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Hyperuricemia plays a critical causative role in gout. In contrast, hyperuricemia has
a protective effect in neurodegenerative disorders, including Alzheimer’s Disease.
Genetic variation in the SLC2A9 gene, encoding the urate transporter GLUT9,
exerts the largest single-gene effect on serum uric acid (SUA). We report here the
identification of two GLUT9-interacting proteins, integral membrane protein 2B (ITM2B)
and transmembrane protein 85 (TMEMB85), isolated from a human kidney cDNA library
using the dual-membrane yeast two-hybrid system. ITM2B is a ubiquitously expressed,
N-glycosylated transmembrane regulatory protein, involved in familial dementias and
retinal dystrophy; the function of TMEMS85 is less defined. Using coimmunoprecipitation,
we confirmed the physical interaction between [TM2B or TMEM85 and N-terminal
GLUT9 isoforms (GLUT9a and GLUT9b) in transfected HEK 293T cells and Xenopus
oocytes, wherein [TM2B but not TMEMS85 inhibited GLUT9-mediated urate uptake.
Additionally, co-expression of [TM2B with GLUT9 in oocytes inhibited N-glycosylation
of GLUT9a more than GLUT9b and stimulated urate efflux by both isoforms. However,
urate uptake by N-glycosylation and N-terminal deletion GLUT9 mutants was efficiently
inhibited by ITM2B, indicating that neither N-glycosylation nor the N terminus is
necessary for functional interaction of GLUT9 with ITM2B. Notably, ITM2B variants linked
to familial Danish dementia and retinal dystrophy significantly attenuated the inhibition of
GLUT9-mediated urate influx. We propose ITM2B as a potential regulatory link between
urate homeostasis and neurodegenerative disorders.

Keywords: integral membrane protein 2B (ITM2B), SLC2A9 gene, urate transporter GLUT9, neurodegenerative
disorders, Danish dementia, retinal dystrophy, N-glycosylation

INTRODUCTION

Elevated serum uric acid (SUA) is a causative risk factor for gout (Choi et al., 2005) and reportedly
increases the risk and progression of cardiovascular disease, hypertension, diabetic kidney disease,
and chronic kidney disease (Johnson et al., 2018). In contrast, reduced SUA levels increase and
elevated SUA levels reduce the risk of neurodegenerative diseases, specifically Alzheimer’s disease
(AD) (Ye et al., 2016), Parkinson’s disease (PD) (Schwarzschild et al., 2008; Ascherio et al., 2009),
and multiple sclerosis (MS) (Liu et al., 2012).

The circulating SUA in humans is determined by the net balance between production in
liver, reabsorption and secretion in renal proximal tubules, and secretion by the intestine
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(Mandal and Mount, 2015). Within the kidney, filtered urate is
reabsorbed in the renal proximal tubule through the coordinated
activity of several solute transporters. URAT1, encoded by the
SLC22A12 gene, is the dominant apical urate/anion exchanger
in human renal proximal tubule epithelia, reabsorbing urate
in exchange with intracellular monocarboxylate anions such as
nicotinate (Mandal et al., 2017). The apical OAT10 exchanger
(organic anion transporter 10, encoded by the SLC22A13 gene)
also functions in urate-nicotinate exchange in human renal
proximal tubule cells, with lesser urate transport activity than
URAT1 when expressed in Xenopus oocytes (Mandal et al., 2017).
The intracellular concentration of monocarboxylate anions that
exchange with urate via URAT1 and OAT10 is maintained by
the apical Na™-dependent monocarboxylate transporters SMCT1
and SMCT2 (Mandal and Mount, 2015).

GLUT9 (glucose transporter 9, encoded by the SLC2A9 gene)
is an electrogenic, high capacity urate uniporter (Anzai et al.,
2008; Caulfield et al., 2008; Vitart et al., 2008; Mandal et al., 2017)
that mediates the basolateral exit of the reabsorbed urate from
proximal tubule cells to the peri-tubular interstitium and the
bloodstream. GLUT9 has two isoforms, GLUT9a and GLUT9b,
differing in their amino-terminal cytoplasmic domains (Augustin
et al., 2004). GLUT9a and GLUT9b transport urate with almost
identical affinity (Mandal et al., 2017). However, the two isoforms
differ in membrane trafficking; GLUT9a traffics to the basolateral
membrane of epithelia whereas GLUT9b is localized at the
apical membrane (Kimura et al., 2014). GLUT9a is expressed
in human kidney, brain, liver, placenta, lung and leukocytes
whereas GLUT9b expression is detected primarily in kidney
and placenta (Augustin et al, 2004). Multiple genome-wide
association studies (GWAS) have linked variation in SUA to
more than forty genes, including SLC2A9 and several other urate
transporter genes (Kottgen et al, 2013; Mandal and Mount,
2015). Notably, variation in SLC2A9 exert the greatest single-
gene effect on SUA. However, very little is known about the
regulation of GLUT9.

In this study we report the identification of two GLUTY-
interacting proteins, ITM2B (integral membrane protein 2B,
also known as BRI2) and TMEMS85 (transmembrane protein
85). The human TMEMS5 protein is poorly characterized, but
appears to have anti-apoptotic activity (Ring et al., 2008). Human
ITM2B is a ubiquitously expressed transmembrane protein, most
abundant in the brain, placenta, kidney, pancreas, and liver
(Pittois et al., 1998).

Mutations in ITM2B cause Familial British Dementia (FBD),
Familial Danish Dementia (FDD) (Vidal et al., 1999, 2000),
and familial autosomal dominant retinal dystrophy (FRD)
(Audo et al, 2014). FBD is caused by a mutation in the
normal stop codon (TGA—AGA), generating a C-terminally
elongated protein with an extra 11 residues (Vidal et al,
1999). In FDD, a 10-nucleotide duplication (TTTAATTTGT)
just three nucleotide before the stop codon also generates
an extended ORF with two non-conservative substitutions
followed by a distinct C-terminal 11 amino acid extension
(Vidal et al., 2000).

FBD and FDD share many similar neuropathological features
with AD, and ITM2B also plays a direct role in the pathogenesis

of AD. In particular, ITM2B is an inhibitor of APP (amyloid
precursor protein) proteolysis and in the absence or dysfunction
of ITM2B, production of Ap (amyloid B) from APP is increased
(Tamayev et al., 2012).

We report herein an unexpected function for ITM2B,
regulation of urate transport. The physical interaction of ITM2B
with GLUT9 isoforms causes inhibition of urate influx and
stimulation of urate efflux; in contrast, TMEMS85 had no effect
on GLUT? function. The ITM2B mutants associated with FDD
and FRD significantly attenuate ITM2B inhibition of urate influx
mediated by GLUT9. We propose ITM2B as a novel regulator
of SUA and/or cell-specific intracellular urate concentration, and
a potential molecular link between uric acid homeostasis and
neurodegenerative disorders.

MATERIALS AND METHODS

Animals, Cell Lines and Reagents

The split-ubiquitin dual membrane yeast two-hybrid (MYTH)
system and human kidney c¢DNA libraries were purchased
from Dualsystems Biotech (Zurich, Switzerland). Mature
female Xenopus laevis frogs were purchased from NASCO (Fort
Atkinson, WI, United States). The human kidney proximal
tubule epithelial cell line PTC-05 (Orosz et al., 2004) was
provided by Dr. Ulrich Hopfer. HEK 293T and other cell lines
were obtained from ATCC (Manassas, VA, United States). Cell
growth media components were purchased from Invitrogen
(Carlsbad, CA, United States). Type IV collagen, transferrin,
dexamethasone, interferon-gamma, ascorbic acid, sodium
selenite (NaySeOs), and triiodothyronine (T3) and tricane
(Ethyl 3-aminobenzoatemethanesulfonate) were purchased
from SIGMA (St. Louis, MO, United States). Affinity-purified
rabbit polyclonal anti-GLUT9 antibody was purchased from
MBL(Medical & Biological Laboratories Co., Ltd., catalog #
BMP027). Rabbit anti-ITM2B antibody (product # HPA029292)
and mouse anti-ITM2B antibody (product # SAB1401473)
were purchased from SIGMA (St. Louis, MO, United States).
Rabbit anti-GAPDH antibody, rabbit anti-Myc antibody, Alexa
Fluor 488 conjugated anti-Myc mouse antibody (catalog #
A-11029), Alexa Fluor 594 conjugated anti-rabbit IgG (catalog
# A-11012) and Sepharose (R) bead conjugated anti-mouse IgG
antibody, F(ab’)2 fragment (catalog # 3400) were purchased
from Cell Signaling Technology (Danvers, MA, United States).
The [14C]-urate (specific activity: 50 mCi/mmol) was purchased
from Moravec Inc. (Brea, CA, United States). RNeasy Mini
Kit and plasmid isolation kit were purchased from QIAGEN
(Hilden, Germany).

Cell Culture

All cells were routinely maintained in their respective appropriate
growth medium in a humidified incubator at 37°C with 5%
CO;. Human PTC-05 cells were grown as described previously
(Orosz et al., 2004) on type IV collagen-coated petri dishes.
HEK 293T cells and other cells as indicated were grown
in Dulbecco’s modified Eagles medium (DMEM) following
supplier’s instructions.
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Split-Ubiquitin Dual Membrane Yeast
Two-Hybrid (MYTH) Screening

The split-ubiquitin dual membrane yeast two-hybrid (MYTH)
screening was performed following supplier’s instructions using
Saccharomyces cerevisisee NMY51. In this screening, we used
LexA-VP16-Cub-GLUT9a as the bait protein and human kidney
cDNA library proteins fused at their carboxy-terminal end to
the NH;-terminal half of mutated ubiquitin (NubG) as the prey
protein. The full-length human GLUT9a open-reading frame was
cloned into the pBT3-N bait vector at an Sfil restriction site. For
library screening, approximately ~5 x 10° yeast transformants
were screened per round. Yeast transformants from selection agar
plates were grown overnight at 30°C with constant shaking. The
yeast transformants were harvested by centrifugation from their
10 ml of overnight culture (O.D. ~2.0), washed with 1 ml of
sterile water, and then suspended in 250 pl of P1 suspension
buffer (QIAGEN plasmid isolation kit, Hilden, Germany). Yeast
cells were mixed with fine glass beads and then ground with the
help of a hand-motor driven pestle for 1 min on ice. Plasmids
were then isolated using a QIAGEN plasmid isolation kit.

Expression Constructs for Human
GLUT9/SLC2A9, ITM2B, and TMEMS85

For expression of human GLUT9 isoforms, human
ITM2B/ITM2B-myc, or human TMEMS85/TMEMS85-myc
in HEK 293T cells, the complementary DNAs (cDNAs) were
cloned into the pcDNA3.1(4)/myc-HisA expression vector. For
expression in Xenopus laevis oocytes, full-length cDNAs were
cloned into pPGEMHE plasmid vector wherein the cDNA insert
is flanked by the Xenopus laevis B-globin 5-UTR and 3’-UTR
(Liman et al., 1992).

Functional Expression in Xenopus
Oocytes

Studies using Xenopus laevis oocytes have been carried out in
accordance with the Guide for the Care and Use of Laboratory
Animals as adopted and promulgated by the U.S. National
Institutes of Health, and were approved by the Institution’s
Animal Care and use Committee. Mature female Xenopus
laevis frogs were subjected to partial ovariectomy under tricane
anesthesia (0.17% for 15-20 min) followed by defolliculation of
the oocytes as described previously (Mandal et al., 2017). The
various Xenopus laevis expression constructs in pPGEMHE were
linearized by NotI, Nhel, or EcoRI digestion. The cRNAs were
in vitro synthesized by using T7 RNA polymerase (nMESSAGE
mMACHINE; Ambion, Austin, TX, United States) following the
supplier’s protocol, isopropanol-precipitated, washed twice with
70% ethanol, dried, dissolved in sterile nuclease-free water and
then stored at —80°C. The yield and integrity of the capped
cRNA samples were assessed by spectroscopy (at 260 nm)
and 1% agarose-formaldehyde gel electrophoresis respectively.
About 18 h after isolation, oocytes were microinjected with
50 nl of sterile water, or 50 nl of a cRNA solution containing
25/12.5 ng of the indicated cRNA using fine-tipped micropipettes
by a microinjector (World Precision Instrument Inc., Sarasota,
FL, United States).

RNA Extraction and RT-PCR

Total RNA from human kidney proximal tubule epithelial cells
(PTC-05) and other cells as indicated were extracted using
spin columns with the RNeasy Mini Kit (QIAGEN, GmbH,
Germany) following the manufacturers instructions. About
2 pg of DNase-treated total RNA, isolated from cells, were
primed with poly-dT and random hexamers and then reverse-
transcribed using AMV reverse transcriptase (New England
Biolabs, Ipswich, MA, United States). Equal amounts of cDNA
were used for PCR amplification.

The following intron-spanning primers were used for PCR
amplification:

GLUT9b-5S [sense; exon-1B] 5'-GCAGAGGAAGATTCGA
ACTGG-3’

GLUT9a-10S [sense; exon-1A] 5'-AATGCCTTGGCAGAGT
CTGG-3’

GLUT9b-20S [sense; exon-2] 5'-AACCTGAAAAGTGAAC
CATGAAGC-3’

GLUT9a-1A [antisense; exon-3] 5-CACCACCGACAGGT
TGTAGCCGTAG-3'

ITM2B-1S [sense] 5'-TGACGTTCAACTCCGCTCTGGCC
CAGAAGG-3

ITM2B-1A [antisense] 5-TAGGACTGAGGCAAATAGGT
TCCAGCCTTG-3'

TMEMS85-2S [sense] 5'-GAGTGGCCATTACGGCCATGAC
GGCCCAGGGGGGCCTGGTGGCTA-3

TMEMS85-2A [antisense] 5-AGCTTCTAGATTACAAAA
GCAGTCCTCCACCACTGAACTC-3

GAPDH-1S [sense] 5-CGGAGTCAACGGATTTGGTCGT
ATTG-3

GAPDH-1A [antisense] 5-GACTGTGGTCATGAGTCCT
TCCACGA-3’

Transfection of HEK 293T Cells

HEK 293T cells were grown in DMEM containing 10% FBS.
For transfection, 5 x 10° cells were seeded in 6-well tissue
culture plates and then next day transfected with 75 pmol
of each expression construct using the FuGene 6-reagent
(PROMEGA, Madison, WI, United States, catalog # E2311)
following manufacturer’s instructions.

Site-Directed Mutagenesis

Mutations were introduced by site-directed mutagenesis PCR
reaction using the QuickChange II XL site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, CA, United States,
catalog # 210522-5) following the manufacturer’s instructions.
Introduced mutations were verified by sequencing. Primer
sequences for introducing mutations into N-glycosylation sites
of GLUTY isoforms are shown below. Nucleotides mutated for
experiments are shown bold and underlined.

GLUT9a-Gly-2S [sense; N90Q] 5-ATCAAGGCCTTTTA
CCAAGAGTCATGGGAAAGAAGGC-3’

GLUT9a-Gly-2A [antisense; N90Q] 5'-GCCTTCTTTCCCA
TGACTCTTGGTAAAAGGCCTTGATG-3’
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GLUT9b-Gly-2S  [sense; N61Q] 5 -ATCAAGGCCT
TTTACCAAGAGTCATGGGAAAGAAGGC-3/
GLUT9b-Gly-2A[antisense; N61Q] 5-GCCTTCTTT
CCCATGACTCTTGGTAAAAGGCCTTGATG-3'
ITM2B-N170Q-1S —  5-TGCTATGTGATCCCTCTG
CAAACTTCCATTGTTATGCCA-3'

ITM2B-N170Q-1A —  5-TGGCATAACAATGGAAGT
TTGCAGAGGGATCACATAGCA-3'

The following PCR primers were used for generating ITM2B
mutants linked to FBD, FDD of familial retinal dystrophy (FRD).

ITMB-1S [sense] — 5'-CTCGGGATCCGGTACCGAGAG
ATCTGCCGCCGCGAT-3'
ITMB-FBD-1A [antisense] —
TTCCTCAATAATGTTTTTCTTGA
CTGTTCTAGAACAAATTAAAGTTTCCCGGCAAATTT
GTTTTCAAAATGCCG-3/

ITM2B-FDD-1A [antisense] — 5-GCTTCTAGATCAAT
AATGTTTTTCTTGACTGTTCAAGAACAAATTAAAACA
AATTAAAGTTGCCACGGCAAATTTGTTTTCAAAATG
CCG-3

ITMB-FRD-1A [antisense] — 5-GCTCTAGATTAAGAA
CAAATTAAAGTTGCCACGGCAAATTTGTTTTCAAAA
TGC-3'

5'GCTAAGCTTAATT

N-Glycanase Treatment

Clear protein extracts from transfected cells or oocytes expressing
proteins as indicated were treated with N-glycanase (PROzyme,
Hayward, CA, United States, product code # GKE-5006B)
following the supplied protocol.

Immunofluorescence and

Immunohistochemistry

HEK 293T cells, cultured in sterile 4-chamber polystyrene tissue
culture-treated chamber slides (glass), were transfected with
expression constructs (in pcDNA3.1) using the FuGene 6-reagent
as described above. Twenty-four hours post-transfection, the cells
were fixed and permeabilized with cold methanol for 5 min
at —20°C, and then rinsed once with PBS, blocked with 1X
casein blocking solution (Vector Laboratories, Burlingame, CA,
United States) for 1 h and then incubated with Alexa Fluor 488
conjugated anti-Myc mouse antibody (for ITM2B-myc) or rabbit
anti-GLUT9 antibody for 1h followed by rinsing three times with
PBS-T buffer. Cells were then incubated with Alexa Fluor 594
conjugated anti-rabbit IgG (for GLUT9 only) for 1h, rinsed three
times with TBST buffer (tris-buffered saline with 0.1% tween-
20, pH 8.0) and mounted with Vectashield mounting medium
(Vector Laboratories, Inc., Burlingame, CA, United States)
containing the fluorescent dye 4’,6-diamidino-2-phenylindole
(DAPI) for nuclear staining. The fluorescent signal was detected
using a confocal Nikon microscope (D-ECLIPSE C1) at 40X
(01.0 mm aperture) lateral magnifications.

For immunohistochemistry, normal human kidney sections
were obtained by the Renal Pathology Division at Brigham
and Women’s Hospital through an IRB-approved protocol (Dr.
Vanesa Bijol and Dr. Astrid Weins). Paraffin sections were

dewaxed in Xylene, washed six times in absolute ethanol,
incubated in a 1:1 diluted solution of 3% hydrogen peroxide
and absolute ethanol and then washed in tap water for 3-5 min.
After antigen retrieval was achieved in a pressure cooker in
Dako citrate buffer pH 6.0 at 120°C for 30 s, sections were
rinsed in TBST and then incubated with ITM2B antibody
(1:50 dilution) for 45 min then rinsed with TBST for 10 min.
Sections were then exposed to Labeled Polymer-HRP anti-rabbit
secondary antibody (DakoCytomation, K4011), washed in TBS,
and then incubated with DAKO’s DAB + [3,3’-diaminobenzidine
(DAB+) substrate-chromogen which results in a brown-colored
precipitate at the antigen site] for 3-5 min, followed by washing
in tap water and counterstaining with hematoxylin. Pictures of
human kidney section were taken using a Nikon microscope
(ECLIPSE 90i) at 20X (0.5 mm aperture) and 40X (1.30 mm
aperture) lateral magnifications.

Western Immunoblotting

Western blotting was performed as described previously (Mandal
et al., 2017). About 48 h post-transfection/microinjection, cells
were lysed by sonication and oocytes (~100) were lysed
using a Teflon homogenizer in lysis buffer (50 mM Tris-HCI,
pH 7.5, 50 mM NaCl, 1 mM EDTA, pH 8, 1% Triton X-
100) supplemented with protease inhibitors cocktail (Roche,
Indianapolis, IN, United States). Western blotting was performed
using appropriate antibody. About 30 pg of total protein of
lysates was loaded per lane and fractionated using 8% SDS/PAGE
gel electrophoresis and then transferred to polyvinylidene
difluoride (PVDF) membrane. All of the Western blotting
experiments were performed more than three times (N > 3)
for confirmation; data shown for each figure are from a
single representative experiment. Quantitative analysis of the
intensity of protein bands in Western blots was performed
using KwikQuant Image Manager software (Kindle Biosciences,
Greenwich, CT, United States).

Co-immunoprecipitation

For co-immunoprecipitation, 100 pl of cell lysate (~300 pg
of total proteins) in lysis buffer (150 mM NaCl, 20 mM Tris-
Cl, 1% Triton X-100) of transiently transfected HEK 293T
cells or microinjected oocytes expressing indicated proteins
was mixed with 350 pl of immunoprecipitation buffer (lysis
buffer, 0.1% Triton X-100) and 50 |l of protein-A Sepharose
slurry (pre-washed and pre-equilibrated) and then incubated
in cold room for 2 h with constant rocking. The cell/oocyte
lysate were precleared by centrifugation at 2500 x g for
5 min. The precleared lysate was then mixed with 20 ml
of Sepharose bead conjugated with mouse anti-Myc antibody
(IgG2a) for myc-tagged proteins and incubated at 4°C overnight.
For co-immunoprecipitation of endogenous GLUT9 with
endogenous ITM2B from Caco-2 cell lysate, the precleared lysate
(~300 pg of total protein) was mixed with mouse anti-ITM2B
antibody and 40 pl of Sepharose bead conjugated anti-mouse IgG
antibody, F(ab’)2 fragment; data shown for each figure are from a
single representative experiment. All of the immunoprecipitation
experiments shown were performed more than three times
(N > 3) for confirmation.
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Urate Uptake and Efflux Assays

Twenty four hours post-transfection, transiently transfected
HEK 293T cells expressing indicated proteins were harvested
separately in 1.7 pl microfuge tube and washed four times
with the uptake medium (141 mM NaCl, 2 mM KCl, 1.8 mM
CaCly, 1 mM MgCl,, 5 mM HEPES, pH 7.4). Then 4 X 10°
live cells were suspended in 1 pl of the uptake medium
at room temperature containing ['4C]-urate. After 60 min
of incubation in the uptake medium containing ['*C]-urate
(20 wM) at room temperature (~25°C) in a horizontal shaker-
incubator, cells were separately harvested by centrifugation in
1.7 pl microfuge tube, and washed three times with the ice-cold
uptake medium to remove external adhering radioisotope.
Cells were then lysed by 400 pl of 10% SDS solution and
the lysate was completely transferred to scintillation vial for
counting by scintillation counter after addition of 2.5 pl
of scintillation fluid (Ecoscint, Fischer Scientific, Pittsburgh,
PA, United States).

The ['*C]-urate uptake and efflux experiments in Xenopus
oocytes were performed as described previously (Mandal et al.,
2017). All uptake experiments included at least 20 oocytes in each
experimental group; statistical significance was defined as two-
tailed p < 0.05, and results were reported as means £ SE. All of
the uptake experiments shown were performed more than three
times (N > 3) for confirmation; data shown for each figure are
from a single representative experiment.

Safety

All experiments conformed to institutional biosecurity and
biosafety standards.

Statistics

Statistical analyses including linear regressions and significance
were determined by Student’s t-test using SigmaPlot software.
Transformation of data and curve fitting were made with
SigmaPlot (Systat Software, Bangalore, Karnataka, India). Kinetic
parameters for the uptake of urate were estimated from the
following equation: v = Vmax x S/(Km + S), where v is the
rate of substrate uptake (pmol/h/oocyte), S is the substrate
concentration in the medium (jum), Km is the Michaelis-
Menten constant (jum), and Vmax is the maximum uptake
rate (pmol/h/oocyte). These kinetic parameters were determined
from analysis of the Eadie-Hofstee plot.

RESULTS

Identification of GLUT9-Interacting
Proteins Using the Dual Membrane Yeast
Two-Hybrid (MY2H) System

Using split ubiquitin membrane yeast two-hybrid (MY2H)
screens we identified two GLUT9a-interacting proteins, ITM2B
and TMEMS5. For this screen, we used LexA-VP16-Cub-
GLUT9a as the bait-fusion protein and the human kidney
cDNA library proteins, fused at their carboxy-terminal end, to
the NH;-terminal half of mutated ubiquitin (NubG), as the

prey fusion proteins. Out of more than 20 potential GLUT9a-
interacting proteins, we selected ITM2B and TMEMSS5 for further
characterization (Supplementary Figures 1A,B).

ITM2B and TMEMS8S5 Physically Interact

With GLUT9 Isoforms

The results of MY2H screens prompted us to verify the
interaction between human ITM2B/TMEMS85 and GLUT9a/b
in transfected HEK 293T cells and microinjected oocytes
co-expressing GLUT9a/b and ITM2B/TMEMS85-myc. We first
assessed the expression level of GLUT9a/b in the absence and
presence of ITM2B/TMEMS85-myc. Quantitative analysis (see
section Materials and Methods) of the intensity of GLUT9a/b
protein band in the Western blots of transfected HEK 293T
cell extracts (Figure 1A) or oocyte extracts (Figure 1B)
did not show any significant effect of ITM2B/TMEMS5-
myc expression on GLUT9a/b protein expression levels. We
then performed co-immunoprecipitation using Sepharose bead-
conjugated mouse anti-myc antibody followed by Western
blotting using anti-GLUT9 antibody. The results revealed
strong physical interactions between GLUT9 isoforms and
ITM2B/TMEMS85-myc in both transfected HEK 293T cells
(Figure 1C) and Xenopus oocytes (Figure 1D).

Notably, co-expression of ITM2B with GLUT9a in oocytes
produced two major protein bands for GLUT9a, with molecular
sizes ~50 and ~45 kDa (Figures 1B,D), without any significant
effect on GLUT9b protein (Figures 1B,D). In contrast, GLUT9a/b
protein bands remained unaffected when co-expressed with
TMEMS5 in oocytes (Figures 1B,D). These results suggest
that ITM2B might either cause proteolytic cleavage of GLUT9a
or might affect post translational modification of GLUT9a in
oocytes. However, in transfected HEK 293T cells we did not
find such differential effects of ITM2B on the GLUTY isoforms
(Figures 1A,C).

The interactions between over-expressed ITM2B and
GLUT9a/b in yeast, transfected cells, or oocytes compelled us to
examine physical interactions between endogenous ITM2B and
GLUT9. For that, we chose Caco-2 cells, wherein endogenous
GLUT9 and ITM2B proteins are easily detectable; HEK 293T
cells served as a control, given the lack of endogenous ITM2B
protein (Figure 1E, left panel). When we immunoprecipitated
ITM2B using mouse anti-ITM2B antibody from Caco-2 and
HEK 293T cell lysates and then analyzed the immunoprecipitate
by Western blotting using rabbit anti-GLUT9 antibody, we found
two protein bands for GLUT9 (~110 and ~50 kDa) (Figure 1E,
right panel) in the co-immunoprecipitate from Caco-2 cell
lysate, but no GLUT9 protein band in the immunoprecipitate
from the HEK 293T cell lysate. The results confirm the physical
interaction between endogenous ITM2B and GLUT? proteins.

ITM2B and GLUT9 Are Co-expressed in
Human Renal Proximal Tubule Epithelial
Cells

Immunohistochemistry of human kidney sections with anti-
ITM2B antibody reveals that ITM2B is highly expressed in renal
proximal tubules (Figure 2A), wherein GLUT9 expression has
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FIGURE 1 | Physical interaction between GLUT9 isoforms and ITM2B-myc or TMEM85-myc: (A) Western blot analyses of the lysates of transiently transfected HEK
293T cells, co-expressing GLUT9a/b and ITM2B/TMEM85-myc, using anti-GLUT9 antibody and anti-myc antibody respectively. (B) Western blot analyses of the
lysates of microinjected oocytes co-expressing GLUT9a/b and ITM2B/TMEM85-myc. Each oocyte was microinjected with 12.5 ng of GLUT9a/b cRNA or a mixture
containing 12.5 ng of GLUT9a/b cRNA and 12.5 ng of ITM2B/TMEM-myc cRNA. GAPDH protein band for each sample acts as a loading control.
(C) Co-immunoprecipitation of GLUT9a/b with ITM2B/TMEMB85-myc, using sepharose bead conjugated mouse anti-Myc antibody, from lysates of co-transfected
HEK 293T cells co-expressing GLUT9a/b and ITM2B/TMEM85-myc. GLUT9 isoforms were detected by Western blotting using rabbit anti-GLUT9 antibody.
(D) Co-immunoprecipitation of GLUT9a/b with [TM2B/TMEMB85-myc, from lysates of Xenopus laevis oocytes co-expressing GLUT9a/b and ITM2B/TMEM85-myc.
(E) Left panel: Western blot analyses of the lysates (60 j.g total protein/lane) of HEK 293T and Caco-2 for endogenous GLUT9 and ITM2B proteins using
anti-GLUT9 antibody and anti-ITM2B antibody respectively. Right panel: Endogenous GLUT9 was co-immunoprecipitated with endogenous ITM2B from the lysates
of HEK 293T or Caco-2 cells using mouse anti-ITM2B antibody and sepharose (R) bead conjugated anti-mouse IgG antibody, F(ab’)2 fragment. GLUT9 was
detected by immunoblotting using rabbit anti-GLUT9 antibody and ITM2B by rabbit anti-ITM2B antibody. IB, immunoblotting; IP, immunoprecipitation.

previously been reported (Augustin et al., 2004); no signal was
seen without ITM2B primary antibody (data not shown). The
results of RT-PCR with intron-spanning primers revealed ITM2B
mRNA expression in a human proximal tubule epithelial cell line
(PTC-05) (Orosz et al., 2004) as well as in many other cell types
(Figure 2B), with mRNAs of both isoforms of GLUT9 (GLUT9a
and GLUT9b) in PTC-05 cells (Figure 2C); RT-negative control
samples were all negative. The RT-PCR products of ITM2B
and GLUT9 were confirmed by cloning and sequencing. We
could not detect TMEM85 mRNA in PTC-05 cells (Figure 2D);
however TMEM85 mRNA was detectable in human kidney, also
confirmed by sequencing (Figure 2D).

Confocal immunofluorescence microscopy using anti-Myc
antibody in transfected and untransfected (for control) HEK
293T cells reveals that the Myc-tagged ITM2B protein is located
predominantly at the cell membrane (Figure 2E), as are the
GLUT? isoforms detected by anti-GLUT9 antibody (Figure 2F).

We also detected GLUT9a protein predominantly at the plasma
cell membrane when co-expressed with ITM2B (Figure 2G) in
co-transfected HEK 293T cells. In untransfected cells, there is no
signal for ITM2B and GLUT9 (see Figures 2E,G).

ITM2B Inhibits Urate Influx and
Stimulates Urate Efflux Mediated by

GLUT9 Isoforms

We subsequently assessed the effect of ITM2B or TMEMS85
on the [!“C]-urate uptake activity of GLUT9a/b in transiently
transfected HEK 293T cells. We found that the ['4C]-urate uptake
activity of GLUT9 isoforms was reduced by 54-58% (Figure 3A)
in the presence of ITM2B; this ['4C]-urate uptake was linear
over time (Figure 3B). However, the urate transport activity
of GLUTY isoforms was not affected by co-expression with
TMEMS5 (Figure 3A). The kinetics of GLUT9-mediated urate
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FIGURE 2 | ITM2B and SLC2A9 gene expression in human renal proximal tubule cells: (A) Immunohistochemistry of human kidney section with anti-ITM2B antibody
at 20X magnification. ITM2B protein expression (dark brown) is detected in renal proximal tubule epithelial cells. (B) RT-PCR detection of ITM2B and GAPDH mRNAs
in human kidney, human proximal tubule epithelial cells (PTC-05), HEK 293T, Caco-2, and HelLa cells; GAPDH mRNA expression acts as a control. (C) RT-PCR
detection of mMRNA expression of GLUT9a and GLUT9b in PTC-05 cells. (D) RT-PCR detection of TMEM85 mRNA in human kidney with no expression in the cell
lines tested here. (E) Cell membrane localization of [TM2B-myc protein in transiently transfected HEK 293T cells by confocal immunofluorescence microscopy using
Alexa Fluor 488 conjugated mouse anti-myc antibody. (F) Cell membrane localization of GLUT9a and GLUT9b proteins in transiently transfected HEK 293T cells by
confocal immunofluorescence microscopy using rabbit anti-GLUT9 antibody and Alexa Fluor 594 conjugated anti-rabbit IgG, F(ab’) fragment. (G) Cell membrane
localization of GLUT9a and ITM2B-myc proteins in transiently transfected HEK 293T cells co-expressing both proteins by confocal immunofluorescence microscopy:
GLUT9 protein (red) was detected using rabbit anti-GLUT9 antibody and Alexa Fluor 594 conjugated anti-rabbit IgG and ITM2B-myc (green) was detected using
Alexa Fluor 488 conjugated mouse anti-myc antibody. The rightmost panel shows the merged images of [TM2B-myc and GLUT9a protein localization.
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uptake in transfected HEK293T cells (Supplementary Figure 2)
showed that ITM2B caused a decrease in the Vmax of GLUT9a-
mediated urate transport from 140.6 to 55.4 pmoles/4 x 10°
cells/h and a reduction in apparent Km (Kmapp) from 552 to
414 pM (Figure 3C). Similarly, ITM2B caused the decrease
of Vmax of GLUT9b-mediated urate transport from 128 to 45
pmoles/4 x 10° cells/h and the reduction of the apparent Km
(Kmapp) from 531 to 395 wM (Figure 3C). These data are
consistent with a non-competitive inhibition (mixed) model.

In oocytes, the [!4C]-urate uptake activity of GLUT9a/b
was reduced by 65-70% in presence of ITM2B in membrane-
polarized (in ND96 medium, pH 7.4) (Figures 3D,E) or
membrane-depolarized oocytes (in Na™-free isotonic medium
containing 98 mM KCl, pH 7.4) (Figure 3F and Supplementary

Figures 3C,D). We did not find any significant effect of
TMEMBS5, or other control transmembrane proteins [SLC26A6,
DTDST (SLC26A2), NADC1 and SMCT1] (Figures 3E,F and
Supplementary Figures 3A,B) on the urate uptake activity of
GLUT9a/b. In oocytes, co-expression with ITM2B decreased
the Vmax of GLUT9a-mediated urate uptake from 304 to 122
pmoles/oocyte/h; the apparent Km (Kmapp) was decreased
from 571.6 to 319.7 uM (Figure 3G and Supplementary
Figure 4). The Vmax of GLUT9b was decreased from 334
to 156 pmoles/oocyte/h and the apparent Km (Kmapp) was
decreased from 596 to 373 pM by co-expressed ITM2B
(Figure 3G). Again, these data are consistent with a non-
competitive inhibition (mixed) model. Of note, the ["*C]-urate
uptake mediated by GLUT9 isoforms was increased 6-7-fold in
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FIGURE 3 | ITM2B inhibits ['*C]-urate uptake and stimulates ['*C]-urate efflux mediated by human GLUT9 isoforms. (A) The ['4C]-urate uptake activity of
GLUT9a/b expressed alone or co-expressed with [TM2B/TMEMS5 in transiently transfected HEK 293T cells (4 x 10°) was measured in an isotonic uptake medium
containing 20 M ['*CJ-urate for 1 h at ~25°C. (B) The time course plot of ['4C]-urate uptake mediated by GLUT9a/b expressed alone or co-expressed with ITM2B
in transiently transfected HEK 293T cells (4 x 10°). (C) ITM2B inhibits ['*C]-urate uptake mediated by GLUT9a/b following a non-competitive inhibition (mixed)
model. The Eadie-Hofstee plot of ['*C]-urate uptake mediated by GLUT9a/b expressed alone or co-expressed with [TM2B in transiently transfected HEK 293T cells
(4 x 10%). V, the ['*C]-urate uptake rate in pmol/4 x 108 cells/h; V/S, ['*C]-urate uptake rate per concentration (mM) of ['4CJ-urate (S). (D) The time course plot of

['4C]-urate uptake mediated by GLUT9a/b expressed alone or co-expressed with ITM2B in Xenopus laevis oocytes measured in an isotonic uptake medium
containing 40 wM ['4CJ-urate for 1h at ~25°C. (E) The ['*C]-urate uptake activity of GLUT9a expressed alone or co-expressed with [TM2B, TMEMS5 or a
transmembrane protein (SLC26A6) in oocytes was measured in membrane-polarized oocytes (ND96 medium). (F) The ['*C]-urate uptake activity of GLUT9b
expressed alone or co-expressed with ITM2B, TMEMB85 or SLC26A6 in oocytes was measured in membrane-polarized oocytes. (G) ITM2B inhibits ['4C]-urate
uptake mediated by GLUT9a/b following a non-competitive inhibition (mixed) model. The Eadie-Hofstee plot of ['*C]-urate uptake mediated by GLUT9a/b expressed
alone or co-expressed with ITM2B in oocytes. (H) ITMB stimulates urate efflux mediated by GLUT9 isoforms. Each oocyte was microinjected with 50 nl of cRNA
solution containing 12.5 ng of GLUT9a/b cRNA or a mixture of 12.5 ng of GLUT9a/b cRNA and 12.5 ng of ITM2B/TMEM85/SLC26A6 cRNA. The ['4CJ-urate efflux
mediated by GLUT9a/b expressed alone or co-expressed with [TM2B in oocytes was measured in membrane-polarized oocytes for 1 h at ~25°C. For the
['*C]-urate efflux experiment, each oocyte was pre-injected with 50 nl of 1500 wM ['*CJ-urate. *P < 0.001 compared with urate efflux in absence of ITM2B.

membrane-depolarized oocytes, with proportionate inhibition by
ITM2B (Supplementary Figures 3C,D).

We subsequently assessed the effect of ITM2B on urate
efflux activity of GLUT9a/b in oocytes. The results show
that GLUT9a/b-mediated urate efflux was significantly
stimulated (25-30%) by co-expressed ITM2B (Figure 3H
and Supplementary Figure 5); this ['4C]-urate efflux was
linear over time (Supplementary Figures 6A,B). Notably,
membrane depolarization had almost no effect on urate efflux
mediated by GLUTY isoforms in absence or presence of ITM2B
(Supplementary Figure 5).

ITM2B and GLUT9 Isoforms Are
N-Linked Glycosylated Transmembrane

Proteins

In reducing SDS-PAGE the molecular mass of ITM2B protein
appears higher than calculated molecular mass (~29.2 kDa)
(Figure 1E), suggesting that ITM2B could be an N-glycosylated
protein. After digestion of ITM2B-myc with N-glycanase we
found a slight reduction (~ 4 kDa) in the molecular mass
of ITM2B-myc (Figures 4A,B) thus confirming ITM2B as

an N-linked glycosylated protein. This is in agreement with
the previous finding that N-linked glycosylation functions in
trafficking of ITM2B to the cell surface (Tsachaki et al., 2011). We
then generated N-glycosylation mutant of ITM2B by mutating
the Asn-170 residue to GIn-170 by site-targeted mutagenesis, and
confirmed that ITM2B (N170Q) is the right mutant of ITM2B
that lacks N-linked glycosylation (Figure 4A). The digestion of
the mutant ITM2B (N170Q) with N-glycanase did not reduce the
molecular mass (data not shown).

Similarly, we found significant reduction in the molecular
mass of GLUT9a and GLUT9b after digestion with N-glycanase
(Figure 4C) thus confirming that GLUTY isoforms are N-linked
glycosylated proteins. We then generated N-glycosylation
mutants of GLUT9a/b by mutating the Asn-90 residue of
GLUT9a to GIn-90 and Asn-61 residue of GLUT9b to Gln-61
by site-directed mutagenesis, and confirmed by Western blot
analysis that GLUT9a (N90Q) and GLUT9b (N61Q) mutants
are the dominant N-linked glycosylation sites (Figure 4D).
Digestion of GLUT9a(N90Q) and GLUT9b(N61Q) mutants with
N-glycanase did not reduce the apparent molecular weight of
GLUT9a/b (data not shown) thus confirming Asn-90 of GLUT9a
and Asn-61 residue of GLUT9b are the only N-glycosylation sites.
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FIGURE 4 | ITM2B and GLUT9 are N-glycosylated transmembrane proteins; effect of ITM2B on N-glycosylation of GLUT9 isoforms in oocytes. (A) Western blot
analysis of the lysate of transfected HEK 293T expressing ITMB-myc protein or N-glycosylation-deficient mutant ITM2B (N170Q)-myc protein, digested with and
without N-glycanase (N-gly) in vitro. (B) Western blot analysis of the lysate of Xenopus oocytes expressing ITMB-myc protein, digested with and without N-glycanase
(N-gly) in vitro. (C) Western blot analysis of the lysate of Xenopus oocytes expressing either isoform of GLUT9 (GLUT9a/b) alone or co-expressed with [TM2B-myc,
digested with and without N-glycanase (N-gly) in vitro. GAPDH protein band for each sample acts as a loading control. (D) Western blot analysis of the lysate of
Xenopus oocytes expressing either isoform of GLUT9 or their respective N-glycosylation-deficient mutants (GLUT9a-N90Q or GLUT9b-N61Q), generated by
site-directed mutagenesis of the shared residues Asn-90 in GLUT9a and Asn-61 in GLUT9b. The molecular sizes of GLUT9 isoforms were compared before and
after digestion with N-glycanase (N-gly). (E) Cell membrane localization of N-glycosylation-deficient mutants, GLUT9a-N90Q and GLUT9b-N61Q, in transiently
transfected HEK 293T cells, was detected by confocal immunofluorescence microscopy using rabbit anti-GLUT9 antibody and Alexa Fluor 594 conjugated
anti-rabbit IgG. ITM2B-myc or its mutant and GLUT9 isoforms or its mutants were detected by rabbit anti-myc antibody and rabbit anti-GLUT9 antibody respectively.
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We next investigated whether N-linked glycosylation of
GLUT?Y isoforms is required for their cell membrane targeting.
Confocal immunofluorescence microscopy using anti-GLUT9
antibody revealed that GLUT9a(N90Q) and GLUT9b(N61Q)
mutant proteins are predominantly localized on the plasma
membrane (Figure 4E) in transfected HEK 293T cells. Thus,
N-linked glycosylation of GLUT9 isoforms is not required for
plasma membrane targeting.

ITM2B Differentially Affects N-Linked
Glycosylation of GLUT9 Isoforms in
Oocytes

We found that ITM2B co-expression with GLUT9a in oocytes
generated an additional lower molecular size GLUT9a protein
band (Figures 1B,D) without significantly affecting GLUT9b. We
also found that the lower molecular size GLUT9a protein band
appeared in presence of ITM2B approximated the molecular size

of GLUT9a digested with N-glycanase (Figure 4C). To further
demonstrate the differential effect of ITM2B on GLUT9a/b,
we microinjected oocytes with a cRNA mixture containing
fixed pmol of GLUT9a/GLUT9b cRNA and varying pmol of
ITM2B cRNA. We found that a significant fraction of GLUT9a
population was deglycosylated in the presence of ITM2B, in a
dose-dependent manner (Figure 5A). There was a very modest
difference in apparent MW between deglycosylated GLUT9a and
the lowest MW band in oocytes co-expressing GLUT9a with
ITMB (Figure 4C). Treatment with N-glycanase reduced the
MW of this band, consistent with residual core glycoprotein in
ITM2B-expressing cells; additionally, the multiple higher MW
bands were deglycosylated by N-glycanase (data not shown).
In contrast to GLUT9a, GLUT9b was not significantly affected
by ITM2B co-expression (Figure 5B) indicating differential
interaction of ITM2B with GLUT9 isoforms in oocytes.

Next we co-expressed ITM2B with GLUT9a(N90Q) or
GLUT9b(N61Q) in HEK 293T cells or oocytes. The results
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FIGURE 5 | ITM2B differentially affects the N-linked glycosylation level of GLUT9 isoforms in oocytes. (A) Western blot analysis of lysates of oocytes expressing
GLUT9a alone, or co-expressing GLUT9a and varying amount of ITM2B or fixed amount of other control transmembrane proteins as shown. GAPDH protein band
acts as a loading control. For the expression of GLUT9a alone, each oocyte was microinjected with 25 ng of GLUT9a cRNA. For co-expression of GLUT9a with
ITM2B, each oocyte was microinjected with a mixture containing 25 ng of GLUT9a cRNA and 5-25 ng of I[TM2B cRNA. For co-expression of GLUT9a with TMEM85
or SLC26A6, each oocyte was microinjected with a mixture of 25 ng each of GLUT9a cRNA and TMEMS85 or SLC26A6 cRNA. (B) Western blot analysis of lysates of
oocytes expressing GLUT9b alone, or co-expressing GLUT9b and varying amount of ITM2B or fixed amount of other control transmembrane proteins as shown.
GAPDH protein band acts as a loading control. (C) Western blot analysis of lysates of transiently transfected HEK 293T cells expressing GLUT9a/b, or their
respective N-glycosylation-deficient mutants or co-expressing ITM2B-myc with GLUT9a/b, or their respective N-glycosylation-deficient mutants. (D) Western blot
analysis of lysates of oocytes expressing GLUT9a/b, or their respective N-glycosylation-deficient mutants or co-expressing ITM2B-myc with GLUT9a/b, or their

TMEM85-myc were detected using rabbit anti-myc antibody. IB, immunoblotting.

respective N-glycosylation-deficient mutants. GLUT9 isoforms were detected by immunoblotting using rabbit anti-GLUT9 antibody and ITM2B-myc and

of Western blot analyses show that the molecular mass
of GLUT9a(N90Q) or GLUT9b(N61Q) remained unaffected
when co-expressed with ITM2B in transfected HEK 293T
cells (Figure 5C) or oocytes (Figure 5D), thereby confirming
that the protein integrity of GLUT9a/b is unaffected by
ITM2B co-expression. Therefore, ITM2B association with
GLUTY isoforms differentially affects N-glycosylation level
in oocytes, without affecting the integrity and total protein
level of GLUT9a/b.

ITM2B Physically Interacts With and
Inhibits the Urate Transport Function of
N-Glycosylation-Deficient GLUT9
Isoforms

N-linked glycosylation is an important determinant of protein
structure, function and membrane targeting (Tanaka et al,
2004; Zhou et al., 2005; Waetzig et al., 2010). We sought to
determine whether N-linked glycosylation of GLUT9a/b is
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required for the physical interaction with ITM2B and inhibition
of urate transport function by ITM2B. The results of co-
immunoprecipitation, followed by Western blotting, clearly
revealed that ITM2B or TMEMBS85 physically interacts with
N-glycosylation-deficient mutants of GLUT9 [GLUT9(N90Q)
and GLUT9b(N61Q)] in co-transfected HEK 293T cells
(Figure 6A) and in Xenopus oocytes (Figure 6B). The ['*C]-
urate uptake results also show that GLUT9(N90Q) and
GLUT9(N61Q) are functionally equivalent to their wild-
type counterparts when assessed in membrane polarized
(Figure 6C) or depolarized oocytes (Supplementary Figure 7).
We also found that ITM2B very efficiently inhibited (~65-70%
reduction) the urate transport function of GLUT9(N90Q) and
GLUT9b(N61Q) (Figure 6C). TMEMS85 however, failed to

inhibit the [*C]-urate transport activity of the N-glycosylation
deficient mutants (Figure 6C).

ITM2B Inhibits the Urate Transport
Function of N-Terminal Deletion Mutants

of GLUT9

The differential effects of ITM2B on the two N-terminal
GLUT9a/b variants suggested a potential role for the N-terminal
cytoplasmic domain in ITM2B interactions. To assess whether
the N-terminal cytoplasmic domain of GLUT9a/b is required for
the interaction with ITM2B, we generated N-terminal deletion
mutants of GLUT9 isoforms by deleting 45 or 50 amino acids
from the N-terminal end of GLUT9a and 16 or 21 amino acids
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FIGURE 6 | ITM2B physically interacts with N-glycosylation-deficient mutants of GLUT9 isoforms and efficiently inhibits their urate transport function.

(A) Co-immunoprecipitation of GLUT9a/b or their respective N-glycosylation-deficient mutant (GLUT9a-N90Q or GLUT9b-N61Q) with ITM2B/TMEM85-myc, using
mouse anti-Myc antibody conjugated with sepharose beads, from lysates of transiently co-transfected HEK 293T cells co-expressing GLUT9a/b or their respective
mutants and ITM2B/TMEM85-myc. (B) Co-immunoprecipitation of GLUT9a/b or their respective N-glycosylation-deficient mutant with ITM2B/TMEM85-myc. The
co-immunoprecipitated GLUT9 isoforms or their respective mutants were immunodetected by Western blotting using rabbit anti-GLUT9 antibody and
ITM2B/TMEM85-myc was detected using rabbit anti-Myc antibody. (C) The ['*C]-urate uptake activity of GLUT9 isoforms or their respective
N-glycosylation-deficient mutants, expressed alone or co-expressed with ITM2B/TMEMB85, measured in ND96 medium. Each oocyte was microinjected with 50 nl of
cRNA solution containing 12.5 ng cRNA of GLUT9a/GLUT9b or the cRNA of their respective mutant or a mixture containing 12.5 ng of GLUT9a/GLUT9b cRNA or
the cRNA of their respective mutant and 12.5 ng of cRNA of [TM2B/TMEM85-myc. IP, immunoprecipitation.
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from the N-terminal end of GLUT9b (Figure 7A). The urate
uptake results show that the GLUT9a mutant lacking 45 amino
acids from its N-terminal end (495 amino acids in total) exhibited
an approximately 13% reduction in urate transport activity
compared to the normal GLUT9a (540 residues) (Figure 7B).
The GLUT9b mutant (495 residues) lacking 16 amino acids from
the N-terminal end however showed almost no reduction (rather
an ~20% increase) of urate transport activity compared to the
normal GLUT9b (511 residues) (Figure 7B). When the predicted
N-terminal cytoplasmic domains were completely deleted for
both isoforms, leaving them basically identical in their primary
structure, the mutants showed almost equal reduction (~21%) in
their urate transport activity (Figure 7B). A stretch of five amino
acid residues (GRRRK in GLUT9a and AKKKL in GLUT9b)
in the N-terminal cytoplasmic domain of GLUT9 generates the
difference between the urate transport activities of the N-terminal
deletion mutants of GLUT9a and GLUT9b. All of the N-terminal
deletion mutants of GLUT9 isoforms remained almost equally
sensitive to membrane depolarization-driven stimulation of urate
uptake (Supplementary Figure 8). Most importantly, [ITM2B was
still found to efficiently inhibit the urate uptake mediated by
all N-terminal deletion mutants of GLUT9 isoforms (Figure 7B
and Supplementary Figure 8), indicating that ITM2B physically
interacts with domains elsewhere within the GLUT9 protein.

Disease-Associated and
N-Glycosylation-Deficient ITM2B
Mutants Exhibit Attenuated Inhibition of

Urate Uptake by GLUT9 Isoforms
To explore whether ITM2B mutations linked to FBD (Vidal et al.,
1999), FDD (Vidal et al., 1999), or FRD (Audo et al., 2014) have

any noticeable effect on urate transport mediated by GLUT9
isoforms, we generated the FBD, FDD and FRD mutants of
ITM2B, and then co-expressed with GLUT9a/b in oocytes. The
results of Western blotting showed that the expression of ITM2B
or its mutants have similar differential deglycosylation effects on
GLUT? isoforms (Figure 8A). Surprisingly, the N-glycosylation-
deficient mutant of ITM2B (N170Q) that reportedly shows
reduced trafficking to the cell membrane (Tsachaki et al., 2011)
also caused similar deglycosylation of GLUT9a, indicative of
a preserved tight association between the two proteins (see
section Discussion).

Urate uptake experiments in oocytes revealed significantly
attenuated inhibitory effects of the ITM2B-DD, ITM2B-RD and
ITM2B(N170Q) mutants (Figures 8B,C) on GLUT9-mediated
urate transport. Quantitatively, we detected 72, 80, 28, and 82%
inhibition of GLUT9a-mediated urate uptake activity by ITM2B,
ITM2B-BD, ITM2B-DD and ITM2B-RD mutants respectively
in membrane-polarized oocytes (Figure 8B); in membrane-
depolarized oocytes, the inhibition was approximately 84, 83,
48, and 73% (Figure 8C). For GLUT9Db, we found 69, 87,
39, and 57% inhibition of urate transport activity by ITM2B,
ITM2B-BD, ITM2B-DD, and ITM2B-RD mutants respectively
in membrane-polarized oocytes (Figure 8B); in membrane-
depolarized oocytes, the inhibition was 86, 83, 45, and 55%
(Figure 8C). The ITM2B-DD mutant thus exhibits significant
attenuated inhibition of urate uptake mediated by GLUT9a/b
(Figures 8B,C). The ITM2B-RD mutant had a more pronounced
attenuated inhibitory effect on GLUT9b than GLUT9a.

Finally, we found that the ITM2B N-glycosylation mutant
(N170Q) had the lowest inhibitory effect on urate uptake
(Figures 8B,C) and lowest stimulatory effect of urate efflux
(Figure 8D) mediated by GLUT9 isoforms. Quantitatively, we
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found approximately 31 and 12% inhibition of GLUT9a mediated
urate uptake activity by the ITM2B(N170Q) compared to 71
and 84% inhibition by wild-type ITM2B in membrane polarized
and membrane depolarized oocytes respectively (Figures 8B,C).
For GLUT9b, we found approximately 11 and 1.4% inhibition
of urate transport activity by ITM2B(N170Q) compared to 69
and 86% inhibition by wild-type ITM2B in membrane-polarized
and membrane-depolarized oocytes, respectively (Figures 8B,C).
However, we did not find any significant difference between
ITM2B and ITM2B(N170Q) in the stimulation of urate efflux
mediated by GLUT9 isoforms (Figure 8D). To investigate
whether the attenuated inhibition of GLUT9-mediated urate
transport by ITM2B mutants is due to weaker physical
interactions, we performed co-immunoprecipitation experiment
using protein extracts of oocytes co-expressing either mutant of
ITM2B with GLUT9a/b. The results revealed preserved physical
interaction of the ITM2B-BD, ITM2B-DD or ITM2B-RD
with GLUT9a/b (Figure 8E), however ITM2B(N170Q) showed
significantly weaker interaction with GLUT9a/b (Figure 8F).

DISCUSSION

The SLC2A9 gene encoding the urate transporter GLUT9 is a
major determinant of serum uric acid levels (SUA) (Anzai et al.,
2008; Caulfield et al., 2008; Vitart et al., 2008; Mandal et al., 2017).
Despite this importance, the regulation of GLUT9 expression and
function has been poorly characterized.

Variation in both SUA and the SLC2A9 gene have
several intriguing associations with human cognition and
neurodegenerative disease. Reduced SUA has been associated
with an increased risk of AD (Ye et al., 2016), Parkinson’s disease
(PD) (Schwarzschild et al., 2008; Ascherio et al., 2009), multiple
sclerosis (MS) (Liu et al., 2012), schizophrenia (Reddy et al.,
2003), poor cognitive function, and dementia (Schretlen et al.,
2007; Euser et al., 2009). For SLC2A9, an association between the
minor alleles of four SLC2A9 variants with lesser logical memory
has been reported (Houlihan et al., 2010). A SNP (rs6834555)
located just 5 of the SLC2A9 gene has also been associated
with psychotic symptoms in AD (Hollingworth et al., 2012).
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These associations suggest that GLUT9 is an excellent anchor
for studies on the influence of uric acid homeostasis on
neurological dysfunction.

We have identified two GLUT9 interacting proteins, ITM2B
and TMEMS5, isolated from a human kidney cDNA library
using the dual membrane yeast two-hybrid system (MYTH).
ITM2B is a ubiquitously expressed transmembrane protein
(Pittois et al., 1998), as is TMEMS85. Mutations in the gene
encoding ITM2B have been associated with FBD (Vidal et al,
1999), FDD (Vidal et al., 2000), and an autosomal dominant
form of retinal dystrophy (Audo et al., 2014). TMEMSS5 is less
well characterized, but suggested to have anti-apoptotic activity
(Ring et al., 2008).

We found ITM2B protein expression in proximal tubules
of human kidney (Figure 2A) wherein GLUT9a is expressed
(Kimura et al., 2014). We also found a moderate expression
level of ITM2B mRNA and GLUT9a/b (Figures 2B,C) in
a human proximal tubular cell line, PTC-05 (Orosz et al,
2004). TMEMS5 is expressed in human kidney, but not in
proximal tubular cells. We subsequently confirmed strong
physical interaction of ITM2B and TMEMS85 with GLUT9a/b in
both transfected HEK 293T cells (Figure 1C) and microinjected
Xenopus oocytes (Figure 1D). Our further analyses indicated
that unlike TMEMS85, ITM2B deglycosylates GLUT9a more than
GLUT9D in oocytes (Figures 1B, 4C, 5A,B,D, 8A).

The results of [¥C]-urate uptake experiments in
transfected HEK 293T cells (Figures 3A,B) and in oocytes
(Figures 3D-G, 6C and Supplementary Figures 3A-D)
demonstrated that unlike TMEMS85, ITM2B co-expression
significantly reduced urate uptake mediated by GLUT9a/b
(55-60% in transfected HEK 293T cells and 65-70% in
oocytes). Kinetic analysis revealed a reduction in both
Vmax and apparent Km for uric acid uptake mediated by
GLUT9a/b in presence of ITM2B (Figures 3C,G). Quantitative
analyses of the intensity of protein bands in the Western
blot showed that there is no significant reduction in total
GLUT9a/b protein level when co-expressed with ITM2B
(Figures 1A,B, 5A,B).

N-linked glycosylation has dramatic regulatory effects for ion
channels (Chang et al., 2005) and urate transporters (OAT1
and OAT4) (Tanaka et al., 2004; Zhou et al, 2005). We
demonstrate here that GLUT9 isoforms are N-glycosylated
proteins (Figures 4C,D). However, N-linked glycosylation of
GLUT9a/b is not an absolute requirement for trafficking to
the plasma membrane (Figures 2F, 4E) or for urate transport
function (Figure 6C). The co-expression of ITM2B with GLUT9
did not affect plasma membrane trafficking or N-glycosylation
of GLUT9a/b in HEK 293T cells (Figures 1A, 2G). In
Xenopus oocytes, we noticed a differential effect of ITM2B on
N-glycosylation of GLUT9a versus GLUT9b (Figures 1B,D, 4C,
5A,B,D, 8A) but ITM2B almost equally inhibited the urate
transport activities of the functional N-glycosylation mutants of
GLUT9a and GLUT9b (Figure 6C). Given the differential effects
on deglycosylation of the two GLUT9a/b N-terminal variants,
we hypothesized that the N-terminal cytoplasmic domain might
interact with ITM2B. However, the N-terminal deletion mutants
of both GLUT9a and GLUT9b retain urate transport function

and remain sensitive to inhibition by ITM2B (Figure 7B),
indicating that the GLUT9 N-terminal domains are dispensable
for interaction with ITM2B. We hypothesize that the chaperonin-
like function of the BRICHOS domain of ITM2B (Willander
et al,, 2011) confers a tight association of ITM2B with GLUTY,
during biosynthesis and beyond, resulting in shared inhibition of
both N-glycosylation and urate transport. However, the tight co-
association of GLUT9 and ITM2B does not appear to modulate
trafficking of GLUT9 to the plasma membrane, with no evident
intracellular retention of the transporter protein within co-
transfected HEK293T cells (Figure 2G). Additionally, the evident
activation of GLUT9-mediated efflux by ITM2B (Figure 3H)
suggests a functional interaction between the two proteins at
the cell membrane.

Notably, we found that ITM2B mutants associated with
familial Danish dementia (FDD) (Vidal et al., 2000) and
FRD (Audo et al, 2014) showed significantly attenuated
inhibition of GLUT9-mediated urate influx (Figures 8B,C).
The inhibition by ITM2B and the attenuated inhibition by
ITM2B mutants (ITM2B-DD; ITM2B-RD; ITM2B-N170Q) were
almost proportionate in both membrane-polarized (Figure 8B)
and depolarized (Figure 8C) oocytes. The ITM2B mutant
associated with FBD did not, however, show any attenuated
inhibition on GLUTY9 urate uptake. The N-glycosylation
mutant of ITM2B (N170Q) showed the most significantly
attenuated inhibition (10-30% inhibition by ITM2B-N170Q)
of GLUT9-mediated urate uptake with more attenuated
inhibition on GLUT9b (2-11% inhibition) than GLUT9a
(12-30% inhibition) thus suggesting for inhibition of urate
transport function of GLUT9a/b, the physical interaction
between ITM2B and GLUT9a/b on the cell membrane might
be required. However, we did not find any significant difference
between ITM2B and ITM2B(N170Q) in the stimulation
of urate efflux mediated by GLUT9 isoforms (Figure 8D)
thus indicating regulation of GLUT9-mediated urate efflux
might be different from the urate influx effect, which is
additionally supported by previous our observation that
membrane depolarization had almost no effect on urate efflux
mediated by GLUT9 isoforms in the absence or presence of
ITM2B (Supplementary Figure 5).

The significantly attenuated inhibition of GLUT9-mediated
urate influx by ITM2B-FDD (Figures 8B,C) (Vidal et al., 2000)
suggests possible association of GLUT9 function with memory
or cognitive function. Several studies have linked uric acid with
neuroprotection and cognitive function (Cipriani et al., 2012;
Ye et al., 2016) and urate transporters are expressed in human
choroid plexus (Alebouyeh et al., 2003). URAT1 and GLUT9
expressed in mouse astrocytes reportedly protect dopaminergic
neurons from cellular oxidative stress (Cipriani et al., 2012)
through intracellular accumulation of uric acid.

The co-expression of ITM2B with GLUTY in renal proximal
tubular cells suggests that the interaction of these proteins may
modulate renal urate excretion and thus circulating SUA levels.
However, it remains to be determined whether the attenuated
inhibition of GLUT9-mediated urate influx by ITM2B mutants
in RD and DD patients affects their SUA. Additionally, queries
of genome-wide association databases do not indicate an effect of
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common ITM2B variants on circulating SUA (data not shown).
Alternatively, the ITM2B-GLUTY interaction might not affect
circulating SUA but might affect the compartmentalization of
uric acid within the CNS and other organ systems. In this
regard, the role of GLUT9 in CNS urate homeostasis is largely
unexplored. Future studies of the GLUT9-ITM2B interaction in
human neuronal and astrocyte systems will be required to discern
how this interaction affects intracellular and extracellular urate
homeostasis within the CNS.

The ITM2B point-mutant associated with retinal dystrophy
(RD) (Audo et al, 2014) exhibited attenuated inhibitory
effects predominantly on GLUT9b-mediated urate transport
(Figures 8B,C), suggesting that this form of genetic retinal
dystrophy might be associated with altered urate transport.
Patients with diabetic macular edema have significantly higher
concentration of uric acid in vitreous humor and serum
compared to their normal counterpart (Krizova et al., 2011). Rats
with inherited retinal degeneration have approximately 150%
higher SUA compared to their normal counterparts (Chusova
et al., 1982). Significant increases (2-3 fold) in uric acid level
in the retina and the optic nerve, after reperfusion of the blood
flow by unclipping of the common carotid arteries in rats,
have been reported to damage both retina and optic nerve
(Sano et al., 1992). Further studies of GLUT9 and ITM2B
interactions in the retina might eventually help uncover the
pathogenic mechanism(s) of retinal disease associated with
ITM2B mutations and help clarify the role of ocular uric acid
homeostasis in retinal disease.

CONCLUSION

In summary, this study provides compelling evidence that ITM2B
is a regulator of GLUT9-mediated urate transport, with potential
roles in both systemic and cellular uric acid homeostasis. These
findings also identify ITM2B as a molecular link between urate
homeostasis and neurodegenerative disorders.
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