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Evidence for Urate Uptake Through Monocarboxylate
Transporter 9 Expressed in Mammalian Cells and
Its Enhancement by Heat Shock

Naoyuki Otani, MD, PhD; Yasutaka Kurata, MD, PhD; Nani Maharani, MD, PhD;
Masanari Kuwabara, MD, PhD; Nobuhito Ikeda, PhD; Tomomi Notsu, BSc;
Peili Li, MD, PhD; Junichiro Miake, MD, PhD; Akio Yoshida, MD, PhD;
Hiromi Sakaguchi, MD; Katsumi Higaki, PhD; Naoe Nakasone, PhD;
Motokazu Tsuneto, PhD; Yasuaki Shirayoshi, PhD; Motoshi Ouchi, MD, PhD;
Haruaki Ninomiya, MD, PhD; Kazuhiro Yamamoto, MD, PhD;

Naohiko Anzai, MD, PhD; Ichiro Hisatome, MD, PhD

Background: Monocarboxylate transporter 9 (MCT9), an orphan transporter member of the solute carrier family 16 (SLC16),
possibly reabsorbs uric acid in the renal tubule and has been suggested by genome-wide association studies to be involved in the
development of hyperuricemia and gout. In this study we investigated the mechanisms regulating the expression of human (h) MCT9,
its degradation, and physiological functions.

Methods and Results: hMCT9-FLAG was stably expressed in HEK293 cells and its degradation, intracellular localization, and urate
uptake activities were assessed by pulse-chase analysis, immunofluorescence, and [*C]-urate uptake experiments, respectively.
hMCT9-FLAG was localized on the plasma membrane as well as in the endoplasmic reticulum and Golgi apparatus. The proteasome
inhibitors MG 132 and lactacystine increased levels of AMCT9-FLAG protein expression with enhanced ubiquitination, prolonged their
half-life, and decreased ['*C]-urate uptake. [“C]-urate uptake was increased by both heat shock (HS) and the HS protein inducer
geranylgeranylacetone (GGA). Both HS and GGA restored the ['“C]-urate uptake impaired by MG132.

Conclusions: hMCT9 does transport urate and is degraded by a proteasome, inhibition of which reduces hMCT9 expression on the
cell membrane and urate uptake. HS enhanced urate uptake through hMCT9.
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ric acid is the end product of purine metabolism

l I and plays a pivotal role in the regulation of the
redox state as an antioxidative substance.!? The

serum uric acid concentration is related to pathological

changes: hyperuricemia causes gout, chronic kidney disease
and urolithiasis, whereas hypouricemia is related to uroli-

thiasis and exercise-induced acute renal failure.4

Serum uric acid concentrations are regulated by both uric
acid production and its urinary excretion. After filtration
through the glomerulus, 90% of the filtered uric acid is
reabsorbed through uric acid transporters (UATS) in prox-
imal tubular cells. UATs play a crucial role in determining
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serum uric acid concentration, and their functional impair-
ment causes either hyperuricemia or hypouricemia. Impair-
ment of the urate anion transporter URAT1 or URATVI
(Glut9) causes renal hypouricemia,>® whereas impairment
of another UAT, namely ATP-binding cassette transporter
G2 (ABCG2), causes hyperuricemia and gout.”

Monocarboxylate transporter 9 (MCT9; encoded by the
solute carrier family 16 member 9 [SLCI16A49] gene) is an
orphan transporter member of solute carrier family 16
(SLC16) that possibly reabsorbs uric acid in the renal tubule
and has been suggested by genome-wide association studies
(GWAS) to be involved in the development of hyperuricemia
and gout.® Although the functional characteristics of MCT9
remain to be fully determined, it is expressed in urate-
excreting organs, including the intestine and kidney. In
previous studies, we reported that MCT9 was expressed in
human umbilical endothelial cells, human induced pluripo-
tent stem cell-derived cardiac myocytes, and mouse atrial
myocytes.”!? It has been reported that MCT expression
levels are correlated with serum DL-carnitine and propionyl-
L-carnitine concentrations, and strongly correlated with
serum uric acid concentrations.® Recently, Anzai et al!
reported that MCTO functions as a transporter of organic
solutes, including carnitine, urate, and -hydroxybutyrate,
but its physiological and pathophysiological roles remain
to be elucidated.

Heat shock (HS) induces HS protein (HSP) 70 to increase
channel protein expression, with enhancement of its
physiological activity. It has been reported that HS and
overexpression of HSP70 can increase levels of the voltage-
gated Kv1.5 channel,'? and that heat stress and psycho-
logical stress increase serum uric acid concentrations.!314
Thus, HS may increase the renal reabsorption of uric acid
through MCT9 by enhancing HSP70 expression.

In the present study we investigated proteasome modifi-
cation of human (h) MCT9 protein and the effects of
hMCT9 on urate uptake, as well as the effects of HS and
an HSP inducer on urate uptake via hMCT9, in HEK293
cells. HS and the HSP inducer enhanced urate uptake
through hMCT9 both in the absence and presence of a
proteasome inhibitor.

Methods

Cell Culture and Establishment of an hMCT9-Expressing
HEK293 Cell Line

cDNA encoding hMCT9 tagged with a FLAG epitope
(hMCT9-FLAG) was cloned in the mammalian expression
vector pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA).
The plasmid was transfected into HEK293 cells using
Lipofectamine 2000 (ThermoFisher Scientific, Waltham,
MA, USA) following the manufacturer’s instructions. To
establish a cell line that stably expresses hMCT9-FLAG,
HEK?293 cells were cultured in the presence of 1 mg/mL
geneticin (G418) and the cell clones were then harvested.
Expression of hMCT9-FLAG was confirmed by western
blotting. Cells stably expressing hMCT9-FLAG were
cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Wako, Osaka, Japan) supplemented with 10% fetal bovine
serum (Nichirei Biosciences, Tokyo, Japan) and 0.5%
penicillin-streptomycin G (Wako) at 37°C in a 5% CO:z
incubator.

Drugs
The proteasome inhibitors benzyloxycarbonylleucyl-leucyl-

leucine aldehyde (MG132) and lactacystine, the endosome
inhibitor chloroquine, and the HSP inducer geranylgeran-
ylacetone (GGA) were dissolved in dimethylsulfoxide
(DMSO). The final concentration of DMSO in the culture
medium was <0.01% (v/v). MG132 was purchased from
Sigma-Aldrich (St. Louis, MO, USA). GGA was kindly
donated by Eisai (Tokyo, Japan).

Western Blotting and Inmunoprecipitation

Cells were scraped into lysis buffer (phosphate-buffered
saline [PBS] with 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecyl sulfate, 10 yg/mL aprotinin,
10pug/mL leupeptin, 10ug/mL pepstatin, and 1 mmol/L
phenylmethylsulfonyl fluoride) and lysed by sonication;
insoluble materials were removed by centrifugation
(15,000rpm, 10min, 4°C). Protein concentrations were
determined using a commercially available protein assay kit
(Bio-Rad, Hercules, CA, USA). Proteins (10ug) were
separated by 7.5% sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) and electrotransferred
to polyvinylidene difluoride membranes (Immobilon-P;
Millipore, Bedford, MA, USA). The membranes were
probed with antibodies against FLAG (1:1,000; Agilent
Technologies, Santa Clara, CA, USA), HSP70 (1:1,000;
Stressgen, San Diego, CA, USA), HSP90 (1:1,000; Cosmo
Bio, Tokyo, Japan), and f-actin (1:5,000; Abcam, Tokyo,
Japan), and were developed using an enhanced chemilumi-
nescence (ECL) system (Amersham, Piscataway, NJ, USA).
Immunoprecipitation was performed in PBS containing
1% Triton X-100, 0.5% SDS, 0.25% sodium deoxycholate,
I mmol/L EDTA, and protease inhibitors for 2h at 4°C.
Immune complexes were collected with protein G agarose
(Pharmacia, Uppsala, Sweden) and bound proteins were
analyzed by SDS-PAGE and immunoblotting.

Chase Assay

HEK?293 cells stably expressing hMCT9-FLAG were seeded
in 6-well plates. After the addition of the protein synthesis
inhibitor cycloheximide (60ug/mL), protein extracts were
prepared at the indicted time points and subjected to anti-
FLAG western blotting. Band intensity was quantified
using ImageJ software (National Institutes of Health,
Bethesda, MD, USA). The decay rate constant (k) for the
density of hMCT9-FLAG proteins was determined by
fitting the data with a single exponential function; the
half-life (z12) of the protein was calculated using the
formula 712=0.693/k.

Immunofluorescence

HEK?293 cells stably expressing hMCT9-FLAG were seeded
on gelatin-coated coverslips and transfected with either a
pmCherry-PM, pDsRed2-ER, or pDsRed-Golgi vector
(all from Clontech, Mountain View, CA, USA) to detect
the plasma membrane, endoplasmic reticulum (ER), and
Golgi apparatus, respectively. Twenty-four hours later, cells
were fixed with 4% paraformaldehyde in PBS and then
permeabilized with 0.5% Triton X-100. After blocking in
3% albumin solution diluted with PBS containing 0.5%
Triton X-100, cells were incubated for 1h with the anti-
FLAG antibody (1:1,000; Agilent Technologies). Bound
antibodies were visualized with Alexa Fluor 488-conjugated
mouse secondary antibody (1:2,000; Invitrogen, Eugene,
OR, USA), and images were obtained using a Bio-Rad
(Hercules, CA, USA) MRC 1024 confocal microscope. All
staining procedures were conducted at room temperature.
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Table. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) and Real-Time Quantitative Polymerase
Chain Reaction (qPCR) Primer Sequences
Gene Primer sequence (5°-3’)
Forward Reverse
RT-PCR
URATT1 (slc22A12) CAGTCCATCTTCCTGGCTGG AGCTTGCCCACCGTGATGAG
URATVT (slc2A9) GAGGAGGACAAAGAAATGGTCC ATCACTCCGAACAGGTATGGC
ABCG2 CCTACAACAACCCTGCGGAT ACTACGAACAGCTCCACAGC
NPT1 (slc17at) GATGTCCTTGCTCCTCCCAC TGGTGAAGAGTTTCCGGACG
NPT4 (slc17a3) TCACACTGATGGCGCAGAAT ACTAATGATGCCGCCCACAA
OAT1 (slc22a6) ACCTTGTGTGCTCTCATCGG AACTGGCCCAAGCTGTAGAC
OATS3 (slc22a8) CTTCCGATTCCTGTGTGGCT TAGCCACACGTTGGAGTGTC
MRP4 CGTTAATTGAGGCACTCCGGT GGTAGGAGCTGCCCAGAATC
MCT9 CCTTCCTAAAAGCCTCGCCA CCCAAAAGAAGCTTGCCCAC
Real-time gPCR
URATV1 (slc2A9) CCTGGGGAGCTCTCTGTG GAGCGAGAAGGACCATTTCTT
ABCG2 GCCTTGGAGTACTTTGCATCA AAATCCGCAGGGTTGTTGTA
MRP4 TGAAGCAACTGCAAATGTGG TGTGAGCAATGGTGAGCACT
MCT9 CCTCGGCCTGATTTCAAC AGCAGGCAGCCATCTAGG

ABCG2, ATP-binding cassettes subfamily G second member 2; MCT9, monocarboxylate transporter 9; MRP4,
multidrug resistance protein 4; NPT1, sodium-phosphate transporter 1; NPT4, sodium-phosphate transporter 4;
OAT1, organic anion transporter 1; OAT3, organic anion transporter 3; slc17a1, solute carrier family 17 member 1;
slc17a3, solute carrier family 17 member 3; slc22a12, solute carrier family 22 member 12; slc22a6, solute carrier
family 22 member 6; slc22a8, solute carrier family 22 member 8; scl2a9, solute carrier family 2 member 9; URATI,
urate transporter 1; URATV1, voltage-driven urate efflux transporter 1.

Measurement of Uric Acid Uptake

The kinetic behavior of UATs was examined by uptake
studies using confluent HEK293/hMCT9-FLAG cells. After
2 days of culture in 24-well plates, cells were washed twice
with serum- and chloride-free Hanks’ balanced salt solution
(HBSS) containing 125mmol/L Na gluconate, 4.8 mmol/L
K gluconate, 1.2mmol/L KH2PO4, 1.2mmol/L. MgSOs4,
1.3mmol/L Ca gluconate, 5.6mmol/L glucose, and 25 mmol/L
HEPES (pH adjusted to 7.4 with NaOH), and then prein-
cubated in the same HBSS in a water bath at 37°C for
10min. The cells were then incubated in HBSS containing
Sumol/L ["“CJ-urate at 37°C for 1-10min. Uptake was
stopped by the addition of ice-cold HBSS, and the cells
were then washed twice with the same HBSS. The cells in
each well were lysed with 0.5mL of 0.1 mol/L sodium
hydroxide, and added to 2.5mL INSTA-GEL PLUS
(Perkin Elmer, Yokohama, Japan). Radioactivity was
determined using a B-scintillation counter (LSC-3100;
Aloka, Tokyo, Japan). To evaluate uric acid uptake via
hMCT9, the uptake of [“C]-urate was determined in the
absence and presence of the MTC9 inhibitor benzbroma-
rone (10 ymol/L).

Induction of HS and HSPs

Cells were cultured in 24-well tissue culture plates at a
density of 1x10°cells/well. After the cells had been cultured
for 2 days at 37°C, they were incubated at 42°C for 12h to
induce HS. For pharmacological induction of HSPs (HSP70
and HSP90), cells were exposed to the HSP inducer GGA
(0.3umol/L) for 12h.

mRNA Extraction and Polymerase Chain Reaction

Total RNA was extracted from mouse organs using an
RN-easy kit (Qiagen, Venlo, Netherlands). cDNA was
synthesized using PrimeScript with gDNA eraser (Takara
Bio, Kusatsu, Japan) according to the manufacturer’s

protocol. The primers used for reverse transcription-
polymerase chain reaction (RT-PCR) and real-time
quantitative polymerase chain reaction (QPCR) are listed
in Table.

Statistical Analysis

All data are expressed as the mean=SEM. Comparisons
were made using Student’s t-test, with 2-sided P<0.05
considered significant.

Results

Effects of MG132 on Degradation of hMCT9 Proteins
hMCT9-FLAG expressed in HEK293 cells was detected
by anti-FLAG western blotting at 56kDa, the predicted
size of full-length hMCT9-FLAG (Figure 1A). The chase
experiment showed that the density of hMCT9-FLAG
decreased in a time-dependent manner; treatment with the
proteasome inhibitor MG132 (Symol/L for 12h) increased
the density of the band and slowed the decay process,
suggesting that MG132 induced stabilization of hMCT9-
FLAG (Figure 1B). The control #i2 of hMCT9-FLAG
degradation was 3.55+£0.78 h (n=4), and was significantly
prolonged to 11.05£6.2h (n=4) in cells treated with MG132
(Figure 1C). Next, we examined whether hMCT9 molecules
could be ubiquitinated more prominently in the presence
of another proteasome inhibitor, namely lactacystine
(25umol/L), and the endosome inhibitor chloroquine
(2mmol/L). As shown in Supplementary Figure 1, lacta-
cystine but not chloroquine increased protein levels of
hMCT9-FLAG and ubiquitinated htMCT9-FLAG. These
results indicate that hMCT?9 is ubiquitinated and degraded
through a proteasome.

Intracellular Localization of hMCT9-FLAG
Next we examined the intracellular localization of hMCT9-
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Figure 1. Effects of MG132 on the degradation of FLAG-
tagged human monocarboxylate transporter 9 (hMCT9-FLAG)
expressed in HEK293 cells. (A) hMCT9-FLAG expressed in
HEK293 cells was detected by anti-FLAG western blotting.
Cells were transfected with pcDNA3.1/hMCT9-FLAG or vehicle.
(B) Representative western blots of residual hMCT9-FLAG
proteins 0-24 h after treatment with cycloheximide (60 ug/mL)
in transfected cells treated with 5umol/L MG132 or 0.01%
dimethylsulfoxide alone (Control) for 12h. (C) Decay of
hMCT9-FLAG proteins in the absence (Control) or presence
of 5umol/L MG132. The amount of remaining hMCT9-FLAG
was normalized against that present at Time 0. Data are the
meanz=SEM. The lines are the fits with a single exponential
function. *P<0.05 compared with Control (n=3 in each group).
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FLAG by immunofluorescence. Anti-FLAG staining of Time (min)
HEK293/hMCT9-FLAG cells revealed that hMCT9-
FLAG localized in the ER and Golgi apparatus, as well as Figure 3. Urate uptake through human monocarboxylate
on the plasma membrane, as shown by colocalization of transporter 9 (hNMCT9) in the absence and presence of
DsRed2-ER, DsRed-Golgi, and mCherry-PM staining MG132. Time course oflurate uptake through FLAG-tagged
" > T hMCT9 (hMCT9-FLAG) in HEK293 cells in the absence (O)
(Elgure 2). We found no colocalization of hMCT9fFLAG and presence (@) of MG132 at 37°C. MG132-treated cells
with endosome-enhanced green fluorescent protein (data were incubated with 5umol/L MG132 for 12h. Uptake of
not shown). [1“C]-urate in HEK293 cells expressing hMCT9-FLAG was
measured over a 10-min incubation period in Hanks’ balanced
Effects of MG132 on Urate Uptake Through hMCT9-FLAG salt solution containing 5umolL. [#Cl-urate. Data are the
Stabilization of hMCT9-FLAG induced by proteasome ggﬁ{r‘;ﬁSEM (n=3 in each group). "P<0.05 compared with

inhibition may lead to enhanced uric acid transport. There-
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Figure 4. Effects of heat shock (HS) and geranylgeranylacetone (GGA) on urate uptake through human monocarboxylate
transporter 9 (hMCT9) in the absence of MG132. (A) After 12-h incubation in control Hanks’ balanced salt solution (HBSS) at 37°C
(O) or 42°C (@), the time course of urate uptake over a 10-min incubation period in HBSS containing 5umol/L [“C]-urate was
determined at 37°C. (B) The time course of [14C]-urate uptake was also examined in the absence (O) and presence (®) of GGA
at 37°C. The GGA-treated group cells were incubated with 0.3 umol/L GGA for 12h before uptake measurements. Data are the
mean+SEM (n=3 in each group). *P<0.05, **P<0.01 compared with 37°C (A) or OuM GGA (B).
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Figure 5. Effects of heat shock (HS) and geranylgeranylacetone (GGA) on urate uptake through human monocarboxylate
transporter 9 (hMCT9) in the presence of MG132. GGA-treated group cells were incubated with 0, 0.1, 0.3 and 1.0umol/L GGA
for 12h in the presence of 5umol/L MG 132 at 37°C (Left). Uptake of [“C]-urate was measured after 2min incubation in Hanks’
balanced salt solution (HBSS) containing 5umol/L ["*C]-urate. [*C]-Urate uptake over 2min was also determined after incubation
of cells for 8h in control HBSS at 37°C or 42°C (Right). Urate uptake, which was reduced by MG132, was restored to control
levels by HS and GGA. Data are the mean+SEM (n=3 in each group). *P<0.05.

fore, we examined [“C]-urate uptake in HEK293/hMCT9-
FLAG cells in the absence and presence of MG132. The
urate uptake activity over the range 1-10min was much
lower for native HEK293 cells than for HEK293 cells
transfected with hMCT9-FLAG plasmid, as shown in

Supplementary Figure 2 for the first 2min of uptake. ['*C]-
Urate uptake by HEK293/hMCT9-FLAG cells was time
dependent. Urate uptake in HEK293/hMCT9-FLAG cells
treated with 5Spmol/L M G132 for 12h was significantly less
than that in untreated cells (Figure 3), indicating that
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proteasome inhibition by MG132 reduced urate uptake via
hMCT9-FLAG while stabilizing hMCT9-FLAG proteins.
Supplementary Figure 3 shows the plasma membrane
localization of hAMCT9-FLAG in the absence and presence
of Sumol/L MG132. When cells were treated with MG132,
the signals for hMCT9-FLAG did not colocalize with
mCherry-PM. Thus, MG132 reduced the plasma membrane
expression of hMCT9-FLAG and decreased urate uptake.

Effects of HS and GGA on Urate Uptake of hMCT9

Because HS and HSP inducers are known to facilitate the
conversion of premature forms of proteins to their mature
forms,'? we examined whether they increase the activity of
hMCT9-FLAG. Time-dependent ['4C]-urate uptake by
cells expressing hMCT9-FLAG was measured at 37°C and
42°C. Urate uptake through hMCT9-FLAG was signifi-
cantly augmented at 42°C (Figure 4A). GGA, a non-toxic
acyclic isoprenoid compound, has been reported to increase
HSP70 expression through activation of HS factor I.
Supplementary Figure 4 shows the increases in HSP70 and
HSP90 induced by 0.3 yumol/L GGA. As shown in Figure 4B,
0.3umol/L GGA significantly increased urate uptake
through hMCT9-FLAG. We next examined whether HS
or GGA could restore the impaired urate uptake activity
of hMCT9-FLAG in cells treated with MG132. As shown
in Figure 5, even in cells treated with Symol/L MG132,
urate uptake was increased significantly by 1.0 ymol/L GGA
and 42°C HS to levels seen in MG132-untreated cells.

Discussion

In the present study we found that: (1) degradation of
hMCT9-FLAG was slowed by the proteasome inhibitor
MG132; (2) hMCT9-FLAG localized in the ER/Golgi
apparatus and on the plasma membrane; (3) MG132
reduced hMCT9-FLAG expression on the cell membrane
and urate uptake through hMCT9-FLAG; and (4) both
HS and the HSP inducer GGA enhanced urate uptake
through hMCT9-FLAG.

MCT9, a member of the monocarboxylate cotransporter
family, was reported to be predominantly expressed at high
levels in the kidney.!S SLC16 49, which encodes MCT9, was
identified from an analysis of human genome expressed
sequence tag (EST) databases.!s In the present study, we
demonstrated MCT9-mediated urate uptake using HEK 293
cells (Supplementary Figure 2A), although there is no direct
evidence that MCT9 is involved in urate reabsorption in
the kidney. A relationship between MCT9 or SLCI6A49
and serum uric acid concentrations was determined using
meta-analyses of GWAS.1¢ Genotyping of the rs12356193
single nucleotide polymorphism within the SLC16A49 gene
revealed that it was associated with DL-carnitine, propionyl-
L-carnitine, and serum uric acid concentrations.8 Recent
studies showed that MCT?9 is expressed in urate-excreting
organs (not only in the kidney, but also in the intestines)
and suggested that the increase in serum uric acid concen-
trations in rs12356193 carriers could be due to a reduction
in extrarenal urate excretion by MCT9.817 Because another
common missense variant of SLC16 A9, namely rs2242206,
which is predominantly found in the Japanese population,
was associated with the risk of renal overload gout (reduced
extrarenal urate excretion) but not renal underexcretion
gout, MCT9 may have a possible physiological role in
urate excretion from human intestinal epithelial cells where
MCT?9 expression is observed.!”

When stably expressed in HEK 293 cells, \MCT9-FLAG
had a short 712 of <5h; the proteasome inhibitor MG132
prolonged the 712 and increased the steady state levels of
the protein (Figure 1). Similar effects were observed with
another proteasome inhibitor, namely lactacystine, but not
with the lysosomal inhibitor chloroquine (Supplementary
Figure 1). These results indicate that hMCT9-FLAG is
degraded by the proteasome.

The mechanisms by which ion channels are degraded
have been well studied. It is accepted that immature channel
proteins localized in the ER/Golgi apparatus can be
degraded by the proteasome. Connexin 43 on the cell
surface undergoes ubiquitination and proteasomal degra-
dation, indicating that the mature protein on the cell
surface can also be a target of proteasomal degradation.!8:1®
Recently, it was reported that the mature form of human
ether-a-go-go-related gene (WERG) proteins on the plasma
membrane is ubiquitinated and degraded through the
endosome.? There also are a few reports on the degradation
of UATS, including that: (1) URAT1 undergoes lysosomal
degradation;2! (2) URAT] is stabilized on the membrane
by binding to anchoring proteins with its PDZ domain;??
and (3) URATVI (Glut9) is degraded through the endo-
some.? In the present study, MG132 reduced both urate
transport through MCT9-FLAG (Figure 3) and MCT9-
FLAG levels on the plasma membrane (Supplementary
Figure 3). Because proteasome inhibition by MG132
increased total cellular levels of hAMCT9-FLAG (Figure 1),
the main sites of proteasomal degradation of hMCT9 are
likely to be the ER and Golgi apparatus.

It is interesting that MG 132 reduced membrane expres-
sion of hMCT9-FLAG (Supplementary Figure 3) and the
hMCT?9 activity of urate uptake (Figure 3) while enhancing
total hMCT9 expression. There are several controversial
findings related to the effects of proteasome inhibitors on
the function of ion channels. For example, inhibition of the
ubiquitin-proteasome system increased the activity of
epithelial Na* channels** and Kv1.5 channels on the plasma
membrane,? whereas it failed to affect the channel activity
of cystic fibrosis transmembrane conductance regulator
(CFTR)?* and hERG.?" It has also been reported that
proteasome inhibition induces the accumulation of insoluble
(premature) forms of CFTR but not the accumulation of
soluble (mature) CFTR.26 Thus, the stabilization and
accumulation of the premature form of hMCT9 by the
proteasome inhibitor MG132 may interfere with the trans-
port of the mature form of hMCT09 to the cell surface. The
proteasome inhibitor lactacystine increased ubiquitinated
hMCT9 levels, which may also inhibit membrane trafficking
of the mature form of hMCT9. Further experiments are
required to elucidate the mechanism underlying the
decrease in cell surface expression of hMCT9. Clinically, a
specific E3 ligase mediating hMCT9 ubiquitination may be
anovel target for the treatment of gout and hyperuricemia
to decrease urate reuptake from the kidney. So far, the E3
ligase for hMCT9 remains unknown; thus, further investi-
gations are needed.

The most prominent finding of the present study is that
both HS and the HSP inducer GGA accelerated urate
uptake through hMCT9-FLAG. HS and GGA are well
known to increase HSPs, such as HSP70, and facilitate
maturation of short-lived proteins.!®14 We have also
reported that HSP70 increases the activity of Kv1.5 and
hERG channels.!*!4 Because GGA increased HSP70
(Supplementary Figure 4), enhancement of HSP70 expres-
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sion could facilitate a transition of the premature form of
hMCT9 to its mature form, and the transport of mature
hMCT9 to the plasma membrane, leading to enhanced
urate uptake through hMCT9. This action involving HSP70
was observed even in the presence of MG132, because both
HS and GGA restored the impaired urate uptake induced
by MG132 (Figure 4B). Together, the findings indicate
that, under physiological conditions, certain amounts of
premature hMCT9 are synthesized in the ER, and that
under stress conditions HSP70 facilitates the maturation of
hMCT9, membrane expression of the mature form, and its
function of urate uptake.

Although the mechanism underlying the post-transla-
tional regulation of hMCT9 by HSP70 remains to be
elucidated, the clinical implications are obvious. It is known
that heat stress and psychological stress increase serum
uric acid concentrations.?2 According to the results of the
present study, heat stress can facilitate the transition of the
premature form hMCT9 to the mature form and the
expression of mature hMCT9 on the cell membrane, thus
increasing urate uptake through hMCT9 in the kidney,
which, in turn, may cause hyperuricemia.

The findings of this study also have significant implica-
tions for cardiology and cardiovascular medicine because
MCT9 is also expressed in the cardiovascular system. The
RT-PCR and real-time qPCR experiments in this study
demonstrated the expression of MCT9 in mouse atrial,
ventricular, and aortic tissues (Supplementary Figure 5).
MCT9 would facilitate the transport of uric acid into the
cells in these tissues, increasing intracellular uric acid
concentrations and contributing to the effects of uric acid
on the cells. Intracellular accumulation of uric acid is known
to cause pathological changes in the cells. For example, in
human vascular smooth muscle cells, accumulation of uric
acid is responsible for C-reactive protein expression,
implicated in cell proliferation and impaired nitric oxide
production.’ In mouse atrial myocytes, accumulation of
uric acid increased the expression of Kv1.5 channels and
the ultra-rapid delayed-rectifier K* current (Ixur), which
leads to shortening of the action potential duration, a
prerequisite condition for atrial fibrillation.3! Together,
these observations indicate that activation of MCT9 may
cause the remodeling of vascular cells and atrial myocytes.

The present study has some limitations. First, because of
the lack of an antibody against endogenous hMCT9 itself,
we used hMCT9-FLAG expressed in a heterologous
expression system. The FLAG tag may affect the localiza-
tion of hMCT9 in transfected cells. Second, in the present
study we could not exclude the possibility that MG132
decreased urate uptake via hMCT9 through other mecha-
nisms, such as activation of apoptosis signals, because inhi-
bition of proteasome function is known to induce neuronal
cell death by activating the mitochondria-mediated apop-
totic cascade, which involves the release of cytochrome ¢
and the activation of caspases.3234 Therefore, in the future,
we should examine whether apoptotic cell death is involved
in the MG132-induced reduction in urate uptake.
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