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3. BHEREZMAE

Renal hypouricemia
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B IR ERIMAE I, M ORI 2 i &
THRGERBTHY, KEFEIAHTH S,
IHEBMETHH L DBV, AfHEL LTED
BABBEAERIRBEAVPEEE 25, HROE
LRAEICBT A REBOHWINEEICER LTS
D, EEEEFICL Y BEERRBERME 1E (re-
nal hypouricemia type 1 : RHUCI) & B
ifiE 2 % (renal hypouricemia type 2 : RHUC2)
WA sh b, £ Fh urate transporter 1
(URATI1/SLC22A12) & glucose transporter 9
(GLUT9/SLC2A9) DBETEEANVRETD %,
BAED & T ABUEEEII 2L, AOHEICH LT
MEREZIT) o BHHERBRIIEE DD DDTHIZ
RIFTHY, +H%KaBERAZELY) EHER
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. % =

REEHZICEDIEL 7 v AFR—F — (REEH
R OBIZFERICKY, B OEMRMNEH
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RELRETH 5,

1. REBILDOWT
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REEE 25, P E2EUCHEREO—HTIE, KER

SEEETH B v ) b —F uricase i35E T L
ZoTBY, TORENRBEL TS, 2Dk,
TNVA—EERLOTYRAREELET AL, B}
DIMFRBEEHEZ R T WA ITRAEEASER I
FAET HIRETH 2 BREEINGE, 6 R & iE
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V7)) CHETATEREDEZELZONATVAEY,
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EWICBT A IRBOBETIE, HFRINSSWE
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FOREGHEMRME CHRNE NS, ¢ b
HRICB T 2EMENZRBOFBRIGE, FIi
URATI? 3 X O GLUTYY @ 2 -2 o JR B E Wi
EEDHH o TV B, in vitro DRFFICB VT,
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R RER AR RS

370



AEER REERE—REEERERRE

a FREEDERZFRIERIN
B EAIR#EERER

ERO |
AR

b4
(& 4R)

b FEERIEE
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BHERBIEDREH L 2 5 EBEZFEREICITWN
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F ORI RERTH 5 [W258X L RY (URATI
BIEFD 258 FADT I/ BTHH )T+ 77
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Urate Transporters as a Regulatory Factor for Urate Handling
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Hirotaka Matsuo, Kimiyoshi Ichida, Tappei Takada, Akiyoshi Nakayama, Nariyoshi Shinomiya

EEZNCEELE FORE MS VAR—5—E LT, BRICSIFDREBRINERS URAT1 EGLUTIDED, &
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PO DRBOBRIUIHE SN, RA~OREEHE SN
B2 ricyy, mMpoRBMEIIIETT 5. URATLRIETE
Bz h5| &2 a5 B RER M AE (3 8 PR B i iE
18", GLUTOB{ZFERICE NG &I S 5 FHKRER
M 1 R ME 2 B & 0T 50 . B R R
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BTHIFARIEI T (X) ER2ER) THS (H2).
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“R38OW" ZR B80FHOTLF=r R) I BT 23 F
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2007 Lietal

4 371 A
[1,301 A] [1 % U7 AChianti]
2008 Déring et al 1,644 KA Y AAugsberg
[4,162A] [K- Y AAugsberg]
[4,066A] [F- Y APomeranial
[1,719A] [#—X kYU 7 ASalzburg]
2008 \Vitart et al 986 A VOFFTA
[708A] [1¥U X AOrkney£]
2008 McArdieetal 868 A FKAYRTAUHA
2008 Dehghan et al 7.699A I—Ov/NRAA
4,148 A # 3 >4 ARotterdam
11,024 7XAUAHABA
3843 A TAUBAEA
2009 Kolzetal 28,141 A I—0O v /YA (A 2E2H)
2010 Kamatanietal 14,700 H&EA
2010 Yangetal 22,054 A BB A (X 28E4)

{9 J?ASardnnaa .

lﬁ1 Eﬂﬁﬁﬁﬁfﬁwb'/f_\'j'f I\E&@ﬁ?ﬁ(GWAS) iu&%ﬁﬁﬂf‘?@?%ﬁ

JEXS

GLUT9/SLC2A9, PJAZ : EEEET 9

GLUTS/SLC2A8 10
GLUTS/SLC2A9 11
GLUTS/SLC2A9 12
GLUTS/SLC2A9, ABCG2 15

SLC17A4-SLC17A1-SLC17A3 gene cluster

GLUTY/SLC2A9, ABCG2 16
SLC17A4-SLC17A1-SLC17A3 gene cluster

URAT1/SLC22A12, OAT4/SLC22A11

MCTS/SLC16A9, PDZK1, GCKR

LRRC16A-SCGN gene cluster

URAT1/SLC22A12, GLUTY/SLC2A9 17
ABCG2, LRP2

GLUTY/SLC2A8, ABCG2 18
OAT4/SLC22A11

SLC17A4-SLC17A1-SLC17A3-SLC17A2 gene cluster
GCKR, INHBC, RREB1, PDZK1

[ ]Zreplication study DFHEERT. HMEEZS: Annual Review R - {1 - PIDB2012 (2012) : 145-154 KO HZE.
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ATEBER O 12 TH 5682 0 R EEME O B HIZ, i
) YADOEMLBE Lo REREERICMA, JE0R
ERIFEZ LN TV EEOBETRITHEMOELICLY,
) 574 FHEB#HT (genome-wide linkage analysis) '¥
L GWASY " WHEA S, & b7/ a2ficBvTHEAR
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&fz. 1S, GWAS 2 E ORI 2 BIZFRITIC L Y, REE
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Decreased extra-renal urate excretion
is a common cause of hyperuricemia

Kimiyoshi Ichida"2*, Hirotaka Matsuo3*, Tappei Takada®*, Akiyoshi Nakayama®>, Keizo Murakami?, Toru
Shimizu®, Yoshihide Yamanashi#, Hiroshi Kasuga®, Hiroshi Nakashima’, Takahiro Nakamura®®, Yuzo Takada'®,
Yusuke Kawamura3, Hiroki Inoue3, Chisa Okada3, Yoshitaka Utsumi3, Yuki lkebuchi?, Kousei Ito#, Makiko
Nakamura', Yoshihiko Shinohara’, Makoto Hosoyamada'', Yutaka Sakurai’, Nariyoshi Shinomiya3, Tatsuo
Hosoya? & Hiroshi Suzuki4

ABCG2, also known as BCRP, is a high-capacity urate exporter, the dysfunction of which raises
gout/hyperuricemiarisk. Generally, hyperuricemia has been classified into urate ‘overproduction
type' and/or ‘underexcretion type' based solely on renal urate excretion, without considering
an extra-renal pathway. Here we show that decreased extra-renal urate excretion caused by
ABCG2 dysfunction is a common mechanism of hyperuricemia. Clinical parameters, including
urinary urate excretion, are examined in 644 male outpatients with hyperuricemia. Paradoxically,
ABCG2 export dysfunction significantly increases urinary urate excretion and risk ratio of urate
overproduction. Abcg2-knockout mice show increased serum uric acid levels and renal urate
excretion, and decreased intestinal urate excretion. Together with high ABCG2 expression in
extra-renal tissues, our data suggest that the ‘overproduction type’ in the current concept of
hyperuricemia be renamed 'renal overload type’, which consists of two subtypes—’extra-renal
urate underexcretion’ and genuine ‘urate overproduction'—providing a new concept valuable
for the treatment of hyperuricemia and gout.
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ates the progression of renal and cardiovascular diseases!-2.

Unlike other mammals, hominoids, including humans,
show high serum uric acid levels (SUAs), because uric acid (urate)
is the end product in the purine metabolism owing to the lack of
the urate-degrading enzyme uricase?. It is commonly accepted that
two-thirds of the urate is excreted from the kidney into urine via
the ‘renal excretion’ pathway, and the remaining third via the ‘extra-
renal excretion’ pathway, such as gut excretion®. Hyperuricemia
has been clinically classified into the urate ‘overproduction’ type, the
‘underexcretion’ type, and the ‘combined’ type. This classification is,
however, based solely on the amount of renal urate excretion and
urate clearance®~?, and extra-renal excretion, for example, via the
gut excretion pathway, is not considered.

The kidney has been recognized as a main regulator of SUA and
renal urate excretion is determined by the balance of the reabsorp-
tion and secretion of urate. Renal urate reabsorption is mainly medi-
ated by two urate transporters; urate transporter 1 (URAT], also
known as SLC22A12)!0 and glucose transporter 9 (GLUTY, also
known as SLC2A9 (refs 11-15)). Recent genome-wide association
studies of SUA identified the involvement of several transporter
genes including ATP-binding cassette transporter, sub-family G,
member 2 (ABCG2, also known as BCRP'¢-18). The ABCG2 gene
locates in a gout-susceptibility locus on chromosome 4q, which was
previously demonstrated by a genome-wide linkage study of gout!®.
Woodward et al. and our group independently found that ABCG2
transports urate and shows the reduced urate transport by a half-
functional variant, Q141K (rs2231142)2%2!, In addition, ABCG2 has
been identified as a high-capacity urate exporter that would mediate
renal and/or extra-renal urate excretion?!. We also showed that com-
mon dysfunctional genotype combinations of ABCG2 gene (Q126X
(rs72552713) and Q141K) are a major cause of goutL.

In this study, we investigated the relationship between ABCG2
dysfunction and urate excretion in hyperuricemia patients and
mouse model. We found that decreased extra-renal urate excretion is
a common cause of hyperuricemia, which has not been considered
in the current pathophysiological concept of hyperuricemia.

I I yperuricemia induces gout and kidney stones and acceler-

Results
Renal urate excretion in hyperuricemia patients. We investigated
the relationship between ABCG2 dysfunction and renal urate
excretion in hyperuricemia patients in this study. The characteristics
and genotypes of the participants are summarized in Supplementary
Tables S1 and S2, respectively. The patients’ types of hyperuricemia
were determined according to the classification of hyperuricemia
(Fig. 1), which is based on the patient’s urinary urate excretion
(UUE) and fractional excretion of urate clearance (urate clearance/
creatinine clearance ratio, FEyy). The risk allele frequency of
Q126X (risk allele, X) and Q141K (risk allele, K), among 644 male
outpatients with hyperuricemia including 575 gout cases, was 4.1
and 45.9%, respectively. Those who had Q126X and Q141K variants
were 8.1 and 71.9%, respectively, of all patients (Supplementary
Table S2). Subsequent haplotype frequency analysis revealed that
the minor alleles of Q126X and Q141K were in different haplotypes
(Supplementary Table $3), which indicated that these variants were
independent risks, as reported previously?!. Therefore, we could
estimate urate export function of ABCG2 by the combination of
two common variants, non-functional Q126X and half-functional
Q141K (Supplementary Fig. S1). Patients were then divided into
four groups by genetically estimated ABCG2 function?!; that
is, full function, 3/4 function (mild dysfunction), 1/2 function
(moderate dysfunction) and <1/4 function (severe dysfunction)
(Supplementary Table S4). Altogether, 75.6% of all patients had
ABCG?2 dysfunction.

Figure 2a shows the association between ABCG2 function
and UUE. Contrary to the general understanding that ABCG2
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Figure 1| Current classification of hyperuricemia. Classification of
hyperuricemia is based on UUE and fractional excretion of urate (FEj4).

In this study, patients were classified as overproduction hyperuricemia,
when their UUE was over 25.0mgh~1/1.73m2 (600 mg per day/1.73m?2).
Those who had FE |5 under 5.5% were classified as underexcretion
hyperuricemia. Combined type was classified when their UUE and FE|;4
met the criteria of both overproduction and underexcretion hyperuricemia.
Patients who met the single criterion of overproduction hyperuricemia,
excluding combined type, were defined as overproduction type. In addition
to the types shown in this figure, there is a ‘normal type' whose UUE is
<25mgh~1/1.73m2 and FE4 is 25.5%. UUE unit, mgh~1/1.73m2,
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Figure 2 | Increase of UUE and the frequency of overproduction
hyperuricemia by ABCG2 dysfunction. (a) UUE according to each
ABCG2 function (n=644). Patients with hyperuricemia were divided
into four groups by their estimated ABCG2 functions, that is, full
function, 3/4 function, 1/2 function and <1/4 function. UUE showed an
inverse association with ABCG2 functions (P=3.60x10~"0 by simple
linear regression analysis). All bars show meants.e.m. (b) Frequency
of ‘overproduction’ hyperuricemia according to each ABCG2 function.
‘Overproduction’ hyperuricemia consists of overproduction type and
combined type.

dysfunction leads to decreased renal urate excretion, UUE is siﬁg-
nificantly increased by ABCG2 dysfunction (P=3.60x10710).
Whereas the mean UUE level of patients with full ABCG2 func-
tion was 24.0mgh~!/1.73m?, that of patients with severe dys-
function (£1/4 function) was 34.3mgh~1/1.73m?, showing an
increase of 42.9%. The frequency of ‘overproduction’ hyperuricemia
(UUE>25mgh~1/1.73 m?), which consists of overproduction type
and combined type (Fig. 1), is also increased by ABCG2 dysfunc-
tion; the ratio of ‘overproduction’ hyperuricemia was 38.2% in
patients with full function, and reached 89.7% in those with severe
dysfunction (Fig. 2b). Severe ABCG2 dysfunction especially raised
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