at cell membrane (Fig 2C(f-h)).

3.4. kAE1 interacted with AP-1 mulA in HEK 293T cells as examined by
yellow fluorescent protein (YFP)-based protein fragment
complementation assay (PCA)

The interaction between KAE1 and AP-1 mu1A within HEK 293T
cells was examined by YFP-PCA. Each of YFP fusion protein was co-
expressed in HEK 293T cells and their interactions demonstrated
by intracellular green-fluorescent signals. Percentage of YFP-ex-
pressed cells was calculated from the number of YFP-expressed
cells against the number of nuclear-stained cells by using Hoechst
33258. HEK 293T cells were co-transfected to express YFP[1] and
YFP[2] as a negative control (Fig. 2D(a)) and co-transfected to ex-
press YFP[1]-kAE1 and YFP[2]-kAE1 as a positive control whose
dimerization of KAE1 fusion proteins resulted in YFP[1] and

A KAE1-HA

YFP[2] complementation (Fig. 2D(b)) showing intracellular
green-fluorescent signals for >60% of the cell population (Fig. 2E).
Similarly, when they were co-transfected to express either
YFP[1]-kAE1 and YFP[2]-AP-1 mulA (Fig. 2D(c)) or YFP[1]-KAE1-
R889X and YFP[2]-AP-1 mulA (Fig. 2D(d)), intracellular green-
fluorescent signals were captured at >50% of the cell population
(Fig. 2E). However, co-expression of YFP[1]-kAE1-Y904A with
YFP[2]-AP-1 mulA showed a reduction in intracellular green-fluo-
rescent signals (Fig. 2D(e)) to be <20% of the cell population
(Fig. 2E). Interaction of YFP[1]-kAE1-R870X which lacked C-termi-
nus, and YFP[2]-AP-1 mulA did not show intracellular green-fluo-
rescent signals (Fig. 2D-f, and E)). It is surprising that deletion of in
the YDEV motif did not totally diminish the interaction between
KkAE1 and AP-1 mulA but it did for the whole Ct-kAE1 deletion
as shown by the result of R870X mutant. These results indicate that
although Tyr904 in the YDEV motif is critical for the interaction,
the dileucine (Leu873Leu874) motif in Ct-kAE1 might also be used
for the interaction.
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Fig. 4. Subcellular localization of kAE1 and AP-1 mu1lA in HEK 293T cells. (A) HEK 293T cells were transfected to express kAE1-HA (a-c) or co-transfected with siControl (d-f)
or with siAP-1 mulA (g-i). (B) Cell-surface expression of kKAE1-Myc in transfected HEK 293T cells measured by flow cytometry. Percentages of cell-surface expression of
KAE1-Myc (mean * SD) in different conditions are also indicated. (C) The bar graph showing percentages of cell-surface expression of kAE1-Myc. (D) Localizations of kAE1 and
ER marker or (D) TGN marker in HEK 293T cells with suppression of AP-1 mul1A by siRNA.
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3.5. Ct-kAE1 interacted with AP-1 mulA in GST pull-down assay

To identify specific interaction site of AP-1 mulA on Ct-kAE1,
we conducted a series of GST pull-down assay using Ct-kAE1 con-
taining individual or combinations of truncated and point muta-
tions (Fig. 3A). His-tagged AP-1 mulA protein was incubated
with GST-Ct-kAE1-WT or GST-Ct-kAE1-mutants. All GST-Ct-kAE1-
mutants could pull down His-AP-1 mu1A (Fig. 3B, lanes 3-7). How-
ever, a very faint band was observed in the binding between GST-
Ct-kAE1/Y904A and His-AP-1 mulA (Fig. 3B, lane 4). This has
prompted us to suspect that there might be another potential bind-
ing motif on Ct-kAE1 that interacts with AP-1 mulA. Therefore, we
introduced a combination of deletion of the YDEV motif and substi-
tution at the dileucine motif (Fig. 3B, lane 6) or substitutions at
both Tyr904 and dileucine motif (Fig. 3B, lane 7) to Ct-kAET1, the
binding to AP-1 mulA still occurred. We then used CLC Main
Workbench software (CLC bio) to predict secondary structures of
Ct-kKAE1-WT and Ct-kAE1-mutants. The prediction showed that
Ct-KAE1-WT consists of four helices and two upstream strands
(Fig. 3C). It is interesting that in substitution of tyrosine (Y) by ala-
nine (A) at the position 904 in the YDEV motif affected the pre-
dicted secondary structure by the presence of a helix between
those two upstream strands, where dileucine residues (Leu873-
Leu874) and dileucine-like residues (Leu876I11e877) were located
(Fig. 3C). However, this dileucine-like motif might not be affected
in other Ct-kAE1-mutants. Taken together, the YDEV motif is most
likely a primary interaction site of AP-1 mulA and either dileucine
residues (Leu873Leu874) or dileucine-like residues (Leu87611e877)
may also play roles. However, the role of this dileucine-like motif
in binding to AP-1 mu1A needed further investigation.

3.6. Suppression of endogenous AP-1 mulA reduced membranous
kAE1 and accumulated kAE1 in the ER of HEK 293T cells

To address the functional significance of AP-1 mulA in KAE1
trafficking, we employed siRNA-knockdown to suppress endoge-
nous AP-1 mu1A in HEK 293T cells and examined subcellular local-
ization of KAE1. The efficiency of siRNA was determined by real-
time PCR and Western blotting (Supplementary Fig. 1).

HEK 293T cells were co-transfected with KAE1-HA and siControl
or kAE1-HA and siAP-1 mu1A. Subcellular localization of KAE1 and
AP-1 mulA was examined by immunofluorescence staining using
anti-Ct-kAE1 and anti AP-1 mulA, respectively. The results showed
that without AP-1 mu1A suppression, kKAE1-HA was mainly located
at the cell surface (Fig. 4A(a-f)) but with AP-1 mulA suppression,
KAE1-HA was accumulated in the cytoplasm (Fig. 4A(g-i)).

To quantitatively measure kAE1 expression at the cell surface,
we transfected the plasmid construct to express KAE1 containing
Myc epitope at the position 557 in the third extracellular loop of
KAE1 to allow immunological detection at the surface of intact cells
by flow cytometry. The HEK 293T cells individually expressing
KAE1-Myc or co-expressing KAE1-Myc with siControl transfection
had mean fluorescence intensities of 31.18+1.98% and
32.77 £ 0.75%, respectively (Fig. 4B and C). However, HEK 293T
cells with suppression of AP-1 mulA showed lower levels of
KAE1-Myc on the cell surface (13.31 + 3.87%) than those of the con-
trol cells (Fig. 4B and C). The incomplete reduction of cell-surface
expression of KAE1 is possibly attributable to the incomplete AP-
1 mulA knockdown. However, this confirms the result of the
immunofluorescence staining in the AP-1 mulA suppressed cells.

To address the location of KAE1-Myc with respect to intracellu-
lar organelles when AP-1 mulA was suppressed, we co-transfected
to express kAE1-Myc with siAP-1 and stained the cells with anti-
bodies specific to cellular organelle markers, calregulin for ER
and TGN46 for trans-Golgi network (TGN). In the parental and
siControl cells, KAE1-Myc was predominantly expressed at the cell

membrane (Fig. 4D(a-f) and E(a-f)). In the cells with AP-1 mulA
suppression by siRNA, KAE1-Myc was heavily accumulated in the
cytoplasm with calregulin in ER (Fig. 4D(g-i)) but slightly co-local-
ized with TGN46 in TGN (Fig 4E(g-i)). Thus, it is likely that the
interaction between kAE1 and AP-1 mulA normally occurs in Gol-
gi/TGN-like compartment. However, when AP-1 mulA is sup-
pressed, KAE1 fails to exit from ER resulting in its accumulation
in this cellular organelle.

4. Conclusion

We firstly identified and characterized the interaction between
human kAE1 and AP-1 mulA and suggested the amino acid motifs
in Ct-kAE1 that are essential for this interaction. A critical role for
AP-1 mulA in KAE1 trafficking to the plasma membrane showed a
marked reduction of KAE1 on the membrane and its accumulation
in the cytoplasm, particularly in ER. Further studies will be toward
the exploration of the role of AP-1 mulA in kAE1 trafficking to
basolateral membrane in polarized cells. The insight into the
molecular mechanisms overriding the trafficking of kAE1 to the
basolateral membrane will provide a better understanding of the
molecular defect of dRTA associated with SLC4A1 mutations.
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Impaired trafficking of human kidney anion exchanger 1 (kAE1) to the basolateral membrane of o-inter-
calated cells of the kidney collecting duct leads to the defect of the CI"/HCO; exchange and the failure of
proton (H*) secretion at the apical membrane of these cells, causing distal renal tubular acidosis (dRTA).
In the sorting process, KAE1 interacts with AP-1 mu1lA, a subunit of AP-1A adaptor complex. However, it
is not known whether kAE1 interacts with motor proteins in its trafficking process to the plasma mem-
brane or not. We report here that KAE1 interacts with kinesin family member 3B (KIF3B) in kidney cells
and a dileucine motif at the carboxyl terminus of kAE1 contributes to this interaction. We have also dem-
onstrated that kAE1 co-localizes with KIF3B in human kidney tissues and the suppression of endogenous
KIF3B in HEK293T cells by small interfering RNA (siRNA) decreases membrane localization of KAE1 but
increases its intracellular accumulation. All results suggest that KIF3B is involved in the trafficking of

KAE1 to the plasma membrane of human kidney a-intercalated cells.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Human anion exchanger 1 (AE1 or band 3) is a chloride and
bicarbonate exchanger (Cl1~/HCO;3 ) which is involved in maintain-
ing acid-base homeostasis in the human body [1]. Two isoforms
of AE1, erythroid AE1 (eAE1) and kidney AE1 (KAE1) are encoded
by solute carrier family 4, member 1 (SLC4A1) gene (MIM 109270).
Transcription of eAE1 in the erythroid precursor is under the con-
trol of the erythroid-specific promoter upstream of exon 1,
whereas the renal transcription arises from the distinct promoter
within intron 3 of the SLC4A1 gene [2]. Thus, the kKAE1 polypeptide
lacks 65 amino acids presented at the N-terminus of human eAE1
[3]. KAE1, which is the basolateral CI~/HCO; exchanger of the acid-
secreting o-intercalated cells of kidney distal tubule [4], comprises
846 amino acids and has three functionally distinct structural do-
mains including a cytoplasmic amino-(N-) terminal domain (403
amino acids), a central transmembrane domain (497 amino acids)
and a short cytoplasmic carboxyl-(C-) terminal domain (40 amino
acids) [5,6].

Mutations of the SLC4A1 gene can cause distal renal tubular aci-
dosis (dRTA), which is characterized by the impaired H" secretion
into urine leading to systemic metabolic acidosis. It has previously
shown that dRTA is caused either by preventing the transport of
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E-mail addresses: limjindaporn@yahoo.com (T. Limjindaporn), grpye@mahidol.
ac.th (P.-t. Yenchitsomanus).
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mutant kAE1 to the cell surface or by mis-targeting the mutant
KAE1 to the apical membrane instead of the correct basolateral
membrane of the o-intercalated cells [7,8]. Deletion of either the
N-terminal or C-terminal domain of kAE1 resulted in the apical
mis-localization, suggesting that a determinant within the kAE1
N-terminus cooperates with the C-terminus for kAE1 basolateral
localization [14]. Despite much evidence suggesting that the C-ter-
minal portion of kAE1 is involved in basolateral membrane traf-
ficking, very little information is known about proteins that
physically interact with the C-terminal tail of KAE1 [9]. Our group
is interested in identifying the protein that interacts with kAE1 and
plays a role in its basolateral trafficking. We have recently reported
that AP-1 mulA, a subunit of AP-1A adaptor complex involving in
sorting of the cargo proteins, interacts with the C-terminus of kAE1
[14]. However, it is not known whether or not kAE1 interacts with
motor proteins, such as kinesins, which are also important in the
trafficking process.

KIF3B is one of the kinesin Il subfamilies of the kinesin superfam-
ily, which consists of a large family of molecular motors that trans-
port the intracellular cargo along the microtubules using the
energy derived from hydrolysis of ATP [10]. Members of the kinesin
Il subfamily are plus end-directed motor proteins that are involved
in the trafficking, assembly and maintenance of cilia and flagella,
and in the transport of the endoplasmic reticulum to the Golgi mem-
brane [11,12]. A heterotrimeric complex of KIF3B with KIF3A and
KAP3 determines the functional diversity of the KIF3B complex.
Transportation of matrix metalloproteinase (MT1-MMP) vesicles
along microtubules is regulated by KIF5B and KIF3A/KIF3B kinesins.
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Results from siRNA-KIF3A/KIF3B knockdown studies revealed that
transport by these kinesins is essential for transport of MT1-MMP
to the cell surface of the primary human macrophage [13]. In addi-
tion, the interaction between KIF3B and chloride channel protein
(CLC-5) was previously shown to facilitate the transport of CLC-5-
containing vesicles to the cell surface of HEK 293 cells [14].

2. Materials and methods
2.1. Plasmid constructions

PCR-based amplification of KIF3B-HA was performed by using
pcDNA3.1-KIF3B-His, which is available in our laboratory as a tem-
plate and through using primers containing the hemagglutinin
(HA) epitope sequences to add HA at the C-terminus of KIF3B.
KIF3B-HA was cloned into EcoRV and Xhol sites of a pcDNA3.1/
hygro plasmid. The clone was designated pcDNA3.1-KIF3B-HA.
Plasmid pcDNA3/kAE1-Myc, containing a sequence of Myc epitope
inserted at position 557 in the third extracellular loop of kKAE1, was
generated from pcDNA3-KAE1 by site-directed mutagenesis fol-
lowing the protocol of the QuickChange TM site-directed mutagen-
esis kit from Stratagene, USA. By DNA sequencing, the tag and
insert sequences in the plasmid constructs were proved to be cor-
rect and in frame with the gene sequences.

2.2. Cell culture and transfection

Human embryonic kidney (HEK293T) cells were grown in
DMEM/F-12 (Gibco) supplemented with 10% FBS (Gibco) and
1.2% penicillin/streptomycin in 6-well plates prior to transfection.
Cells were transfected using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were processed
for further studies at 48 h post-transfection.

2.3. Co-immunoprecipitation and immunoblotting

HEK293T cells were co-transfected with pcDNA3/KAE1-Myc
and pcDNA3.1-KIF3B-HA constructs. Two days after transfection,
the transfected cells were detached and collected by centrifuga-
tion. Cells were lysed in PBS containing 1% Triton X-100 and inhib-
itors cocktail (Roche). Aliquots of the cell lysates were saved and
the remaining cell lysates were incubated with the mouse anti-
Myc antibody followed by precipitation with Protein G-Sepharose
(Thermo Scientific). The bound kAE1 protein was eluted with Lae-
mmli buffer before separation by electrophoresis and detection by
Western blot analysis using the rabbit anti-HA polyclonal antibody
(Invitrogen) as the primary antibody and the swine anti-rabbit IgG-
HRP (Santa Cruz) as the secondary antibody. Chemiluminescent
signals generated by SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) were detected by exposure to an X-
ray film.

2.4. GST pull-down assay

The pGEXA4T-2-GST, pGEX4T-2-GST-Nt-kAE1 and pGEX4T-2-
GST-Ct-KAE1 constructs [14] were transformed into Escherichia coli
strain BL21 (DE3). The pTrcHisA-KIF3B was transformed into E. coli
strain DH5a. The bacterial cells were grown in Luria broth to ex-
press the recombinant proteins. The bacterial cells were lysed by
lysis buffer. The GST or GST-fusion proteins were conjugated with
Glutathione-Sepharose 4B beads (Amersham) and then incubated
with HEK293T cell lysate. The unbound proteins were eliminated
by serial washing as described previously [15]. The binding protein
complexes were eluted and subjected to Western blot analysis
using the rabbit polyclonal anti-KIF3B antibody (Santa Cruz) as

the primary antibody and the swine anti-rabbit IgG-HRP (Santa
Cruz) as the secondary antibody. Chemiluminescent signals gener-
ated by SuperSignal West Pico Chemiluminescent Substrate (Ther-
mo Scientific) were detected by exposure to an X-ray film.

2.5. RNA interference

Small interfering RNA (siRNA) directed against KIF3B derived
from the mRNA sequence (5-CCT GCA AGG TTT CAA TGG AAC
CA-3') of human KIF3B (siKIF3B) was purchased from Invitrogen.
Transfection of either siKIF3B or siControl was performed using
Lipofectamine 2000 (Invitrogen). HEK293T cells (5 x 10° cells)
were seeded into a six-well plate, 24 h before transfection. For
the co-tranfection with knockdown experiment, pcDNA3/KAE1-
Myc was transfected after 24 h of siRNA transfection. Cells were
harvested 72 h after the siKIF3B transfection.

2.6. Double immunofluorescence staining

HEK293T cells were grown on coverslips for 24 h, co-transfec-
ted with plasmid constructs using Lipofectamine 2000 (Invitrogen)
and cultured for 48 h. The protocol for double immunofluorescence
staining was described previously [16]. Firstly, co-staining of KAE1
and KIF3B was performed by using the mouse anti-Myc and the
rabbit anti-KIF3B (Santa Cruz) as the primary antibodies followed
by the goat anti-mouse IgG conjugated with Alexa 488 fluoresceine
(Molecular Probes) and the donkey anti-rabbit IgG conjugated with
Cy3 fluoresceine (Jackson Immunoresearch Laboratories) as the
secondary antibodies. Secondly, co-staining of kAE1 and calnexin
was performed by using the mouse anti-Myc and the rabbit anti-
calnexin (Santa Cruz) as the primary antibodies followed by the
goat anti-mouse IgG conjugated with Alexa 488 fluoresceine
(Molecular Probes) and the donkey anti-rabbit IgG conjugated with
Cy3 fluoresceine (Jackson Immunoresearch Laboratories) as the
secondary antibodies.

Human fresh frozen tissues were obtained from leftover speci-
mens of the Department of Pathology, Faculty of Medicine Siriraj
Hospital, Mahidol University, Thailand. The protocol was approved
by the Human Research Ethics Committee, Siriraj Institutional Re-
view Board, Mahidol University (#Si128/2011). Sections were fixed
by acetone for 10 min before immunostaining with the rabbit anti-
Ct-kAE1 and the goat anti-KIF3B (Santa Cruz) as the primary anti-
bodies, followed by the anti-mouse antibody coupled to Cy3 and
the anti-rabbit antibody coupled to Alexa 488 as the secondary
antibodies. The sections were then examined under the LSM 510
META confocal microscope (Carl Ziess).

2.7. Flow cytometry

Myc epitope was inserted at the third extracellular loop of kAE1
to express extracellularly. As a result, expression of KAE1-Myc on
the cell surface could be determined by fluorescence staining and
flow cytometry [16]. HEK293T cells were co-transfected either
with the pcDNA3/KAE1-Myc and siKIF3B or with the pcDNA3/
KkAE1-Myc and siControl, respectively. Two days after transfections,
the cells were collected and determined by flow cytometry as pre-
viously described [16].

3. Results

3.1. kKAE1 interacts with KIF3B and dileucine motif of Ct-kAE1 is critical
for KIF3B binding

To establish whether KAE1 interacts with KIF3B in kidney cells or
not, we performed co-immunoprecipitation and GST pull-down



N. Duangtum et al./Biochemical and Biophysical Research Communications 413 (2011) 69-74 71

A antibody for co-immunoprecipitation
anti-KIF3B anti-Myc
kDa 1 2 3 kDa 1 2 3
95
95. e - | KIF3B
- a “—KAE1 4,
anti-Myc anti-HA

antibody for detection

901 904
el
N | [+c
[ Nt-KAE1-WT

870| |911

Ct-kAE1-WT

I 889 Ct-kAE1/D889X
I o Ct-KAE1/R901X

I %" ctkaE1/v904A
I 1911 ctkAE1/L873,874A

C 1D;P‘

AN W o e S
Pg- P‘e < Pﬁ- P,.e \A ok
WP o T P oe®
S' S YT B 8V BV SV

—— - _—= = KIF3B

Fig. 1. Interaction of kAE1and KIF3B in HEK293T cells. (A) Co-immunoprecipiation studies using HEK293T cells demonstrated interactions between KAE1 and KIF3B. Lane 1:
input; Lane 2: pull-down with no antibody; Lane 3: pull-down with anti-KIF3B (left panel), or anti-HA antibodies (right panel). (B) Maps of the carboxyl terminus of kKAE1 (Ct-
KAE1). Different GST-Ct-kAE1-mutants were generated from GST-Ct-kAE1-WT. (C) GST pull-down binding assay.

Red = kAE1 Green = KIF3B Merged

kAE1 KIF3B

Hoechst
33258

Hoechst
33258

anti-Rabbit Cy3 Ab anti-Goat Alexa 488 Ab

Fig. 2. kAE1 protein co-localizes with endogenous KIF3B in human kidney tissue. Fresh frozen human kidney sections were incubated with the rabbit anti-kAE1 antibody and
the goat anti-KIF3B (top panels) or no primary antibody (bottom panels). Slides were then incubated with the anti-rabbit antibody coupled to Cy3 (red) and the anti-goat
antibody coupled to Alexa 488 (green), followed by nuclear staining with Hoechst 33,258 (blue). The samples were examined using a LSM 510 META Carl Zeiess confocal
microscope and a 100x lens. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



72

studies. The interaction was analyzed by co-transfection of HEK293T
cells with the plasmid constructs expressing KAE1 and KIF3B tagged
with Myc and HA epitopes, respectively. When KIF3B-HA was immu-
noprecipitated with anti-KIF3B antibody, the immunoreactive band
of KAE1 was detected in the immunoprecipitate (Fig. 1A, left panel).
In addition, KAE1-Myc was reciprocally co-immunoprecipitated
with anti-HA antibody (Fig. 1A, right panel). The results indicated
the interaction of KAE1 and KIF3B in HEK293T cells.

A series of GST pull-down assays were subsequently performed
using Nt-kAE1 and Ct-kAE1 containing truncated or point muta-
tions (Fig. 1B). GST-Nt-kAE1-WT, GST-Ct-KAE1-WT and a series of
GST-Ct-kAE1-mutants interacted with KIF3B in the GST pull-down
assays (Fig. 1C, lanes 2-6). In contrast, a very faint band was ob -
served in the binding between GST-Ct-kAE1/L873, 874A and KIF3B
from HEK293T cell lysate (Fig. 1C, lane 7) - suggesting that dileu-
cine motif of Ct-kAE1 is critical for KIF3B binding. As a control, GST

N. Duangtum et al./ Biochemical and Biophysical Research Communications 413 (2011) 69-74

3.2. kAE1 co-localizes with KIF3B in human kidney tissue

We further asked whether kAE1 interacts with KIF3B in human
kidney tissue or not. Human kidney sections were stained with the
rabbit anti-Ct-kAE1 and the goat anti-KIF3B as the primary anti-
bodies followed by the anti-mouse antibody coupled to Cy3 and
the anti-rabbit antibody coupled to Alexa 488 as the secondary
antibodies (Fig. 2). In contrast with sections incubated with sec-
ondary antibodies only (Fig. 2, bottom sections), the antibody
against kKAE1 detected both a clear predominant basolateral stain-
ing and a discrete vesicular intracellular staining. In a high inten-
sity, KIF3B was stained similarly as that of KkAE1 at the
basolateral membrane. In the insets (Fig. 2, top right boxes), a high-
er magnification of the intracellular red and green staining showed
co-localization of both endogenous kAE1 and endogenous KIF3B,
supporting that kAE1 interacts with KIF3B in the human kidney

alone did not interact with KIF3B (Fig. 1C, lane 1). tissue.
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Fig. 3. Endogenous suppression of KIF3B by small interfering RNA (siRNA) in HEK293T cells. (A) Expression of KIF3B mRNA was determined by real-time PCR. Black columns
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analysis.
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3.3. Knocking-down the expression of endogenous KIF3B by siRNA
decreased cell surface kAE thereby accumulating kAE1 in the ER

To study the functional significance of KIF3B, we employed
RNAi to transiently deplete the expression of endogenous KIF3B
in KAE1-transfected HEK293T cells. The efficiency of the siKIF3B
transfection was shown by real-time PCR (Fig. 3A) and immuno-
blotting (Fig. 3B), respectively. Transfection of HEK293T cells with
siKIF3B reduced both KIF3B mRNA and protein >80% within 48 h.
To ensure that siKIF3B did not affect KAE1 expression, KAE1 protein
expression level was further determined by Western blot analysis.
The expression of kKAE1-Myc was not changed while that of KIF3B
was markedly decreased (Fig. 2C), indicating that an off-target ef-
fect of the siKIF3B did not occur.

Sub-cellular localization of KAE1 and KIF3B in HEK293T cells
was further examined by immunofluorescence stainings and con-
focal microscopy. HEK293T cells expressing kAE1-Myc were trans-
fected with either siControl or siKIF3B. The results showed that,
without KIF3B suppression, kKAE1-Myc was located mainly at the
cell surface in the parental and siControl cells (Fig. 4A, a-c and
d-f). In contrast, with KIF3B suppression, KAE1-Myc was accumu-
lated mainly in the cytoplasm of the cells (Fig. 4A, g-i).

To quantitatively measure kAE1 expression at the cell surface,
the plasmid construct, which can express kAE1 containing Myc
epitope at the position 557 in the third extracellular loop of
KkAE1, was used to allow immunological detection of the protein
at the surface of intact cells by flow cytometry. The HEK293T cells
individually expressing kAE1-Myc or co-expressing KAE1-Myc
with siControl transfection had mean fluorescence intensities of
21.2 £1.3% and 21.4 £ 1.4%, respectively. However, HEK293T cells
co-expressing KAE1-Myc with suppression of KIF3B showed lower
levels of KAE1-Myc on the cell surface (12.3 + 2.5%) than those of
the control cells (Fig. 4B).

To focus on the location of KAE1-Myc with respect to intracellular
organelles when KIF3B was suppressed, we next co-transfected
KAE1-Myc with siKIF3B in HEK293T cells and stained the HEK293T
cells with the antibody to calnexin, which was specific to the ER. In
the parental and siControl cells, KAE1-Myc was predominantly ex-
pressed at the cell membrane and rarely co-localized with calnexin
in ER (Fig. 4C, a-f). In contrast, in the cells with KIF3B suppression
by siRNA, KAE1-Myc was accumulated mainly in the ER (Fig. 4C, g-i).

4. Discussion

The protein trafficking pathway is a regulated process and re-
quires specific recognitions between cargo molecules and traffick-
ing machinery to achieve correct targeting of cargo proteins to
their destinations. Both apical and basolateral transport have com-
mon basic behaviors starting from sorting, which take place at the
trans-Golgi network (TGN). Then apical and basolateral vesicles are
separately transported to their final destinations thereby fusing
with the apical and basolateral plasma membranes, respectively
[17].

Several sorting signals for basolateral membranes are known,
such as tyrosine and dileucine motifs [18]. Adaptor proteins are
known to bind to these motifs and are involved in basolateral
sorting. We previously reported the interaction between KAE1
and AP-1 mulA, a subunit of AP-1A adaptor complex. AP-1 mulA
knockdown showed a marked reduction of kAE1 on the cell mem-
brane and increased its accumulation in ER [15]. Motor proteins
are also required for transportation of a cargo protein from TGN
to the plasma membranes. This study additionally showed that
KAE1 physically interacts with KIF3B. A dileucine motif at the
C-terminal kAE1 contributes to its interaction with KIF3B. The
involvements of the C-terminal kAE1 in the basolateral trafficking
were previously reported [19,20]. Firstly, a 20-bp deletion in exon
20 of SLC4A1 leading to a mutation that changes alanine to leucine
(A> L) at position 888 and a premature termination codon at posi-
tion 889 (A888L + 889X), which truncates the protein by 23 amino
acids, were identified in two affected brothers with dRTA [21].
Secondly, R901X (band 3 Walton) mutation, which is an intragenic
13-bp duplication resulting in a deletion of the last 11 amino acids
of AE1, was found to be associated with dominant dRTA in two
affected brothers of one family [20-23]. Finally, tyrosine residue
at position 904 (Tyr904) is crucial for polarized transport of kAE1
as Y904A or Y904A + V907A mutation caused non-polarized distri-
bution of kAE1 in polarized MDCK cells [20,23]. Similar to the AP-1
mulA knockdown cells, KIF3B knockdown cells significantly re-
duced kAE1 on the membrane and accumulated kAE1 in the cyto-
plasm, particularly in ER of the kidney cells. In conclusion, we
characterized the interaction between human kAE1 and KIF3B
and demonstrated a role for KIF3B in kAE1 trafficking to the plasma
membrane.
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1. Introduction

Dengue fever (DF), dengue hemorrhagic fever (DHF), and dengue shock syndrome (DSS), caused by den-
gue virus (DENV) infection, are important public health problems in the tropical and subtropical regions.
Abnormal hemostasis and plasma leakage are the main patho-physiological changes in DHF/DSS. A
remarkably increased production of cytokines, the so called ‘cytokine stormy’, is observed in the patients
with DHF/DSS. A complex interaction between DENV proteins and the host immune response contributes
to cytokine production. However, the molecular mechanism(s) by which DENV nonstructural protein 5
(NS5) mediates these responses has not been fully elucidated. In the present study, yeast two-hybrid
assay was performed to identify host proteins interacting with DENV NS5 and a death-domain-associate
protein (Daxx) was identified. The in vivo relevance of this interaction was suggested by co-immunopre-
cipitation and nuclear co-localization of these two proteins in HEK293 cells expressing DENV NS5.
HEK293 cells expressing DENV NS5-K/A, which were mutated at the nuclear localization sequences
(NLS), were created to assess its functional roles in nuclear translocation, Daxx interaction, and cytokine
production. In the absence of NLS, DENV NS5 could neither translocate into the nucleus nor interact with
Daxx to increase the DHF-associated cytokine, RANTES (CCL5) production. This work demonstrates the
interaction between DENV NS5 and Daxx and the role of the interaction on the modulation of RANTES
production.

© 2012 Elsevier Inc. All rights reserved.

hemorrhagic tendencies, plasma leakage, thrombocytopenia, and
hemoconcentration [1]. In addition, increased levels of cytokines

Dengue virus (DENV) belongs to the Flaviviridae family, which
contain a single positive-stranded RNA genome encoding a single
polypeptide precursor. Host and viral proteases cleave this polypep-
tide into three structural proteins (capsid, membrane, and enve-
lope) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5), respectively. Clinical symptoms of DENV
infection range from a predominantly febrile disease, dengue fever
(DF), to dengue hemorrhagic fever (DHF) and dengue shock
syndrome (DSS), which typically occurs in cases of reinfection with
a different serotype of DENV. Patients with DHF present with
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- so called ‘cytokine storm’, which relate to the pathogenesis of se-
vere DENV infection, are observed in the patients with DHF/DSS [2].

A complex interaction between DENV proteins and the host im-
mune response contributes to DHF/DSS [3-9]. Both inhibition of
the antiviral response and stimulation of cytokine production by
DENV proteins have been reported. For example, DENV NS2B3
complex, DENV NS4B and DENV NS5 contribute to the inhibition
of type I IFN response [3,5,7]. DENV NS4B and DENV NS5 also en-
hance the production of DHF-associated cytokines [8,9].

DENV NS5 is a bi-functional enzyme containing three domains
[10-12]. The N-terminus from residues 1 to 368 contains a 2'-O-
methyltransferase while the C-terminus from residues 405 to 900
contains an RNA-dependent RNA polymerase. The interdomain re-
gion contains nuclear localization sequences (NLS), which are divided
into aNLS and bNLS, respectively. Mutations in both aNLS and bNLS
result in the accumulation of DENV NS5 in the cytoplasm [13].
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In the present study, a yeast two-hybrid assay was performed to
identify host proteins interacting with DENV NS5 and a death-do-
main-associate protein (Daxx) which serves as transcription
repressor was identified. The roles of DENV NS5 in nuclear translo-
cation, Daxx interaction, and cytokine production were tested and
DENV NS5 was demonstrated to interact with human Daxx to in-
crease RANTES production.

2. Materials and methods
2.1. Yeast two-hybrid screening

Two-hybrid screening was performed by the interaction mating
method described by Finley and Brent [14]. DENV NS5 was PCR
amplified by Pfu DNA polymerase from a cDNA clone of DENV sero-
type 2 strain 16681 [15] using nucleotide primers, 5TTG ACT GTA
TCG CCG GGA ACT GGC AAC ATA3' and 5'CCG GAA TTA GCT TGG
CTG CAG CCA CAG AAC TCC TCG3'. The PCR reaction was carried
out in a GeneAmp PCR System 9700 (Applied Biosystems) with
an initial denaturation step of 94 °C for 5 min and followed by 35
cycles of denaturation at 94 °C for 45 s, annealing at 55 °C for
30 s, extension at 72 °C for 3 min, and one cycle of final extension
at 72 °C for 10 min. Subsequently, the amplified DNA was cloned
by yeast recombination [16] into the yeast expression vector
PEG-NRT [17], which was derived from pEG202 [18], and contains
a HIS3 selectable marker. The constitutive ADH promoter is used to
express DENV NS5 with the DNA binding domain protein LexA. Nu-
clear localization sequences, 5'recombination tag (5'RT), multiple
cloning site (MCS) and 3’recombination tag (3'RT) were inserted
between LexA and ADH terminator. The resulting bait plasmid,
PEG-NS5, was verified by DNA sequencing and transformed into
Saccharomyces cerevisiae strain RFY 206 (MATa his3A200 leu2-3
lys2A201 ura3-52 trp1A::hisG) containing a Lexop-lacZ reporter
plasmid, pSH18-34 [14]. A galactose inducible HeLa cell cDNA prey
library was constructed in plasmid pJZ 4-5 containing a TRP1
selectable marker and transformed into strain RFY 231 (MATa
his3 leu2::3Lexop-LEU2 ura3 trp1 LYS2) [14]. The bait strain then
was mated with the library strains and plated on galactose drop-
out medium lacking histidine, tryptophan, uracil and leucine
(gal/raf -u, -h, -w, -1) to select for diploids. The production of a
DENV NS5 binding protein by a prey plasmid was expected to acti-
vate the 3Lexop-LEU2 reporter. Putative positive clones were
patched to four indicator plates: (glu/-u, -h, -w, -1), (gal/raf -u, -h,
-w, -1), (glu/X-Gal-u, -h, -w), and (gal/raf/ X-Gal-u, -h, -w). Prey
plasmids were rescued from clones exhibiting a galactose-induc-
ible Leu® lacZ" phenotype by transformation into a Trp~ Escherichia
coli strain KC8 [14]. Putative positive library plasmids were puri-
fied and subjected to DNA sequencing and BLAST analysis.

2.2. Generation of HEK293 cells expressing DENV NS5, or DENV NS5-K/A

DENV NS5 with a C-terminal FLAG-tag was PCR amplified by Pfx
DNA polymerase (Invitrogen) from plasmid pET-DENV-2-NS5 using
nucleotide primers, 5’ACA GGATCC ACC ATG GGA ACT GGCAAC ATA
GGA GAG ACG3’ and 5'TGT CTC GAG TTA CTT GTC ATC GTC ATC CTT
GTA ATC CCA CAG AAC TCC TGC TTC TTC C3'. The PCR reaction was
carried out in a GeneAmp PCR System 9700 with an initial denatur-
ation step of 94 °C for 5 min and followed by 30 cycles of denatur-
ation at 94 °C for 30s, annealing at 55 °C for 30 s, extension at
68 °C for 3 min, and one cycle of final extension at 68 °C for
10 min. The PCR product was sub-cloned into plasmid pcDNA3.1/
Hygro (Invitrogen) and the fidelity of the insert in the resulting
plasmid, pcDNA3.1/DENV NS5, was verified by DNA sequencing.

Site-directed mutagenesis was employed to generate plasmid
pcDNA3.1/DENV NS5 (K371A, K372A, K387A, K388A, K389A),

namely DENV NS5-K/A. Firstly, DENV NS5 (K387A, K388A,
K389A) was amplified by PCR using plasmid pcDNA3.1/DENV
NS5 as a template and nucleotide primers, 5GGA AAG AAT TAG
GGG CGG CAG CGA CAC CCA GGA TGT G3' and 5'CAC ATC CTG
GGT GTC GCT GCC GCC CCT AAT TCT TTC C3'. The PCR reaction
was carried out in a GeneAmp PCR System 9700 with an initial
denaturation step of 94 °C for 2 min and followed by 18 cycles of
denaturation at 94 °C for 30 s, annealing at 55 °C for 1 min, exten-
sion at 68 °C for 18 min. The PCR product was digested with Dpnl
to eliminate methylated parental DNA template and transformed
into competent E.coli strain DH5. The correct mutant clone with
K387A, K388A, K389A was verified by digestion with Fnu4HI and
DNA sequencing. Secondly, DENV NS5 (K371A, K372A, K387A,
K388A, K389A), was amplified by PCR using plasmid pcDNA3.1/
DENV NS5(K387A, K388A, K389A) as a template and nucleotide
primers, 5'CCG AAA GAA GGC ACG GCG GCA CTA ATG AAA ATA
AC3’ and 5'GTT ATT TTC ATT AGT GCC GCC GTG CCT TCT TTC
GG3'. The PCR reaction and transformation is similar to those de-
scribed previously. The correct mutant clone with K371A, K372A,
K387A, K388A, K389A, namely DENV NS5-K/A, was verified by
digestion with Fnu4HI and DNA sequencing.

HEK 293 cells were transiently transfected with pcDNA3.1 or
pcDNA3.1/DENV NS5 or pcDNA3.1/DENV NS5-K/A by Lipofect-
amine® 2000 transfection (Invitrogen). Two days after transfection,
the cells were collected, fixed and permeabilized with 0.1% Triton
X-100 in PBS. Re-suspended cells were blocked with DMEM con-
taining 1% BSA before incubation with mouse anti-FLAG (Sigma)
antibody for 1 h. After incubation, the cells were washed twice
with chilled DMEM containing 1% BSA. Then, goat anti-mouse anti-
body conjugated with FITC (Molecular Probes) was used as second-
ary antibody for 30 min. The cells were washed again and analyzed
by using FACSort™ flow cytometer (Becton-Dickinson). HEK293
cells expressing either DENV NS5, or DENV NS5-K/A were also
tested for the presence of DENV NS5 by Western blot analysis using
anti-FLAG (Sigma).

2.3. Co-immunoprecipitation

Forty-eight h post-transfection, HEK293 cells expressing either
DENV NS5 or DENV NS5-K/A were lysed in RIPA buffer containing
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 150 mM Nacl,
20 mM Tris-HCl; pH 7.4, 5 mM EDTA, and protease inhibitor cock-
tail. Five micrograms of goat anti-Daxx antibody (Santa Cruz Bio-
technology) or 5 ng of mouse anti-FLAG antibody were added to
lysates. The mixture was incubated with gentle rotation at 4 °C
for 6 h. The incubation was continued 24 h after addition of Protein
G Sepharose (Amersham Pharmacia Biosciences). Subsequently,
Protein G Sepharose was collected by centrifugation at 13,000g
for 5 min and washed twice with 0.1% Triton X-100, 150 mM Nacl,
20 mM Tris-HCl; pH 7.4, 5 mM EDTA. The bound proteins were
eluted by boiling in SDS-PAGE loading buffer, separated by SDS-
PAGE, and transferred to nitrocellulose membrane. After blocking
with 5% skim milk, the membranes were incubated with either a
mouse anti-FLAG antibody or a rabbit anti-Daxx antibody followed
by probing with either a rabbit anti-mouse antibody conjugated-
horseradish peroxidase (HRP) or a swine anti-rabbit antibody con-
jugated-HRP (DakoCytomation), respectively. Chemiluminescent
signals generated by SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) were detected using a G:BOX chemi-
luminescence imaging system (Syngene).

2.4. Co-localization
HEK293 cells were grown on coverslips and then transfected

with plasmid expressing either DENV NS5 or DENV NS5-K/A for
48 h. The transfected cells were fixed with 0.1% formaldehyde in
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PBS, rinsed, permeabilized with 0.1% Triton X-100 in PBS and
blocked with 1% BSA. The cells were stained at RT for 1 h with both
a mouse anti-FLAG and a rabbit anti-Daxx primary antibodies,
washed and incubated at RT for 1 h with both an Alexa 488-conju-
gated rabbit anti-mouse Ig antibody (Molecular Probes) and a Cy3-
conjugated donkey anti-rabbit Ig antibody (Jackson Immunore-
search Laboratories) as secondary antibodies. Fluorescent images
were captured with a confocal microscope (model LSM 510, Carl
Zeiss).

2.5. Real-time RT-PCR

Total RNA from HEK293 cells expressing either DENV NS5, or
DENV NS5-K/A and cultured in the presence of 50 ng/ml TNF-a
(Santa Cruz biotechnology) was isolated using Trizol reagent
(Invitrogen). Cytokines were quantified by real-time RT-PCR using
the following primer pairs: IL-8: 5'-TCC TGC AGA GGA TCA AGA
CA-3' and 5'-GAG CAC TTG CCA CTG GTG TA-3’, CXCL9: 5'-CAG
ATT CAG CAG ATG TGA AGG A-3' and 5-GAA ATT CAA CTG GTG
GGT GGT-3/, RANTES: 5-CAA GGA AAA CTG GGT GCA GA-3’and
5'-TCT CCC GTG CAA TAT CTA GGA A-3’, respectively. The assay
was performed using LightCycler® 480 SYBR Green I Master Mix
(Roche) and a LightCycler® 480 Instrument equipped with a 96-
well thermal cycler (Roche). Briefly, RNA samples were reverse-
transcribed using the SuperScript! First-Strand Synthesis System
(Invitrogen). Then cDNA templates were subjected to a 10-min ini-
tial denaturation at 95 °C prior to 50 cycles of PCR (95 °C for 105,
60 °C for 10 s, and 72 °C for 20 s) in the presence of Tag DNA poly-
merase and the gene-specific primer pairs. The mRNA level was
normalized with human beta-actin mRNA using the AACt method
[19].

2.6. Enzyme-linked immunosorbent assay (ELISA)

Production of RANTES in HEK293 cells expressing either DENV
NS5 or DENV NS5-K/A in the presence of TNF-o, was measured
by Instant ELISA® (eBioscience) according to the manufacturer’s
instruction.

3. Results and discussion

3.1. Identification of DENV NS5 interacting proteins by a yeast two-
hybrid screen

To identify human proteins that interacted with DENV NS5, we
screened over 107 clones from a HeLa cDNA library using DENV
NS5 as bait. Thirty putative positive clones were obtained. To verify
the interaction, recovered prey plasmids were introduced into
yeast strain RFY 231 along with the lacZ plasmid and bait plasmid
and again tested on the indicator plates. Twelve library plasmids
were purified and subjected to DNA sequencing. BLAST analysis re-
vealed that the twelve clones corresponded to the proteins Daxx,
Fas-associated factor 1 (FAF1), Calpain 2, Protein phosphatase 1
(PP-1), Splicing factor (SF3a), and Double-strand break repair pro-
tein (Mre11A).

The specificity of the interaction between DENV NS5 and Daxx,
is shown in Fig. 1A wherein cells containing the DENV NS5 and
Daxx, exhibited galactose-dependent leucine prototrophy and lacZ
expression. Daxx has a strong transcriptional repression activity
and can bind to several transcription factors in the nucleus
[20,21]. In addition, the majority of Daxx is present in the nucleus
similar to that of DENV NS5 [22,23]. Daxx is a 740 amino acid pro-
tein that contains amino-terminal amphipathic helices (PAH1,
PAH2), a coiled-coiled domain (CC), an acidic domain (D/E), and
a carboxyl-terminal serine/proline/threonine rich domain (S/P/T).
Among them, the S/P/T domain can mediate the interaction of
Daxx with numerous proteins. The region of Daxx that interacted
with DEN NS5 was verified in the prey plasmid by DNA sequencing
and BLAST analysis and the 211 carboxyl-terminal residues, which
cover the S/P/T domain than can bind to multiple proteins includ-
ing DENV capsid protein in the nucleus of DENV-infected cells,
were identified [24] (Fig. 1B).

3.2. Interaction of DENV NS5 and Daxx in the nucleus of HEK293 cells
expressing DENV NS5

The interaction of DENV NS5 and Daxx was confirmed in mam-
malian HEK293 cells. Co-immunoprecipitation of DENV NS5 and

DENV NS5 EmptyV  DENV NS1

gal/raf/ X-Gal-u, -h, -w

A
DENV NS5 EmptyV DENV NS1
glu/X-Gal-u, -h, -w
glu/—u, -h, -w, -l
B

PAH1 PAH2 cc D/E

gal/raf -u, -h, -w, -I

S/P/T rich domain
740

] Daxx (1-740)

DENV NS5-binding(529-740)

Fig. 1. DENV NS5-human Daxx interaction in a yeast two-hybrid system. (A) Yeast strain RFY231 was co-transformed with a bait plasmid, a Daxx prey plasmid and lacZ
reporter plasmid. The bait plasmids used were pEG-NS5, expressing the lexA-DEN NS5 fusion protein, the empty bait plasmid pEG202, or an unrelated bait plasmid pEG-NS1
(DENV NS1). A specific interaction was indicated by galactose-dependent B-galactosidase expression, as evidenced by blue colonies on the galactose containing X-Gal plate
and white colonies on the glucose containing X-Gal plate, and by galactose-dependent growth on the leucine deficient plate. (B) The region of Daxx that interacted with DEN
NS5 was the 211 carboxyl-terminal residues, a region which binds multiple cellular proteins.
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Fig. 2. Interaction between DENV NS5 and human Daxx. (A) Lysates of HEK293 cells expressing DENV NS5 or DENV NS5-K/A were immunoprecipitated with a mouse anti-
FLAG antibody. Immune complexes were detected by Western blot analysis using either a mouse anti-FLAG or a rabbit anti-Daxx antibodies. Lane 1, and 4: input; Lane 2, and
5: IP with no antibody; Lane 3 and 6: IP with anti-FLAG antibody. (B) Lysates of HEK293 cells expressing DENV NS5 or DENV NS5-K/A were immunoprecipitated with a rabbit
anti-Daxx antibody. Immune complexes were detected by Western blot analysis using either a mouse anti-FLAG antibody or a rabbit anti-Daxx antibody. Lane 1, and 4: input;
Lane 2, and 5: IP with no antibody; Lane 3 and 6: IP with anti-Daxx antibody. (C) HEK293 cells expressing DENV NS5 or DENV NS5-K/A were fixed and immunostained with
rabbit anti-Daxx antibody (panel a, d, and g) and mouse anti-FLAG antibody (panel b, e, and h). The merged image (panel ¢, f, and i) demonstrated co-localization between
DENV NS5 and Daxx.
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Fig. 3. Interaction between DENV NS5 and human Daxx modulates RANTES production. (A) The amount of mRNA of DHF-associated cytokines was measured in HEK293 cells
expressing DENV NS5 in the presence of TNF-o. Relative gene expression (fold change) was determined by real-time PCR using primers specific to IL-8, CXCL-9 and RANTES.
The results are the average of three independent experiments. The asterisks indicate statistically significant differences between HEK293 cells expressing DENV NS5 and
empty vector (*p < 0.05). (B) The mRNA expression of RANTES was measured in HEK293 cells expressing DENV NS5 in the presence of TNF-o. Relative gene expression (fold
change) of RANTES was determined by real-time PCR. The results are the average of three independent experiments. The asterisks indicate statistically significant differences
between HEK293 cells expressing DENV NS5 and DENV NS5-K/A (*p < 0.05, **p < 0.01). (C) The production of RANTES was measured by ELISA in HEK293 cells expressing DENV
NS5 in the presence of TNF-o. The results are the average of three independent experiments. The asterisks indicate statistically significant differences between HEK293 cells
expressing DENV NS5 and DENV NS5-K/A (*p < 0.05, **p < 0.01). (D) The expression of DENV NS5 or DENV NS5-K/A was determined by flow cytometry using a mouse anti-
FLAG antibody.
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Daxx was observed in HEK293 cells expressing DENV NS5. Anti-
flag antibody co-immunoprecipitated Daxx protein and, con-
versely, anti-Daxx antibody co-precipitated DENV NS5 (Fig. 2A
and B). Co-localization of DENV NS5 and Daxx was evident in the
nucleus of HEK293 cells expressing DENV NS5 (Fig. 2C). These data
supported the proposed interaction of DENV NS5 and Daxx and
further suggested that association occurs mainly in the nucleus
of HEK293 cells expressing DENV NS5.

3.3. Interaction DENV NS5 and Daxx modulates RANTES production

DENV NS5 was previously shown to enhance the production of
IL-8 [9]. In addition, enhancement of TNF-a-stimulated NF-xB acti-
vation by DENV NS5 was reported [25]. In the present study, the
level of DHF-associated cytokines including IL-8, CXCL-9 and RAN-
TES was measured in HEK293 cells expressing DENV NS5 in the
presence of TNF-o.. The mRNA expression of RANTES was signifi-
cantly up-regulated in HEK293 cells expressing DENV NS5 com-
pared to empty vector-transfected HEK293 cells (Fig. 3A).
RANTES is a member of the C-C chemokine family and its expres-
sion was increased both in DENV-infected cell lines and DENV-in-
fected patients [26] and activation of RANTES production by other
viral infections was reported to be regulated by NF-xB [27,28].
Therefore, enhancement of TNF-a-stimulated NF-kB activation of
RANTES production may modulated by DENV NS5.

Interaction between DENV NS5 and Daxx, which normally
interacts with NF-kB [29], may modulate RANTES production.
Therefore, HEK293 cells expressing either DENV NS5 or DENV
NS5-K/A were created to assess in the role of NS5 nuclear translo-
cation in Daxx interaction and RANTES production. Site-directed
mutagenesis was employed to generate mutant DENV NS5
(K371A, K372A, K387A, K388A, K389A), namely DENV NS5-K/A,
Whilst DENV NS5 was present in the nuclei of HEK293 cells
expressing DENV NS5, HEK293 cells expressing DENV NS5-K/A
had no detectable DENV NS5 protein in the nucleus (Fig. 2C). Sec-
ondly, co-immunoprecipitation and co-localization of DENV NS5-
K/A and Daxx was examined. Co-immunoprecipitation of DENV
NS5 and Daxx was observed only in HEK293 cells expressing DENV
NS5, but not in HEK293 cells expressing DENV NS5-K/A. Anti-flag

antibody co-immunoprecipitates Daxx protein and, conversely,
anti-Daxx antibody co-precipitated DENV NS5 in HEK293 cells
expressing DENV NS5 but not in HEK293 cells expressing DENV
NS5-K/A. (Fig. 2A and B). Furthermore, co-localization of DENV
NS5 and Daxx was evident in the nucleus of HEK293 cells express-
ing DENV NS5 but not in HEK293 cells expressing DENV NS5-K/A.
(Fig. 2C). Finally, the RANTES production in either HEK293 cells
expressing DENV NS5 or DENV NS5-K/A. was measured by real-
time RT-PCR and ELISA, respectively. As expected, both mRNA
expression and RANTES production were significantly higher in
HEK293 cells expressing DENV NS5 than those in HEK293 cells
expressing DENV NS5-K/A (Fig. 3B and C). This difference was
not due to differences in transfection efficiency or protein expres-
sion since DENV NS5 and DENV NS5-K/A were expressed at similar
levels as determined by immunofluorescence staining (Fig. 3D).
Thus, in the absence of a functional NLS, DENV NS5 could neither
translocate into the nucleus nor interact with Daxx to increase
RANTES secretion.

As TNF-a signaling activates NF-kB and RANTES production
during DENV infection [2,30] and NF-«B is known to activate the
RANTES promoter [28], DENV NS5 may increase the amount of
NF-kB available to activate RANTES expression through its interac-
tion with Daxx, which normally interacts with NF-xB [29] (Fig. 4).
The molecular mechanisms that control the competitive binding of
DENV NS5, Daxx, and NF-kB require further investigation. How-
ever, this work is the first to demonstrate the in vivo interaction be-
tween DENV NS5 and Daxx and its role in modulating RANTES
production.
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