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Abstract To investigate whether uric acid could regu-
late urate transporter 1 (URAT1) protein and activity
level, we established uric acid nephropathy (UAN) rat
model and detected their serum uric acid and URAT1
level with or without the treatment of allopurinol.
Results here showed that allopurinol could reduce se-
rum uric acid level in UAN rat model. We further found
that in UAN rats, the total and surface URAT1 expres-
sion level were both increased while this increase could
be blocked by allopurinol treatment. By treatingURAT1
stable expressed HEK cell with monosodium urate
(MSU) crystals, we found that URAT1 level showed
an increase in both total and cell surface level, and it
would colocalize more with Rab11 instead of Rab7.
Consistently, we also found that the total URAT1 pro-
tein level will show an increase in the presence of
lysosome inhibitors but not ubiquitin-proteasome inhib-
itors. Furthermore, we also found that MSU crystal
could drive Numb, a clathrin-coated adaptor protein
which performs a key function in cell division, out of
cell surface and disassociated it from URAT1. Finally,
we found that Numb short hairpin RNA (shRNA)-
transfected showed a phenocopy as MSU treatment,
while Numb-2A mutation over-expression could resist
crystal-induced phenotypes. These findings indicated

that uric acid crystal could increase URAT1 membrane
distribution through inhibiting Numb-induced URAT1
lysosome degradation.
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Introduction

Hyperuricemia is one of the most common and exten-
sive form of metabolic diseases in populations, charac-
terized by high serum uric acid level, causing accumu-
lation of urate crystals in the joints and kidneys [1, 2].
Hyperuricemia is also well-known as severe risk factor
for gouty arthritis, uric acid nephrolithiasis, and cardio-
vascular and renal disease, especially hypertension
[3–5]. In human, the level of serum uric acid is deter-
mined primarily by the ratio of urate production as an
end product of purine metabolism in the liver (for which
the liver enzyme xanthine oxidase is necessary) versus
the biliary and the urinary tract elimination [6]. In the
urate elimination process, the human renal urate
transporter-1 (URAT1) is thought to be an essential
molecule that mediates the reabsorption of urate on the
apical side of the proximal tubules [7].

The complementary DNA (cDNA) of urate/anion
exchanger URAT1 (SLC22A12 gene) was first identi-
fied in the human kidney, in searching for organic an
anion transporter-like (OAT-like) molecules in gene da-
tabases [8]. Expression/functional studies in Xenopus
oocytes have found that the properties of urate transport
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by URAT1 are comparable to those in human renal
brush border membrane vesicles (BBMV) [9, 10].
URAT1 is a 12-transmembrane domain-containing pro-
tein found in the apical membrane of proximal tubule
epithelial cells and transports urate in exchange for Cl−

or organic anions [13]. The antiuricosuric agents such as
lactate, pyrazinoate, and nicotinate can serve as sub-
strate for the antiporter activity of URAT1 to increase
urate reabsorption, while URAT1 is also inhibited by the
classical uricosuric agents such as benzbromarone, pro-
benecid, and losartan [14]. Furthermore, URAT1 defects
by gene mutation could lead to renal hypouricemia; in
those patients, the urate fractional excretion rates could
reach almost 100 % [15]. All the above evidences indi-
cated that URAT1 plays an important role in the regu-
lation of urate metabolism homeostasis.

As previously reported, we already established a high
purine diet induced uric acid nephropathy (UAN) rat
model which showed an elevated serum uric acid level
as well as kidney damages [21]. Considering that hy-
peruricemia is a major cause of uric acid nephropathy,
and URAT1 is important for regulating urate metabo-
lism, here we wanted to investigate whether and how
high serum uric acid appeared in hyperuricemia and
nephropathy could regulate URAT1 protein and activity
level.

Material and methods

Animals

Thirty male Sprague–Dawley rats (250.2±1.9 g) were
obtained from the Experimental Animal Center of the
Guangzhou University of Chinese Medicine (ID:
00400856). The rats were randomly divided into four
experimental groups. All rats were housed in plastic
cages at a room temperature of 25 °C under a 12-h
light–dark cycle and provided with rodent chow and
water. They were housed for 1 week to adapt to their
environment before experiments. The studies were
carried out in accordance with the Guidelines for
Human Treatment of Animals set by the Association
of Laboratory Animal Sciences and the Center for
Laboratory Animal Sciences at Guangzhou
University of Chinese Medicine. Our research was
approved by the Committee of Biomedical Ethics of
Guangzhou University of Chinese Medicine [SYXK
(yue): 2013–0024].

Reagents and plasmids

Allopurinol tablets were purchased from KangHe (Lot
No: 111201) and diluted with distilled water to a final
concentration of 5 mg/mL. Adenine tablets were pur-
chased from Amresco Ltd. and diluted with 0.15 %
CMC-Na to a final concentration of 3 %. Hematoxylin
(DF001) was purchased from Dingguo. Trizol, reverse
transcription buffer, SYBR green I PCR buffer, dNTPs,
MMLV, and Taq were purchased from TaKaRa. Rabbit
polyclonal URAT1 antibody (14937-1-AP) was pur-
chased from Proteintech. URAT1 construct was pur-
chased from ORIGENE in a C-terminal GFP fusion
form and replaced the GFP by mRFP or Myc by rou-
tinely subclone. GFP-Numb, Numb-shRNA, GFP-
Rab5, GFP-Rab7, and GFP-Rab11 were all purchased
from ORIGENE. Numb-2A mutation construct (S265A
and S284A) was made by quick change kit (Invitrogen).
Surface protein extraction kit was purchased from
BioVersion, sulfo-NHS-SS-biotin, and Avidin Agarose
beads were purchased from Thermo Scientific.
Ubiquintin inhibitor MG132, lysosome inhibitor chlo-
roquine, and ammonium chloride were purchased from
Sigma. Bortezomib was purchased from Santa Cruz.

Animal model and experimental procedures

Thirty Sprague–Dawley (SD) rats were randomly
assigned into three groups. All rats were treated by
intragastric administration. Group 1 was allocated as
the normal control and fed with the same amount of
CMC-Na (adenine dissolve buffer), while in the remain-
ing two groups, rats were fed with adenine (30 mg/kg
body weight) for 18 days to establish the UAN rat
model. In the 19th day, we randomly selected three rats
to sacrifice and collected the kidney sample. H&E stain-
ing of the kidney tissue was then performed to confirm
whether the UAN model was successfully established.
Then, the three groups of rats were treated in different
procedures as follows: Group 1 was treated as the blank
control. Rats in this group were fed with the same
amount of saline buffer. Rats in group 2 were treated
as the disease model control and were fed with the same
amount of saline buffer as in group 1. Group 3 was
treated as the positive medicine control. In this group,
rats were treated with allopurinol (5 mg/kg body weight
/day). In all groups, rats underwent daily drug or saline
treatment for 23 days. During the process, no rats died.
During sample collection, 18 days after model
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establishment, 5 mL of peripheral blood (fasting for
12 h) was collected for detection of serum uric acid
(UA). At the end of the 42-day experiment procedure,
rats were kept fasting for 12 h, and then sacrificed after
20 % urethane anesthesia. Peripheral blood was collect-
ed to detect UA, and the left kidney was resected for
further research.

Tissue surface protein extraction/cell surface
biotinylation and Western blot

For kidney tissues, kidney tissues from rats in different
groups were frozen and stored at −20 °C immediately
after dissection. It was mechanically dissociated and
homogenized following manufactures instruction to
get surface protein.

For HEK cells surface biotinylation, HEK cell with
or without monosodium urate (MSU) treatment
was washed twice with cold phosphate-buffered
saline (PBS), and then incubated with PBS buffer
supplemented with 0.5 mg/mL sulfo-NHS-SS-
biotin for 1 h with gentle shaking, and excess
biotin was quench with 50 mM Tris-PBS buffer
for 20 min. Cells were lysate in RIPA buffer and
then subjected to streptavidin-agarose beads in
4 °C for another 3 h.

For HEK cells internalization assay, surface biotinyl-
ated cells after quenching was put into 37 °C incubator
for another 30 min to internalize, and then washed in
cold cleavage buffer (50 mM glutathione, 90 mMNaCl,
1.25 mM CaCl2 dihydrate, 1.25 mM MgSO4, 0.2 %
endotoxin-free BSA, pH 8.6) for 20 min with gentle
shaking. Cells were lysate in RIPA buffer and then
subjected to streptavidin-agarose beads in 4 °C for an-
other 3 h.

Protein samples were boiled in Laemmli buffer, sep-
arated through sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE), and then transferred to
PVDF membranes (Hybond-C-extra; Amersham
Biosciences). Membranes were blocked by 5 % BSA
in TBST and then incubated overnight at 4 °C with
rabbit anti-URAT1 (1:300) or mouse anti-GAPDH
(1:8000) as control. After having been washed in
TBST, membranes were incubated with peroxidase-
conjugated goat anti-rabbit or anti-mouse antibodies
(Jackson ImmunoResearch, 1/4000) for 1 h. Protein
bands were developed using ECL plus reagent
(Western Lightening; Perkin Elmer).

Detection of URAT1 mRNA expression by real-time
PCR

Total RNAwas extracted with TRIzol (Invitrogen) and
converted to cDNA by reverse kit (Takara) according to
the manufacturer’s instructions. Real-time PCR was
carried out according to the following procedures:
94 °C for 3 min, followed by 94 °C for 30 s, 55 °C for
45 s, and 72 °C for 1 min; 40 cycles.

URAT1:

Forward primer: 5′-TTG ATT GGC AGG AGG
TGA CC-3′
Reverse primer: 5′-GGT TAA GTG GAG TCG
GTC AG-3′

GAPDH:

Forward primer: 5′-TGG TCT ACA TGT TCC
AGTATG ACT-3′
Reverse primer: 5′-CCA TTT GAT GTT AGC
GGG ATC TC-3′

Data were presented as normalized URAT1 messen-
ger RNA (mRNA) level/GAPDH mRNA level.

Statistical analysis

Quantitative data was expressed as mean±SEM.
Comparisons of the means among multiple groups were
performed using one-way ANOVA followed by
Dunnett’s or Tukey–Kramer’s post hoc tests using a
statistical software package (GraphPad Prism, version
4.0; GraphPad Software). Asterisks indicated statistically
significant differences as follows: * p<0.05, ** p<0.01,
and *** p<0.001.

Results

UAN model rats showed an increase of both surface
and total URAT1 expression level and allopurinol could
repress the increasing of serum UA as well as surface/
total URAT1 level

Compared with the normal control, serum UA level in
adenine-treated rats (UAN model rats) were significant-
ly higher, suggesting that UAN model has been
established successfully. Allopurinol could decrease
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serum UA level compared with model group (Fig. 1a).
To further investigate URAT1 role in our UAN model,
we detected URAT1 protein expression level. As shown
in Fig. 1b, total URAT1 level showed a strong increase
in UAN model rats kidney tissue but can be rescued
back to normal level by allopurinol. As URAT1 is a
membrane protein, we next extracted total plasma mem-
brane protein and detected surface URAT1 level.
Results here showed alone with total URAT1; surface
URAT1 level also showed an increase in UAN model
but not in allopurinol group. Above results showed that
allopurinol, which could alleviate uric acid gener-
ation, could totally block the increase of URAT1
(Fig. 1b, c). These results indicated that serum uric
acid stimulation could increase the total and espe-
cially the functioning URAT1 portion (surface
URAT1), and this kind of URAT1 increasing may
act as the second step to aggravate uric acid-
induced kidney impairments. Finally, by RT-PCR,

we found that the mRNA level of URAT1 did not
show any changes between all four groups
(Fig. 1d).

Uric acid crystal could increase cell surface/total
URAT1 level but did not inhibit its endocytosis

To further investigate the detailed mechanism on how
uric acid would regulate URAT1 expression, we
employed URAT1 stable expression HEK cell here.
We treated HEK cells by monosodium urate crystal
(1 μM) for 24 h and found that HEK cell showed an
increase of both total URAT1 and surface URAT1 but
not its mRNA level (Fig. 2a–d). We then detected inter-
nalized URAT1 level but to our surprise, internalized
URAT1 level did not show any significant changes with
or without crystal stimulation (Fig. 2a, c), which indi-
cated that the increase of surface URAT1 was not con-
ducted by reduced internalization. Next, we also carried

Fig. 1 UAN model rats showed an increase of total and surface
URAT-1 in kidney tissues. UAN rats serumUA (a) was detected. b
Representative Western blots of surface URAT-1 and total URAT-
1 from different group rats kidney tissues. GAPDH was used as a

loading control. c Quantification of surface URAT-1 expression
level, normalized by GAPDH. dReal-time PCR results for URAT-
1 mRNA expression levels from different groups. Data were
represent here as means±SEM (**p<0.01, ***p<0.001)
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out a time lapse experiment and found that uric acid
could increase the total URAT1 in a time-dependent
manner (Fig. 2e, f).

Uric acid crystal reduced the colocalization of URAT1
with lysosome and thus increased the URAT1 level

To investigate the URAT1 trafficking process, we creat-
ed a URAT1-RFP fusion construct. By co-transfecting
this construct with GFP-Rab5/Rab7 and Rab11 and
Confocal observation for live cells, we found that with-
out crystal stimulus, there were almost 70 % of RFP

vesicles colocalized with GFP-Rab7, while after crystal
stimulation this rate got decreased to 20 % (Fig. 3);
instead, colocalization of RFP vesicles with GFP-
Rab11 was increased to nearly 60 % after crystal stim-
ulation. Results here indicated that uric acid crystal
treatment could change URAT-1 sub-cellular trafficking
process (rates of colocalization (percent) of RFP vesi-
cles with Rab5, 7, and 11 were 19.34±4.53, 66.45±
1.24, and 15.37±7.33 before stimulation, respectively,
and 18.55±6.33, 21.12±4.22, and 59.42±8.44 after
stimulation, respectively). Finally, we directly added
ubiquitin-proteasome inhibitor: MG132 (500 mM) and

Fig. 2 Uric acid crystal could increase URAT-1 expression level
in HEK cells. URAT-1 stable HEK cell were treated with or
without monosodium urate crystal; 24 h later, cells were harvested.
a Representative Western blots of surface, internalized, and total
URAT-1 level by biotin assay. bQuantification of surface URAT-1
expression level, normalized by GAPDH. c Quantification of
internalized URAT-1 expression level, normalized by GAPDH. d

Real-time PCR results for URAT-1 mRNA expression levels with
or without monosodium urate crystal treatment. e Representative
Western blots showed HEK cell treated with uric acid crystal for
different time. Total URAT1 and GAPDH were detected. f Quan-
tification of total URAT1 level in (e), normalized by GAPDH.
Data were represent here as means±SEM (*p<0.05)
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bortezomib (Bort.) 100 nM; or lysosome inhibitor: am-
monium chloride (NH4Cl, 20 mM) and chloroquine
(CLQ 50 mM). While ubiquitin inhibitor did not influ-
ence a lot for total URAT1 level, results here showed
that lysosome inhibitors could both dramatically in-
crease total URAT1 protein level (Fig. 3d). The present
results indicated that URAT1 would regularly get
through a lysosome-dependent degradation, and uric
acid stimulation may block this process.

Uric acid crystal could drive Numb out of cell surface
and disassociate binding of URAT1 and Numb

Considering that Numb is an important clathrin-coated
pit adapter protein, it controlled various proteins’
clathrin-conducted endocytosis process. By over-
expressing an GFP fusion Numb construct and directly
observing in live cells, we found that without crystal
stimulation, Numb was strongly distributed on the cell
membrane, while crystal treatment would drive Numb
out of cell membrane and redistributed evenly in the
cytoplasma (Fig. 4a). We next employed Co-IP

experiment and found that crystal stimulation could dis-
associate binding of URAT1 and Numb, which indicated
the binding of Numb and URAT1 may regulate the
URAT1 trafficking destination (Fig. 4b). We then
transfected Numb short hairpin RNA (shRNA) construct
and found that the URAT-1 distribution in Numb knock
down condition showed a pheno-mimic with crystal
treatment (Fig. 4c), which indicated that monosodium
urate crystal treatment may regulate URAT1 distribution
through regulation of Numb location. To make sure that
URAT1 lysosome degradation was actually block in the
absence of Numb, we treated the Numb knock down cell
with or without chloroquine, and found that combining
the treatments of Numb shRNA and chloroquine could
not further increase URAT1 protein level (Fig. 4d),
which indicated that Numb and chloroquine would reg-
ulate URAT1 protein through some common pathways.
Finally, we made Numb-2A mutation (S265A and
S284A); this construct could resist phosphorylation-
related Numb redistribution from membrane to
cytosome. Results here showed that Numb-2A could
resist crystal-induced Numb relocation (Fig. 5a), and

Fig. 3 Uric acid crystal could change URAT-1 trafficking process.
URAT1-RFP and GFP-Rab5, 7, or 11 were co-transfected into
HEK cell and confocol images were captured. a Representative
images and colocalization ratio analysis of URAT1-RFP and GFP-
Rab5. b Representative images and colocalization ratio analysis of
URAT1-RFP and GFP-Rab7. c Representative images and

colocalization ratio analysis of URAT1-RFP and GFP-Rab11. d
HEK cell treated with ammonium chloride 20 mM; CLQ 50 mM;
bortezomib (Bort.) 100 nM or MG132 500 mM. Representative
Western blots showed changes of total URAT1, normalized with
GAPDH. Data were represent here as means±SEM (*p<0.05,
**p<0.01); scale bar is 10 μm
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Western blot also showed that crystal could up-regulate
surface URAT1 in Numb group but not Numb-2A group
(Fig. 5b). This result indicated that uric crystal may
regulate Numb distribution through phosphorylation,
and Numb membrane distribution is important for
URAT1 membrane location.

Discussion

It has long been suggested that except from synthesis
pathways, surface proteins’ trafficking process would
also control the proteins amount by determining their
transport destinations. Surface protein/receptors would

Fig. 4 Uric acid crystal could drive Numb out of cell membrane
and disassociate from URAT-1. URAT-1 stable HEK cell was
transfected with GFP-Numb and treated with or without
monosodium urate crystal for 24 h. a Live cell imaging showed
GFP-Numb distribution. b Co-IP experiment showed binding of
GFP-Numb and URAT1-Myc. c Upper panel: representative
Western blots of surface and total URAT-1 level with Numb knock

down or luciferase knock down (control); GAPDH was used as a
loading control. Lower panel: quantification of surface URAT-1
expression level, normalized by GAPDH. d Numb knock down
cell treated with or without CLQ, and representativeWestern blots
showed changes of total URAT1, normalized with GAPDH. Data
were represent here as means±SEM (*p<0.05, **p<0.01)
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go through endocytosis process spontaneously under a
physiological condition or after some certain stimulation
[12]. Endocytosis process itself involved in all kinds of
basic cellular activity, such as receptor’s desensitization
and resensitization, Integrin’s endocytosis and recycling

back to the rear side of cell, signal peptides release from
surface precursor protein in early endosomes, as well as
protein amount regulation through lysosome or protea-
some degradation [11]. Under endocytosis process,
adaptor protein, which would bind and connect surface

Fig. 5 Uric acid crystal regulates Numb membrane distribution
through phosphorylation on S265 and S284. URAT1 stable HEK
cell was transfected with GFP, GFP-Numb, or GFP-Numb-2A and
treated with or without monosodium urate crystal for 24 h. a Live
cell imaging showed GFP-Numb-2A distribution. b Upper panel:

representative Western blots of surface and total URAT-1 level
with control of Numb construct. GAPDH was used as a loading
control. Lower panel: quantification of surface URAT-1 expres-
sion level, normalized by GAPDH. Data were represent here as
means±SEM (*p<0.05, **p<0.01)
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protein to different subcellular cargos, is usually consid-
ered as a key molecule for the whole trafficking process
as they tightly regulate the selection of cargos which
surface protein would go through with. In the present
study, we found that uric acid direct stimulation in vitro
or hyperuricemia in vivo could both increase surface
and total URAT1 level. As URAT1 biosynthesis path-
way was not strengthened under uric acid treatment, we
raise the hypothesis that the increased URAT1 level may
be caused by the changes of internalization pathways
from lysosome to recycling endosomes.

Among the different trafficking cargos, early endo-
some, late endosome/lysosome, and recycling endo-
some, which were represented by three Rab family
members, namely Rab5, Rab7, and Rab11, respectively,
weremost researched throughout [16]. At the early stage
of endocytosis, recruiting of Rab5 to the newly formed
endocytosis vesicle would finally fuse it to EEA1 pos-
itive vesicles and form early endosomes. Similarly,
Rab7 is involved in the selection of early endosome to
late endosome while Rab11 would drive early endo-
some to recycling endosome. Working together with
cytoskeletons, those vesicles formed a highly regulated
trafficking system. In the present study, we found that
after uric acid direct stimulation, URAT1 would more
colocalize with Rab11 instead of Rab7 as normal. This
phenotype strongly indicated and would raise a hypoth-
esis that normally internalized URAT1 would be more
contained in Rab7 positive late endosome/lysosome and
get through lysosome degradation to eliminate extra
URAT1, but under uric acid stimulation, URAT1 would
be more contained in Rab11 positive recycling endo-
some and get recycled back to cell membrane, and thus
rise the surface and total URAT1 level. Furthermore, we
also noticed that the ratio of surface URAT1 to total
URAT1 was not consistent in vivo and in vitro. It may
be caused by prolonged treatment time in vivo (42 days)
versus in vivo treatment time (24 h), which would
facilitate an accumulation phenotype for total URAT1,
or caused by the different recycling speed and mecha-
nism in the kidney tissue cells and HEK cells.

There are many adaptor proteins that would help to
decide the certain vesicles that a surface protein would
go through with, and Numb is one of them. Numb is a
clathrin-coated pit adapter protein and has a key func-
tion in cell division; among its many aspects of func-
tions, the ability to drive protein to lysosome and deg-
radation is one of the most important function [17]. It
has been found that many surface protein/receptors can

bind with Numb and then start the lysosome-conducted
degradation, such as glycoprotein CD8α, claudins,
integrin, and amyloid precursor protein (APP) [18–20,
22]. Although the detailed mechanism is still unclear,
people just found that Numb could bind to certain motif
on surface protein through its PTB domain, and thus
facilitate them to transport to lysosome and finally de-
grade there [23]. Here, we found that uric acid crystal
stimulation could drive Numb out of the cell surface and
disassociated it from URAT1; although the mechanism
is still unclear, we would presume that it may be caused
by Numb phosphorylation under crystal stimulation,
since the phosphorylation resistant form of Numb-2A
mutation did not show redistribution after crystal
treatment.

In summary, in the present study, we demonstrated
for the first time that high purine diet could cause an
increase of both cell surface and total URAT1 protein
amount in vivo, while uric acid stimulation could mimic
this phenotype in vitro. Furthermore, we also found that
instead of biosynthesis pathway, the increase of URAT1
protein level induced by uric acid crystal was more
likely to go through shifting URAT1 trafficking path-
ways from lysosome to recycling endosomes. Finally,
we found that Numb, a clathrin-coated pit adapter pro-
tein, which could bind to URAT1 and targeted it into
lysosome, could be driven out of cell surface and
disassociated from URAT1 by uric acid crystal stimula-
tion, and thus reduced URAT1 degradation and in-
creased total and surface URAT1 protein level. This
kind of uric acid-induced URAT1 increase may aggra-
vate uric acid metabolism dyshomeostasis and exacer-
bate the kidney damages.
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