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Fig.2. Electron micrographs of the pronephros of a stage 42 tadpole and Xenopus explants treated with activin A and retinoic acid.
Three types of tubular structure are observed in the explants (A-C}. (A} Cuboidal cells with scan! microvilli on their luminal surface
(arrow) resemble the pronephric duct cells of normal larvae (D). (B) Tubular cells with abundant microvilli on their luminal surface
(arrow) resemble the pronephric tubule cells ¢f normal larvae (E). (C) Cells with cilia consisting of microfilaments {arrow) correspond
to the cells of normal larvae located in the intermediate segment connecting the proximal and distal tubules or in the neck segment

between the pronephric glomus and proximal tubule (F}.
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suggesting that the 4A6-positive cells in the explants
were different from pronephric tubule cells. Treatment
of animal pole explants with activin A and RA may
therefore induce pronephric duct differentiation in
addition to differentiation of pronephric tubules and
glomera.

To examine the relationship between the rate of
induction of 4AB-positive cells and the size and
lccation of the ectoderm, the ectoderm was cut into
0.4-0.5 or 0.6-0.7mm squares. Ectoderm was also
removed in 0.4-0.5mm squares from the ventral and
dorsal halves of the animal pole. As shown in Table 1,
the larger ectoderm (0.6-0.7 mm}) and ventral ectoderm
squares had 4A8-positive cells more often than the
smaller ectoderm {0.4-0.5mrn) and dorsal ectoderm
squares. Immunoreactivity was observed most fre-
quently {96%) in the ventral ectoderm explants.
Ectoderm treated with activin A and RA for various
periods of culture was examined immunohistochemi-
cally. As shown in Table 2, explants cultured to stage
27 and 32 equivalence did not show 4A6 immuno-
reactivity. The 4AB-positive tubules were first observed
at stage 37/38 equivalence, and the induction rate
increased to more than 90% at later stages. In normal
larvae, 4A6 immunoreactivity is observed at stage
38 or later, indicating that 4A6 antigen is expressed in
the explants in the same temporal pattern as in normal
larvae. The expression of 3G8 antigen in the explants
was detected earlier and was observed at stage 32
equivalence or later (Table 2), also temporally similar
to that of normal embryos (stage 31 or tater).

Ultrastructure of pronephric ducts induced in vitro

Animal ectoderm explants cultured to stage 42 equiva-
lence were subjected to electron microscopic examin-
ation (Fig. 2), and three types of tubular structures were
observed. The ultrastructural characteristics of these
structures are as follows: (i) cuboidal cells with scant
microvilli on the luminal surface and few mitochondria
and small vesicles in their cytoplasm (Fig. 24); (ii}
cuboidal cells with abundant microvilli, rich in mito-
chondria and small vesicles (Fig. 2B}); and (jii) cuboidal
cells with luminal cilia consisting of microfilaments
{Fig. 2C). The first form of tubular cells is similar to those
of the pronephric duct in stage 42 larvae (Fig.2D),
whereas the second form resembles both proximal and
distal portions of the pronephric tubule (Fig. 2E). The
third resembles the intermediate segment connecting
proximal and distal tubules or the neck segment
between the pronephric glomus and proximal tubule
{Fig. 2F; Christensen 1964). The explants therefore con-
tained the pronephric duct-like structure identified by
electron microscopy.

Gene expression in pronephric ducts induced

in vitro

To investigate whether the in vitro induced pronephros
expresses the same genes as the pronephric duct of
normal embryos, we performed whole-mount in situ
hybridization using Gremiin and c-ret as probes.
Expression of Gremlin, the Xenopus dorsalizing factor,
largely correlates with neural crest lineages, and at
stage 27 or later also appears in the pronephric
duct, but notin the pronephric tubules (Hsu etal. 1998},
C-ref, a tyrosine kinase receptor for glial cell line-
derived neurctrophic factor {GDNF), is also expressed
in the growing pronephric duct (Xenopus Molecular
Marker Resource (XMMR) homepage: Mclaughlin
et al. 2000).

In our study, stage 32 equivalent explants treated with
activin A and RA expressed transcripts of both Gremiin
and c-ret in the tubular structures of the induced
pronephros (Fig. 3A,C,E). However, not all of the tubu-
lar structures expressed Gremlin or c-ret, and these
negative structures may correspond to the pronephric
tubules, which would be consistent with the double
staining of the explants (Fig. 1). Staining of Gremiin
became weaker in explants cultured to stage 40-42
equivalence, and no c-ret expression was observed at
all, the same as in normal larvae (data not shown).
These results suggest that pronephric ducts induced
in vitro have the same gene expression profile as the
pronephric ducts of normal larvae, Taking together all
of these findings, we conclude that animal cap ecto-
derm treated with activin A and RA contains pronephric
ducts, the third component of the pronephros.

Discussion

in vitro induction of pronephric tissue from Xenopus
ectoderm was first reported by Moriya et al. (1993), who
found that combined treatment with activin A and
RA induced pronephric tubules. Brennan etal. (1999)
used the reverse transcription (RT)-PCR to show the
presence of the Wilms' Tumor-1 gene, xWT-1, and
demonstrated that the pronephric glomus also formed
in animal cap ectoderm treated with activin A and RA.
They also discovered that treatment with basic fibro-
blast growth factor (bFGF) and RA led to the formation
of the pronephric glomus. In this study, we demon-
strated that Xenopus blastula-stage ectoderm treated
with activin A and RA frequently contains pronephric
ducts, and therefore contains all three components of
the pronephros.

In contrast to our own findings, Brennan et af. (1999)
rarely found pronephric ducts in explants treated with
activin A and RA. However, they cultured the treated
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Fig.3. Whole-mount in situ hybridization of Gremlin and c-ret in treated Xeropus explants cultured until stage 32 equivalence.
Expression of Gremlin and ¢-ret mRNA is seen in explants treated with activin A and retinoic acid {A-E). {A) Antisense Gremilin probe;
(B) sense Gremiin praobe; (C) Antisense c-ret prebe; (D) sense c-ret probe; {E) higher magnification of {C). Gremiin antisense (F) and
c-ret antisense (G) patterns in stage 32 larvae (arrow) are also shown.
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explants only up to stage 33/34 equivalent, and our
results showed that the 4A6 antigen first appeared in
explants at stage 37/38 equivalent or later, displaying
the same temporal expression as in normal larvae.
The pronephros that forms in explants expresses the
marker genes xfim-7 and xicaax- 1 with the same timing
and pattern as in normal embryos (Uochi & Asashima
1996) and we also confirmed that the expression
pattern of 3G8 antigen in explants was temporally
similar to that of normal larvae. These results indicate
that the pronephros in explants may share common
molecular mechanisms with those of normal embryos
and that this in vitro model can serve as a simple and
useful system for analyzing the mechanisms of kidney
differentiation. Indeed, an essential gene for mam-
malian kidney development has been identified using
this in vitro system {Onuma et al. 1999; Nishinakamura
etal 2001).

Treatment of animal pole ectoderms with activin A
and RA in the ventral halves led to frequent formation
of pranephric ducts in amost 100% of explants, as
compared to only 60% of the dorsal halves. Xenopus
ectoderm in dorsal halves treated with activin showed
the presence of eye or notochord, whereas the ecto-
derm in ventral halves only rarely included eye or noto-
chord (Soko! & Melton 1991). It was concluded that
the dorsal and ventral regions of the ectoderm respond
differently to the same concentration of activin, and
that mesoderm patterning is determined by the different
competence of cells in the region as well as by a local-
ized inducer. Similarly, our results suggest that Xenopuis
ectoderm in the ventral halves might have greater com-
petence to form pronephric ducts in response to activin
A and RA.

In conclusion, treatment of Xenopus presumptive
ectoderm with activin A and RA frequently induces
difterentiation of the pronephric duct, in addition to the
pronephric tubule and glomus. This in vitro system can
serve as a simple and effective model for analysis of
pronephric kidney development.

Acknowledgements

We would like to thank Dr N. Moriya, Dr T. Ariizumi,
Dr 8. Takahashi{Core Research for Evolutional Science
and Technology, CREST), and Dr T. C. Chan and Dr
A. Sato (University of Tokyo} for technical advice.

This work was supported in part by a Grant-in-Aid
from the Ministry of Education, Science, Sports and
Culture of Japan, and CREST of the Japan Science
and Technology Corporation. The Division of Stem
Cell Regulation is supported by AMGEN Limited.

References

Brennan, H. C., Nijar, 8. & Jones, E. A. 1998. The specification
of the pronephric tubule and duct in Xeropus laevis. Mech.
Dev. 78, 127-137.

Brennan, H. C., Nijjar, 5. & Jones, E. A. 1999. The specification
and growth factor inducibility of the prenephric glomus in
Xenopus laevis. Development 126, 5847-5856.

Christensen, A. K. 1964, The structure of the functional pro-
nephros in larvae of Ambistoma opacurn as studied by light
and electron microscopy. Am. J. Anat. 115, 2567-277.

Harland, R. M. 1991. In situ hybridization: An improved whole
mount method for Xenopus embrycs. Meth, Cell Biol, 36,
685-895.

Hsu, D. R., Economides, A. N., Wang, X, Eimon, P. M. & Harland,
R. M. 1988. The Xenopus dorsalizing factor Grernlin identifies
a novel family of secreted proteins that antagonize BMP
activities. Mal. Ceff 1, B73-683.

McLaughlin, K. A., Rones, M. S. & Mercola, M. 2000. Notch regu-
lates cell fate in the developing pronephros. Dev. Biol. 227,
567-580.

Moriya, N., Uchiyama, H. & Asashima, M. 1993. Induction
of pronephric tubules by activin and retinoic acid in pre-
sumptive ectoderm of Xenopus laevis. Dev. Growth Differ.
35, 123-128.

Niguwkoop, P. D. & Faber, J. 1956. Normai table of Xenopus
laevis (Daudin). North-Holland, Amsterdam.

Nishinakamura, R., Matsumoto, Y., Nakao, K. etal. 2001. Murine
homolog of SALLT is essential for ureteric bud invasion in
kidney development. Development 128, 3105-3115.

Onuma, Y., Nishinakamua, R., Takahashi, S., Yokota, T & -
Asashima, M. 1999. Molecular cloning of a novel Xenopus
spalt gene {Xsal-3). Biochem. Biophys. Res. Commun. 264,
151-156.

Sokol, S. & Melton, D. A. 1991. Pre-existent pattern in Xenopus
animal pole cells revealed by induction with activin. Nature 351,
409-411. ' '

Uochi, T. & Asashima, M. 1296. Sequential gene expression
during pronephric tubule formation in vitro in Xenopus ecto-
derm, Dev: Growth Differ. 38, 625-634.

vize, P. D., Jones, E. A. & Pfister, R. 1995, Development of the
Xenopus pronephric system. Dev. Biol. 171, 531-540.

Vize, P. D., Seufert, D. W., Carroll, T. J. & Wallingford, J. B. 1997.
Model system for the study of kidney development; use of the
pronephros in the analysis of organ induction and patterning.
Dev. Biol. 188, 189-204.



J Am Soc Nephrol 13: 1455-1463, 2002

Identification of a Renal Proximal Tubular Cell-Specific
Enhancer in the Mouse 25-Hydroxyvitamin D 1a-Hydroxylase

Gene

TADASHI YOSHIDA, JUN YOSHINO, MATSUHIKO HAYASHI, and

TAKAO SARUTA

Department of Internal Medicine, School of Medicine, Keio University, Tekyo, Japan

Abstract. The active form of vitamin D is synthesized by
25-hydroxyvitamin D lec-hydroxylase (1e-hydroxylase),
which is expressed predominantly in renal proximal tubular
cells. To clarify the mechanism of cell-specific gene expres-
sion of this enzyme, the 5'-flanking region of the mouse 1a-
hydroxylase gene was investigated. Investigation began with
mRNA expression of 1a-hydroxylase in cultured cells, includ-
ing LLC-PK1, NIIH/3T3, HepG2, MDCK, and OK cells. Ex-
pression of 1e-hydroxylase mRNA was restricted in LLC-PK1
cells. Several lengths of the 5'-flanking region of 1e-hydrox-
ylase gene were linked to a pGL3-basic luciferase vector and
introduced into these cells. Only LLC-PK1 cells had a sub-
stantial luciferase activity. Deletion analyses revealed that lu-
ciferase activity was detected in constructs extending from the

transcription initiation site to —1652 to —105 bp, whereas
further deletion to —80 bp resulted in a marked decrease in
activity. The region from —105 to —80 bp contained two
ternary complex factor-1 (TCF-1) sites, and mutations in the
proximal TCF-1 site decreased the activity. Electrophoretic
mobility shift assay demonstrated binding of LLC-PK1 nuclear
proteins to this region. Tests of enhancer function in LLC-PK1
cells indicated that the 26-bp fragment behaved as a classical
enhancer, i.e., independently of position and orientation, More-
over, a decoy oligonucleotide corresponding to this region
substantially inhibited the promoter activity of 1a-hydroxylase
gene. This study suggests that the —1035 to —80 bp element of
mouse la-hydroxylase gene contains an enhancer to be nec-
essary for renal proximal tubular cell-specific expression.

Vitamin D plays important roles in calcium and phosphate
homeostasis, bone growth, and cell differentiation. The biolog-
ically active form of vitamin D, 1e,25-dihydroxyvitamin D
[1e,25-(OH),D], is synthesized by sequential hydroxylation
steps before it can bind to and activate the vitamin D receptor.
The first hydroxylation is catalyzed in the liver by vitamin D
25-hydroxylase to 25-hydroxyvitamin D, and the second hy-
droxylation is catalyzed in the kidney by 25-hydroxyvitamin D
la-hydroxylase (la-hydroxylase) to 1,25-(OH),D (1). The
la-hydroxylase is a mitochondrial cytochrome P450 enzyme
essential for vitamin D metabolism. Its enzyme activity is
tightly regulated by several factors including parathyroid hor-
mone, 1¢,25-(OH),D itself, calcitonin, and serum concentra-
tions of calcium and phosphate (2). Most of the studies to date
have demonstrated that renal 1a-hydroxylase activity is local-
ized exclusively in the proximal tubules (3-5).

We and other investigators have recently cloned rat (6,7),
mouse (8), human (9,10), and porcine (11} cDNAs of la-
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hydroxylase. The complete sequences of mouse and human
la-hydroxylase genes have also been reported (9,12-14). It has
been demonstrated that mutations in the 1a-hydroxylase gene
cause vitamin D dependency rickets type I, which is charac-
terized by early onset of hypocalcemia, secondary hyperpara-
thyroidism, and severe rachitic lesions (10,15,16). Northern
blot analyses have revealed 1a-hydroxylase mRNA expression
to be localized mainly in the kidney (9,15). This result is
consistent with the previous studies that the kidney is the
principal site of 1e,25-(OH),D synthesis, although several
extrarenal cells, including keratinocytes (17), placental decid-
val cells (18), and pulmonary macrophages (19) also have
la-hydroxylase activity. Extrarenal 1a-hydroxylase does not
contribute to circulating 1¢,25-(0OH),D concentrations and acts
in an intracrine manner.

The mechanism that the 1a-hydroxylase gene is predomi-
nantly expressed in renal proximal tubular cells clearly war-
rants study. Little is known about proximal tubular cell-spe-
cific gene expression, although several investigations have
focused on the mechanism responsible for the kidney-specific-
ity or other nephron segments-specificity (20-24). We hypoth-
esized that some cell-specific transcriptional regulators bound
to DNA elements that are located in the 5'-flanking region of
Ta-hydroxylase gene because cell type-specific gene expres-
sions in a variety of cells are controlled at the transcriptional
level. Thus, this study was undertaken to identify the cis-
element that is necessary for renal proximal tubular cell-spe-
cific expression in the 5'-flanking region of mouse 1a-hydrox-
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ylase gene. As will be shown, the —105 to —80 bp element in
mouse Io-hydroxylase gene contains an enhancer that contrib-
utes to this cell-specific expression.

Materials and Methods
Cell Culture

LLC-PK1 (porcine renal proximal tubular cells), NIH/3T3 (mouse
fibroblasts), HepG2 (human hepatoblastoma), MDCK (canine renal
distal tubular cells), and OK (opossum renal proximal tubular cells)
cells were obtained from the American Type Culture Collection
{Rockville, MD). Cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 5% fetal calf serum
(FCS) (Life Technologies, Grand Island, NY).

Poly (A)* RNA Extraction and Northern Blot Analyses

Poly (A)Y* RNA was prepared using a MicroPoly (A) Pure mRNA
Purification Kit (Ambion, Austin, TX). Three micrograms of poly
(A)* RNA were denatured with glyoxal and DMSO, fractionated on
a 1% agarose gel, and transferred onto a Hybond N* nylon membrane
(Amersham Pharmacia Biotech, Uppsala, Sweden). Hybridization was
carried out in PerfectHyb solution (TOYOBO Co,, Ltd., Osaka, Japan)
at 66°C for 8 h with a *?P-labeled human 1e-hydroxylase cDNA
probe (9). A final wash was performed at 66°C in 0.1 X standard
saline citrate and 0.1% sodium dodecyl sulfate, and the membrane
was exposed to @ BAS Imaging Plate (Fuji Photo Film Co., Ltd.,
Tokyo, Japan). The membrane was rehybridized with a S-actin probe
{Clontech Laboratories, Inc., Palo Alto, CA).

Construction of Reporter Plasmids

A 1.7-kb Spel-Xhol DNA fragment was extracted from a pBlue-
script KS (—) vector in which the 5'-flanking region of mouse la-
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hydroxylase gene had been subcloned (12). This fragment contains
—1652 to +15 bp of the gene (+1 bp: transcriptional initiation site
shown in reference 12) and was subcloned into a pGL3-basic vector
(Promega Corp., Madison, WI), which is designated pGL1« (—1652).
The pGLla (—1652) vector was digested with Kpnl and Psil, Van
911, BsiXT, or Cel II to generate pGL1a (—1392), pGL1ax (—656),
pGL1a (—29%1), or pGL1a (—105) vectors, respectively. The inserts
were eliminated, and vectors including the 1a-hydroxylase gene pro-
moter were blunted at both ends before religation.

Several 5'-deletion mutants of the 1a-hydroxylase gene constructs,
pGL1a (—80), pGL1« (—74), pGL1e (—51), and pGL1a {—30),
were generated by PCR with the pGL1« (—105) vector as a template
using the respective upstream pGLla primers and a downstream
pGL1a rev. primer (Table 1). The PCR products were digested with
Kpnl and Xhol and ligated into the pGL3-basic vector.

Site-directed mutagenesis was performed using a QuikChange Site-
Directed Mutagenesis Kit according to the manufacturer’s instructions
(Stratagene, La Jolla, CA). Primers used for construction are shown in
Table 1.

To test for enhancer function, synthetic double-strand oligonucle-
otides with appropriate restriction sites were subcloned into the Mlu
I-BglII site of pGL3-promoter vector.

All constructs were confirmed by DNA sequencing. The DNA
sequence was analyzed for putative cis-acting regulatory elements by
the GENETYX-MAC version 9 (Software Development Co., Lid,,
Tokyo, Japan).

Transient Transfection

Approximately 16 h before transfection, cells were seeded at 50%
confluence onto 12-well plates. Cells were transiently transfected with
plasmid DNA vectors using Tfx-20 (LLC-PK1 and HepG2) or Trans-

Table 1. Oligonucleotides used for generation of pGL1« reporter constructs®

Name

Sequence

Plasmid constructs
pGL1e {(—80) primer
pGL1e {(—74) primer
pGL1a (—51) primer
pGLle {—30) primer
pGLl rev. primer

Site-directed mutagenesis

5/ -TATGGTACCGATTGGCTCGAAGAGCTTG-3’
5'-TATGGTACCTGAAGAGCTTGGAGAGGGE-3/
5/ - TATGETACCTTCACCTCCAGGACCAAG-3/
S/ - TATGGTACCTATATATGGETCCAGGCA-3'
5'-CATAAAGAATTGAAGAGAGTT-3'

pGL1a (—105)M1 primer
pGL1a (—105)M2 primer
pGLia (—105)M3 primer
pGLla (—105)M4 primer
pGLla (—105)MS5 primer
pGLla (—105)M6 primer
pGLia (—105)M7 primer
pGLle (—105)M8 primer
pGLla (—105)M9 primer
pGL1a (—105)M10 primer
pGL1x (—105)M11 primer
pGL1a (—105)M12 primer
pGLle (—105)M13 primer
pGL1le (—105)M14 primer

5’ -CTCTATCGATAGGAGAAACACAGACCACTTGCAAAGGG-3!
5'-CTCTATCGATAGGAGCTATTCAGACCACTTGCARAGGG-3'
5' - CGATAGGAGCTACATTGACCACTTGCARAGGGATTGGC -3’
5'-CGATAGGAGCTACACATTCCACTTGCARAGGGATTGG-3'
5' ~CGATAGGAGCTACACAGACTTCTTGCARAGGGATTGGC-3'
5’ -CGATAGGAGCTACACAGACCAAATGCAARGGGATTGG- 3
5'-CGATAGGAGCTACACAGACCACTAACARAGGGATTGG-3'
5'-CGATAGGAGCTACACAGACCACTTGTTARGGGATTGGC -3’
5'-CGATAGGAGCTACACAGACCACTTGGGAAGGGATTGGC-3'
5' -GGAGCTACACAGACCACTTGCAGGGGGATTGGCTG- 3’
5'-GGAGCTACACAGACCACTTGCAAATTGATTGGCTGAAG-3'
5'-CGATAGGAGCTATTTTGACCACTTGCARAGGGATTGGC-3'
5'-GGAGCTACACAGACCACTTGTTTTGGCGATTGGCTG-3'
5'-CGATAGGAGCTACATTGACCACTTGTTAAGGGATTGGC -3

® Underlined sequences indicate Kpn I restriction site. For primers used in site-directed mutagenesis, only the sense strands are
illustrated,
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fast (NIH/3T3, MDCK, and OK) reagents (Promega Corp.). The
optimal transfection reagent and conditions for particular cell types
were systematically tested among Tfx-10, Tfx-20, Tfx-50, and Trans-
fast. After wransfection, cells were incubated in DMEM supplemented
with 5% FCS for 48 h. The Luciferase Assay System (Promega Corp.)
was used to harvest cellular lysates and to perform luciferase assays.
Luciferase activity was measured with a Turner TD-20/20 luminom-
eter (Turner Designs, Sunnyvale, CA). Cellular protein concentrations
were measured to normalize the experiments. Each sample was ex-
amined in triplicate in a single experiment and this was repeated in
four different experiments,

Electrophoretic Mobility Shift Assay (EMSA)

Oligonucleotides used in this study, as listed in Figure 6A, were
annealed to their respective complementary sequence in the annealing
buffer containing 200 mM Tris HCI (pH 7.5), 100 mM MgCl,, and
500 mM NaCl. Double-strand oligonucleotides were labeled with
32P.ATP by T4 polynucleotide kinase. Nuclear extracts from LLC-
PK1 cells were prepared by the method of Dignam et al. {25). Ten
micrograms of nuclear protein were incubated with **P-labeled dou-
ble-strand oligonucleotides. Reactions were carried out in binding
buffer containing 10 mM Tris HCI (pH 7.5), 50 mM NaCl, 1 mM
MgCl,, 0.5 mM EDTA, 0.5 mM dithiothreitol, 4% glycerol, and 0.1
pg/ul poly(dI-dC)poly(dI-dC). For competition assays, 20- to 50-fold
excess amounts of unlabeled oligonucleotides were mixed with the
nuclear extracts and the labeled probes were then added. The reaction
mixtures were separated on a 4% nondenaturing polyacrylamide gel.
The gel was dried and autoradiographed. The antibody for TEL (Santa
Cruz Biotechnology, Santa Cruz, CA) was used for supershift.

Decoy Experiments

Decoy (GAGCTACACAGACCACTTGCAAAGGG) or scram-
bled {CGATTGCCGTACCTGACTTAACTCATTG) phosphorothio-
ate oligonucleotides, which are relatively resistant to nucleases due to
modified phosphodiester bonds (26), were annealed to their respective
complementary sequences. LLC-PK1 cells were transfected with 1.0
pg of pGL1« vector and either decoy (0.1 to 1.0 uM) or scrambled
oligonucleotides using Tfx-20. After a 24-h incubation, luciferase
aclivity was measured and normalized to protein content.

Statistical Analyses

Data are presented as the mean * SE. Statistical analyses were
performed by use of one-way ANQVA followed by Scheffe’s F post
hoe test, P << 0,05 was considered statistically significant.

Results
Only LLC-PK1 Cells Express the 1a-Hydroxylase Gene
The activity of 1o-hydroxylase is most abundant in the renal
proximal tubular cells (1,3-5), and our previous studies
showed gene expression of la-hydroxylase to be restricted to
the kidney (9,15). To investigate the mechanism responsible
for this cell-specific expression, we first examined the expres-
sion of l1o-hydroxylase gene in cultured cell lines by Northern
blot analyses. Three types of mammalian kidney cells, includ-
ing LLC-PK1 (porcine renal proximal tubular cells), OK
(opossum renal proximal tubular cells), and MDCK (canine
renal distal tubular cells), and other cells, including NIH/3T3
{mouse fibroblasts) and HepG2 (human hepatoblastoma) were
tested. Because they are derived from different species, the
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relaxed stringency were adapted for hybridization. Using hu-
man lo-hydroxyalase ¢cDNA as a probe, expression of la-
hydroxylase mRNA was detected only in porcine LLC-PK1
cells (Figure 1). NIH/3T3, HepG2, MDCK, and OK cells did
not express la-hydroxylase gene.

Promoter Activity of 1a-Hydroxylase Gene is Detected
Selectively in LLC-PK1 Cells

To examine the involvement of promoter elements in renal
proximal tubular cell-specific gene expression, we investigated
the 1.7-kb upstream region of mouse la-hydroxylase gene, A
series of deletion mutants of the upstream region were con-
structed with a Juciferase reporter gene and used for transfec-
tion into five lines of cultured cells. The cells used in the
transfection study were the same as those in Northern blot
analyses. Although the luciferase activity in each cell line was
extremely elevated by transfection with a pGL3-control vector
(a positive control vector), the activity was selectively detected
in LLC-PK1 cells when they were transfected with pGL1
{—1652), pGL1ax (—1392), pGL1x {(—656), pGL1a (—291), or
pGL1a {(—105) vectors (Figure 2). In LLC-PK1 cells, lucif-
erase activity was significantly higher in cells transfected with
the pGLI1« (—105) vector than in cells transfected with other
pGL1a vectors. These results suggested that this shorter con-
struct contained cis-acting enhancer elements sufficient for
renal proximal tubular cell-specific gene expression.

To identify the cis-elements, we made much shorter con-
structs such as pGLI« (—80), pGL1la (—74), pGL1a (—51),
and pGLl1a (—30) vectors. Luciferase activities of these
shorter constructs were assayed by transfection into LLC-PK1
and other cells (Figure 3). The luciferase activities of pGL1a
(—80) and pGL1«x (—74) vectors were undetectable in LLC-
PK1 cells, whereas that of the pGLla (—105) vector was
significantly elevated. Moreover, the luciferase activity of the
pGL1ea (—51) vector, which contains only a TATA box, were
elevated again. The pGL1a (—30) vector, which lacks a TATA
box, had no luciferase activity. In contrast, no luciferase ac-
tivity of these vectors was detected in NIH/3T3, HepG2,
MDCEK, and OK cells. We considered the nucleotides between
—105 and —380 bp of mouse 1a-hydroxylase gene contained

NIH/3T3
Hep G2
MDCK

oK
¥ 1icrri

-« 10-hydroxytase

< [-actin

Figure 1. Expression of la-hydroxylase mRNA, in cultured cells.
la-Hydroxylase mRNA expressions in LLC-PK1, NIH/3T3, HepG?2,
MDCK, and OK cells were assessed by Northern blot analyses of poly
(A)* RNA (3 pgflane) using 32P-labeled human 1a-hydroxylase and
B-actin probes.
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Figure 2. Transcriptional activities of 1a-hydroxylase gene promoter in various cells. LLC-PK1, NIH/3T3, HepG2, MDCK, and OK cells were

transiently transfected with pGL3-control, pGL1a (—1652), pGL1a (—

1392), pGL1 e (—656), pGL1e (—291), pGL1« (—105), or pGL3-basic

vector and assayed for luciferase activity as described in Materials and Methods. The activity was normalized for protein content. An arbitrary
value of 1 was assigned to the activity of the pGL3-basic vector. Values represent the mean * SE. *P <X 0.05 compared with pGL3-basic vector.

enhancers to be necessary for cell-specific expression, and the
nucleotides between —74 and —51 bp contained repressors. In
this study, we focused our attention on the —105 and —80 bp
region of the le-hydroxylase gene, and we designated this
region the proximal tubular cell-specific element (PSE).

Mutational Analyses of Proximal Tubular Cell-Specific
Element of the 1a-Hydroxylase Gene Promoter

DNA sequence analyses revealed the presence of two ter-
nary complex factor-1 (TCF-1) consensus sites in PSE: the
—105 to —80 bp region of the la-hydroxylase gene promoter
(Figure 4A). We introduced mutations in the pGL1a (—105)
vector by site-directed mutagenesis, and LLC-PK1 cells were
transfected with various mutated vectors. As shown in Figure
4B, mutations in the distal TCF-1 site had a slight decrease in
Iuciferase activity. On the other hand, mutations in the proxi-
mal TCF-1 site dramatically decreased luciferase activity.

Nuclear Proteins from LLC-PKI Cells Bind to
Proximal Tubular Cell-Specific Element of la-
Hydroxylase Gene Promoter

EMSA were performed to examine whether the proximal
TCF-1 site was critical for proximal tubular cell-specific gene
expression. We used nuclear extracts from LLC-PK1 cells to
assess protein-DNA complex formation. When we used a
wild-type oligonucleotide containing the —105 to —80 bp
region of 1a-hydroxylase gene (PSE —105/—80) as a probe, a
specific protein-DNA complex was observed (Figure 5). This
complex was competed away by the wild-type oligonucleotide,
but not by a nonspecific oligonucleotide. The AP-2 consensus
sequence, that is 5-GATCGAACTGACCGCCCGCGGC-
CCGT-3', was used as a nonspecific oligonucleotide.

We then used the PSE (—105/—80) oligonucleotide as a
probe in EMSA and unlabeled PSE (—114/—87), PSE (—120/
—93), or PSE (—101/—77) oligonucleotides as competitors.
The nucleotide sequences of unlabeled competitors overlap
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Figure 3. The —105 to —80 bp region of la-hydroxylase gene
mediates proximal tubular cell-specific transcriptional activity, LLC-
PK1, NIH/3T3, HepG2, MDCK, and OK cells were transiently trans-
fected with pGL1e (—105), pGL1a (—80), pGL1e (~74), pGL1x
(—51), pGL1a (—30), or pGL3-basic vector, and assayed for lucif-
erase activity as described in Materials and Methods. The activity was
normalized for protein content. An arbitrary value of 1 was assigned
to the activity of the pGL3-basic vector. Values represent the mean *
SE. * P < 0.05 compared with pGL3-basic vector.

with the PSE (—105/—80) oligonucleotide (Figure 6A). The
complex between the **P-labeled wild-type oligonucleotide
and LLC-PK1 nuclear extracts was abolished by PSE (—114/
—87) and PSE (—101/—77) competitors, whereas the PSE
(—120/—93) competitor could not abolish complex formation
(Figure 6B). These results suggest that the adjacent region,
including the proximal TCF-1 sequence, is a binding site for
nuclear proteins derived from LLC-PK1 cells.

Moreover, the effects of mutations in the proximal TCF-1
site on protein-DNA complex formation were assessed by
EMSA. Three mutant oligonucleotides were generated in the
distal TCF-1 site, in the proximal TCF-1 site, and in the middle
positions of these regions (Figure 6A). As shown in Figure 6C,
the mutant oligonucleotide at the proximal TCF-1 site, PSE
(—105/—80)M3, could not compete for the labeled PSE
(—105/—80) oligonucleotide, whereas PSE (—105/—30)M1
could. These experiments support the finding that nuclear
factors from LLC-PK1 cells bind to the DNA sequence includ-
ing the proximal TCF-1 site.

The TCF-1 site is a target for Ets transcriptional factor
family members, which can be classified according to their
homology with Ets-1 (27). Class I members, including Ets-1,
have extensive overall sequence similarity. Class II members,
including Fli-1, show homology to Ets-1 in both their N-
terminal transactivation and C-terminal DNA binding domains,
whereas class Il members, such as Elk-1, PU.1, and TEL,
show homology only in the DNA binding domain. We inves-
tigated the ability of TEL antibody to interfere with the protein-
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Figure 4. Mutaticnal analyses of the —105 to —80 bp region of
le-hydroxylase gene promoter. (A) Schematic representation of mu-
tations covering the —105 to —80 bp region of 1a-hydroxylase gene
promoter. {B) The promoter activity of the mutant constructs was
evaluated by transfection into LLC-PK1 cells. The luciferase activity
was measured and normalized for protein content. An arbitrary value
of 100 was assigned to the activity of cells transfected with the pGL1a
{—105) veetor. Values represent the mean = SE. *P < 0,05 compared
with pGL1a (—105) vector.

DNA complex, because the kidney expresses TEL gene (28).
Supershift assay employing TEL antibody showed that it had
no effect (data not shown).

Proximal Tubular Cell-Specific Element of 1a-
Hydroxylase Gene Behaves as a Classical Enhancer

To determine whether PSE, the —105 to —80 bp region of
mouse la-hydroxylase gene, could enhance the activity of a
heterologous promoter, the DNA was placed upstream and in
both orientation of the luciferase gene driven by the SV40
promoter in the enhancerless vector pGL3-promoter. The lu-
ciferase activities were elevated in LLC-PK1 cells transfected
with these vectors, which are designated pGL3p (—105/—80)
and pGL3p (—105/—80)inv vectors (Figure 7). To assess the
role of proximal TCF-1 site in the PSE, the same 4-bp muta-
tions as PSE (—105/—80)M3 (Figure 6A) were introduced in
the pGL3p (—105/—80) vector and the mutated vector was
named as pGL3p (—105/—80)mut vector, The luciferase ac-
tivity of pGL3p {—105/—80)mut vector was not different from
the pGL3-promoter vector in LLC-PK1 cells. Moreover, we
made a pGL3p (—105/—80)x3 vector, which has three tandem
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Figure 5. Proximal tubular cell-specific element in 1a-hydroxylase
gene promoter binds to nuclear proteins from LLC-PK1 cells. LLC-
PK1 nuclear extracts were incubated with a **P-labeled probe come-
sponding to the —I05 to —80 bp region of la-hydroxylase gene
promoter in the absence or presence of a 20- or 50-fold molar excess
of unlabeled competitor oligonucleotides. The competitors were either
the wild-type PSE (—105/—80) oligonucleotide as a specific compet-
itor (CTGAGCTACACAGACCACTTGCAAAGGG) or the AP-2
consensus sequence as a nonspecific competitor (GATCGAACT-
GACCGCCCGCGGCCCGT). Arrowhead indicates the DNA-protein
complex.

repeats of PSE in the pGL3-promoter vector. The luciferase
activity of pGL3p (~105/—80)x3 vector was also elevated in
LLC-PK1 cells. On the other hand, the luciferase activities of
these vectors were not elevated in NIH/3T3, HepG2, MDCK,
and OK cells. The PSE could behave in a classical enhancer-
like mannez, i.e., independently of position and orientation,
selectively in LLC-PX1 cells,

PSE (—105/-80) Decoy Oligonucleotide Reduces 1o-
Hydroxylase Gene Promoter Activity

To provide further evidence that the —105 to —80 bp region
of le-hydroxylase gene is required for proxima! tubular cell-
specific gene expression, we developed a double-stranded de-
coy oligonuclectide corresponding to PSE. The rationale for
this approach was the assumption that the decoy would com-
pete for transcriptional factor binding to the promoter and thus
block transcriptional responses. A double-stranded decoy oli-
gonucleotide or a scrambled control was introduced into LLC-
PK1 cells together with the pGLla (—105) vector or the
pGL1a (—291) vector, using Tfx-20 reagent. As shown in
Figure 8, the PSE (~105/~80) decoy oligonucleotide dose-
dependently attenuated the activity of both luciferase plasmids.
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Figure 6. Mutations of proximal ternary complex factor-1 (TCF-1)
site abolish ability to bind to nuclear proteins from LLC-PK1 cells,
LLC-PK1 nuclear extracts were incubated with a 32P-labeled probe
corresponding to the —105 to —80 bp region of 1a-hydroxylase gene
promoter in the absence or presence of a 50-fold molar excess of
unlabeled competitor oligonucleotides. (A) Only the sense strands of
specific and nonspecific competitors are illustrated. Underlined se-
quences indicate mutations. Proximal TCF-1 site is boxed. (B and C)
Representative electrophoretic mobility shift assay (EMSA) are
shown. Arrowheads indicate the PNA-protein complex.

The scrambled oligonucleotide did not inhibit transcriptional
activity. These data suggest that the decoy oligonucleotide is
capable of suppressing transcriptional activity and that PSE in
mouse la-hydroxylase gene is necessary for renal proximal
tubular cell-specific gene expression.

Discussion

The serum concentration of 1e, 25-(OH),D is very low or
undetectable in patients who have severe renal failure or have
undergone a bilateral nephrectomy. This suggests that the
kidney is the principal and the sole physiologic source of
1e,25-(OH}),D production. Several studies have demonstrated
that renal le-hydroxylase activity is localized exclusively in
the cells of proximal tubules (3-5). To clarify the mechanism
underlying the proximal tubular cell-specific expression of
lo-hydroxylase, we investigated the 5'-flanking region of
mouse la-hydroxylase gene in vitro. Herein, we showed la-
hydroxylase gene expression and its promoter activity to be
selectively detectable in LLC-PK1 cells. Using transfection
studies and EMSA, we identified the —105 to —80 bp region
of mouse la-hydroxylase gene with PSE, PSE bound to nu-
clear proteins from LLC-PK1 cells, and it behaved as a cell-
specific enhancer. Decoy experiments confirmed that PSE was
required for renal tubular cell-specific la-hydroxylase gene
EXPression.
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Figure 7. Proximal tubular cell-specific element in 1ea-hydroxylase
gene acts as an enhancer. LLC-PK1, NIH/3T3, HepG2, MDCK, and
OK cells were transiently transfected with pGL3p (—105/—80),
pGL3p (—105/—80)mut, pGL3p (—105/—80)inv, pGL3p (—105/
—80)x3, or pGL3-promoter vector and assayed for luciferase activity
as described in Materials and Methods. The activity was normalized
for protein content, An arbitrary value of 100 was assigned to the
activity of the pGL3-promoter vector, Values represent the mean =+
SE. * P < 0.05 compared with pGL3-promoter vector.

In this study, we tested three types of mammalian kidney
cells and other cells. LLC-PK1, OK, and MDCK cells are the
representative renal tubular cell lines used in a wide variety of
in vitro studies. Of the cells examined, NIH/3T3, HepG2, and
MDCK cells are not derived from renal proximal tubular cells
and were expected to not express 1a-hydroxylase gene. Actu-
ally, we could not detect 1a-hydroxylase mRNA expression by
Northern blot analyses and its promoter activity by transient
transfection study. In contrast, both porcine LLC-PK1 and
opossum OK cells retain many functional characteristics of
renal proximal tubular cells. Both were expected to have Ia-
hydroxylase gene expression and its promoter activity, but OK
cells had neither. These results are consistent with a previous
report by Condamine et al. (29}, They demonstrated that LLC-
PK1 cells expressed a detectable ability to synthesize 1,25-
(OH),D, whereas OK cells did not. This lack of expression
may be an argument in favor of the pars recta origin of OK
cells. OK cells would not have a sufficient capacity to express
the Ie-hydroxylase gene.

By means of transient transfection studies using deletion
constructs, we provided evidence that PSE, the —105 to —80
bp region of la-hydroxylase gene promoter, is necessary for
renal proximal tubular cell-specific gene expression. This ele-
ment contains two TCF-1 consensus sites. We found that
mutations in the proximal TCF-1 site caused a substantial
decrease in promoter activity by site-directed mutagenesis and
transfection assay, whereas those in the distal TCF-1 site did
not. EMSA also demonstrated the binding of PSE with nuclear
proteins from LLC-PKI cells. It should be noted that the
EMSA competition assay supported the importance of the
proximal TCF-1 site for binding. Double-stranded oligonucle-
otides including the native proximal TCF-1 site only had the
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Figure 8. PSE (—105/—80) decoy oligonuclectide inhibits lo-hy-
droxylase gene transcription. A decoy corresponding to the —105 to
—80 bp regicn of 1a-hydroxylase gene (ODN) or a scrambled (SCR)
double-stranded phosphorothioate oligonucleotide at 0.1 to 1.0 uM
were transfected together with 1 ug of (A) pGL1a (—291) or (B)
pGL1a (—105) vector into LLC-PK1 cells. Cells were incubated in
Dulbeceo’s modified Eagle medium supplemented with 5% fetal calf
serum for 24 h, and luciferase activity was then measured. The
luciferase activity was normalized for protein content. An arbitrary
value of 100 was assigned to the activity of the cells transfected with
the pGL1a (—291) or the pGL1e (—105) vector only. Values repre-
sent the mean * SE. * P < 0,05 compared with pGL1e (—291) or the
pGL1a (—105) vector only.

ability to compete for wild-type PSE oligonucleotide, whereas
oligonucleotides with a mutated or deleted proximal TCF-1 site
did not have this ability. Taken together, these observations
indicate the proximal TCF-1 site of PSE to be a strong candi-
date for the core enhancer element responsible for the cell-
specificity of 1a-hydroxylase gene expression.

The TCF-1 site is a target sequence for the Ets transcrip-
tional factor family characterized by a conserved DNA-binding
domain (27). This family currently has more than 30 known
members, from organisms as diverse as sponges and humans.
A class IIl. member, TEL has been shown to be expressed in the
kidney (28). In the present study, however, the antibody
against TEL could not interfere with the protein-DNA complex
formation by the supershift assay. An unidentified factor be-
longing to the Ets-family may be expressed in a proximal
tubular cell-specific manner and may regulate some proximal
tubular cell-specific genes by binding to cis-acting elements.

Although we focused our attention on PSE, the —105 and
~80 bp region of mouse 1a-hydroxylase gene in this study, it
is possible that the —74 to —51 bp region may play a supptes-
sive role in cell-specific gene expression. This region includes
Sp-1 binding sequence. In general, Sp1 binding to its recogni-
tion element leads to activation of transcription. However, Spl
has also been shown to function as a negative regulator. For
example, it was demonstrated that Egr-1, immediate-early
growth response gene product, displaces Sp-1 from a GC-rich
composite element to activate expression of the platelet-de-
rived growth factor A chain (30). It was additionatly demon-
strated that Sp-1 activates and inhibits transcription from sep-
arate elements in the promoter of the human adenine nucleotide
translocase 2 gene (31). The possibility also remains that other
cis-elements in this region contribute to gene suppression.
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However, it should be noted that the suppression of 1a-hy-
droxylase gene transcription occurred in LLC-PK1 cells, not in
non-la-hydroxylase expressing cells such as NIH/3T3,
HepG2, MDCK, and OK cells. It is hard to understand how this
suppression contributes to proximal tubular cell-specific gene
expression. Further studies are required to resolve the problem.

It is interesting that shorter constructs, such as pGLle
(—291) and pGLla (—105) vectors, had higher luciferase
activity than longer constructs in our transfection studies,
whereas the entire upstream 5'-flanking region is actually used
in vivo. Although our findings would reflect that the expression
of la-hydroxylase gene is very low at basal levels (32), it is
somewhat difficult to understand why the shorter promoter had
higher selectivity in gene expression than the longer one. We
can speculate, as follows. First, it is possible that transcrip-
tional repressors may bind only to longer constructs, not to
shorter constructs, thereby suppressing the promoter activity of
lenger constructs in LLC-PK1 cells. Tissue-specific gene ex-
pression requires the combined action of tissue-specific and
promoter-specific activators and repressors. For instance, it is
known that 10,25-(OH),D inhibits 1e-hydroxylase gene ex-
pression transcriptionally (12,13), although the mechanism of
repression has not been identified. The cis-acting elements
responsible for 1¢,25-(OH),D-mediated transcriptional repres-
sion may exist in the upstream region over —105 bp of the
la-hydroxylase gene promoter. Second, it is also possible that
some other regions located upstream from the 1.7-kb flanking
sequence cooperatively play a role in determining renal prox-
imal tubular cell-specific expression of the 1a-hydroxylase
gene. Various binding sites for ubiquitous and cell-specific
transcriptional factors would participate in the restricted 1a-
hydroxylase gene expression specific for renal proximal tubu-
lar cells. Further cloning of the 5'-flanking region of the gene
will be needed to fully understand the underlying mechanism.

Because expression of la-hydroxylase gene is highly re-
stricted in vive and in vitro, we used only LLC-PK1 cells as
la-hydroxylase expressing cells in this study. In spite of renal
proximal tubular origin, OK cells did not express 1a-hydrox-
ylase gene. To verify the role of PSE in proximal tubular
cell-specific expression, it would be helpful to examine
whether PSE works as an enhancer in other renal proximal
tubular cell lines as well as LLC-PK1 cells. Moreover, the roles
of PSE in nonrenal 1a-hydroxylase—expressing cells, such as
keratinocytes and macrophages, are also interesting.

In conclusion, our study suggests that nuclear proteins de-
rived from LLC-PK1 cells bind to the —105 to —80 bp
enhancer region of mouse 1a-hydroxylase gene, and the pro-
tein-DNA complex thereby activates gene transcription in a
renal proximal tubular cell-specific manner. Further studies
identifying these transcriptional factors are required. These
factors are anticipated to serve as new therapeutic targets for
diseases affecting predominantly renal proximal tubular cells.
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Role of Genetic Polymorphism in the SA Gene on the
Blood Pressure and Prognosis of Renal Function in

Patients with Immunoglobulin A Nephropathy

Kentaro OMORI, Minoru SAKATSUME, Masaaki ARAKAWA, and Fumitake GEJYO

The SA gene has been shown to be much more highly expressed in the kidneys of spontaneously hyperten-
sive rats than in the corresponding wild-type strain. Genetic polymorphism of this gene has been shown to
play a role in human hypertension, although the details of this association remain controversial. We Investi
gated the possible associations between SA gene polymorphism and both hypertension and the prognosis of
renal function in patients with immunoglobulin A nephropathy {(1gAN}. Genomic DNA was isolated from the
peripheral blood of 367 individuals, including 274 patients with histologically proven IgAN and 100 controls
without any history of renal disease. The SA genotype was determined by polymerase chain reaction (PCR})-
restriction fragment length polymorphism (RFLP) with Pst L. The frequencies of genotypes and alleles were
not different between the patients with IgAN and those without renal disease. In the group without renal
disease, the SA gene polymorphism was not associated with hypertension. However, in the patients with
IgAN the A1 allele frequency was significantly higher in the hypertensives than In the normotensives. The
renal survival of the patients with the A2 allele tended to be better than that of those without the A2 allele. The
findings thus suggest that SA gene polymorphism may be associated with the renal prognosis of 1gAN
through its effect on blood pressure. Further, they suggest that the sensitivity to this gene polymorphism

Ichiei NARITA, Noriko SATTO, Shin GOTO, Arimasa SHIRASAKI, Yoshio MORIOKA, Song JIN,

increases in patients with renal injury. (Hypertens Res 2002; 25: 831-836)

Kay Words: SA gene, gene polymorphism, immuncglobulin A nephropathy

Introduction

Immunoglobulin A nephropathy (IgAN), which is character-
ized by immunoglobulin A (IgA) deposits in the glomerular
mesangium, is the most prevalent form of primary glomeru-
lonephritis and the major cause of end stage renal disease
(ESRD) (1, 2). IzAN is a complex disease in which familial
clustering is suggestive of an inherited genetic predisposition
(3, 4). It has a variable clinical course, with one-third of
IgAN patients progressing to ESRD within 10-20 years of

onset {5). The mechanism of the inter-individual differences
in the rate of disease progression are still unclear. It has been
well documented that high blood pressure is a substantial
risk factor for the progression of renal dysfunction (6). Hy-
pertension is a polygenie, heterogeneous, and multifactorial
disease with a high genetic predisposition.

The SA gene was identified in genetically hypertensive
rats using the differential hybridization technique (7). It has
been shown that the SA gene is predominantly expressed in
the rat kidney proximal tubules and that it is located on rat
chromosome 1 (8). Moreover, the SA gene has been demon-
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Table 1. Genotype and Allele Frequencies of SA Polymorphism
in Patients with IZAN and Controls without Any Renal Disease

IgAN Control

Genotype frequency

AlAl 197 74

AlA2 70 21

A2A2 7 5

274 100

Allele frequency

Al 0.847 0.845

A2 0.153 0.155

IgAN, immunoglobulin A nephropathy.

strated to cosegregate with blood pressure in both the SHR/
WKY and Dahl rat models (9-11). In humans, the SA gene
is located on chromosome 16p13.11, and a difference in al-
lele frequency of the SA polymorphism between hyperten-
sives and controls has been reported (12), although the re-
sults of other previous reports remain controversial (13, 14),
In this study, we attempted to investigate the possible role
of the SA gene polymorphism in kidney disease. We also
studied any possible associations between the SA gene varia-
tion and the clinical manifestations in patients with IgAN as
well as those in controls without any history of renal disease.

Methods

The ethics committee of the institution involved approved
the protocol for the study, and informed written consent for
the genetic studies was obtained from all participants. Ge-
nomic DNA of peripheral blood cells was isclated by an au-
tomatic DNA isolation system (NA-1000; Kurabo, Osaka,
Japan} from 374 Japanese individuals, including 274 patients
with histologically confirmed IgAN. Patients with Schon-
lein-Henoch purpura or secondary IgAN, such as cases of
hepatic glomerulosclerosis, were excluded from the analysis.
Diagnosis of IgAN was based on a kidney biopsy that re-
vealed the presence of dominant or co-dominant glomerular
mesangial deposits of IgA as assessed by an immunofluores-
cence examination. Investigated clinical characteristics of
the patients with IgAN included age, sex, duration of obser-
vation (in months), level of urinary protein excretion (g/day),

serum creatinine (sCr; mg/dl), and 24-h creatinine clearance -

(Cor; ml/min). The time from the first urine abnormality to
renal biopsy (inmonths) was alsorecorded forthe 223 of the 274
patients whose first episode of urine abnomality (proteinuria
or hematuria) could be clearly defined. At the time of renal
biopsy, the advanced type of glomerulonephritis (GN) was
defined by a sCr level greater than 1.2 mg/dl or a 24-h Cer
of less than 70 ml/min. Hypertension was defined by the use
of one or more antihypertensive medications and/or a blood
pressure greater than or equal to 140 mmHg systolic or 50
mmHg diastelic. The primary endpoint (ESRD; end stage re-

nal disease) was defined as the date at which the sCr levels
doubled after the time of diagnosis, or when patients under-
went their first hemodialysis.

The administrations of glucocorticoids, antihypertensive
agents, and angiotensin converting enzyme inhibitors (ACE-
Is) were also recorded for each patient,

The genotypes in 100 patients with no history of renal dis-
ease (46 females and 54 males, of which 36 were normoten-
sive and 64 hypertensive; age, 56.3 £9.3) were studied, and
any associations between the genotype and hypertension
were also investigated.

Genotype Determination

We studied a single nucleotide polymorphism in the SA gene
by pelymerase chain reaction (PCR)-restriction fragment
length polymorphism (RFLP) according to the method de-
scribed previously (J4). PCR of the genomic DNA was per-
formed to amplify a 315-base pair (bp) fragment in the SA
gene using the primer pair 5-GTCACACATTAGGGCA
GCTGCACAC-3and 5-GCCAGGCATGGTGATGCAAT
CCTG-3. The reaction mixture contained 1XPCR buffer,
1.5 mmol] MgCl2, 200 mmol/l deoxynucleotide triphos-
phates (dNTPs), 1 unit Tag DNA polymerase (Takara, Kyo-
to, Japan), 10 pmol of each primer, and 50-100 ng genomic
DNA. The PCR amplification reaction consisted of one cycle
at 95 °C for 5 min, followed by 30 cycles of denaturation at
94 °C for 15 s, annealing at 62 °C for 15 s, and an extension
at 72 °C for 30 s. The final extension was performed at 72 °C
for 5 min. The PCR products were digested with restriction
endonuclease Pstl (Promega, Madison, USA), and elec-
trophoresed on a 3% agarose gel. For A2 allcles, this resuit-
ed in a fragment of 230-bp and one of 85-bp fragment,
whereas the 315-bp Al alleles lacked the restrictive site.

Statistical Analysis

Continuous variables were compared using the Mann-Whit-
ney U-test. y* analysis was used when comparing allele fre-
quencies and categorical variables between the groups. The
Hardy-Weinberg equilibrium was tested by a x? test with 1
df. The adjusted odds ratios and 95% confidence interval
(CI) for advanced GN at the time of renal biopsy with multi-
variate factors were calculated using logistic regression
analysis. The Kaplan-Meier method and the Cox proportion-
al hazards regression model were use to analyze the time
course from the initial renal biopsy to the end point (initia-
tion of dialysis or a doubling in the sCr level after the time of
diagnosis). Covariates were selected by a stepwise backward
method and the effects of these covariates were expressed by
a hazard ratio. Values of p<<0.05 were considered to indicate
statistical significance. Statview 5.0 statistical software
(Abacus Concepts, Inc., Berkeley, USA) was used for statis-
tical analyses on a Macintosh G4 computer.
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Table2. Characteristics of Subjects without Renal Disease and Comparison of Characteristics by SA Genotype Group

Total SA genotype
AlAl AlA2 and A2A2
(N==100} (N=T74) (N=26)
Age (year) 5631+9.3 572+102 59.3£9.7 NS
Gender (male %) 54.0 54.1 53.8 NS
BMI 24450 23934 25.6%7.6 NS
Serum creatinine (mg/dl) 0602 0602 0.7+0.2 NS
Blood pressure (mmHg)
Systolic 137.91£210 136.5+20.9 138.6£220 NS
Diastolic 8581147 842%143 86.4+15.6 NS
Incidence of hypertension (%) 64.0 622 69.2 NS
BMI, body mass index; NS, not significantly different between groups.
Table3. Clinical Characteristics of Patients with IgA Nephropathy
All patients AlAl = ge:(:t:icand AZA2
(N=274) (N=19T) N=17) p value X
Gender (male %) 46.7 47137 44.2 NS
At the time of renal biopsy
Age (year} 369+13.6 37.1£14.0 36.4+12.3 NS
BMI 22.7%34 229%3.5 22,1129 NS
Time from the first urine abnormality to
renal biopsy (month) 56.1X66.8 587+ 54.1%£60.7 NS
Urinay protein excretion (g/day) 1.3£1.3 14%14 1.3%1.2 NS
Serum creatinine (mg/dl) 1.0+0.6 1.0£05 1008 N3
Creatinine clearance {ml/min) 89.1+33.3 87.0133.5 9451323 0.0368
Blood pressure {mmHg)
Systolic 1280169 129.3+18.2 125.0x 185 NS
Diastolic 772+13.5 78.1£13.5 75.1t13.6 NS
Incidence of hypertension (%) 371 414 26.3 0.0216 5275
Incidence of advanced GN (%) 314 35.6 21.1 0.0208 5.598
During the observation
Observed period (month) 93.4+673 92.3165.6 96.2+71.9 NS
Incidence of end stage renal disease (%) 314 349 24.0 NS
Glucocorticoid (%) 275 25.7 32.4 NS
ACE-inhibitor (%) 41.1 39.0 46.7 NS§
Mean blood pressure (mmHg)
Systolic 128.8+16.9 130.3%172 125.1%15.7 0.0370
Diastolic 715119 7841119 754+11.8 0.0653
Incidence of hypertension (%) 64.0 619 53.2 NS

BMI, body mass index; NS, not significantly different between each groups; GN, glomerulonephritis; ACE, angiotensin converting

enzyme.

Results

The 374 subjects consisting of 274 patients with histologi-
cally proven [gAN and 100 without any history of renal dis-
ease were genotyped for the SA polymorphism. Table 1 lists
the distributions of genotypes and allele frequencies of the
SA polymorphism in both groups. No difference in the SA

genotype or the allele distribution was observed between
them. The frequency of the minor allele, A2, was 0.153 and
0.155 in the IgAN and control groups, respectively. The ex-
pected frequency of the genotypes in each group, under the
assumption of the Hardy-Weinberg equilibrium, did not dif-
fer from the observed genotype frequencies.

Table 2 shows the clinical characteristics of subjects with-
out any renal disease, and compares the clinical characteris-
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Tabled. Logistic Regression Analysis for the Advanced Glomerulonephritis at the Time of Renal Biopsy in Patients with IgA

Nephropathy
X pvalue Odds ratio 95% CI
Urinary protein excretion
< 1.0 g/day referent
>1.0 g/day 7.739 0.0054 2.299 1.279-4.132
Hypertention
Normotension referent
Hypertension 16.757 <0.0001 3.367 1.883-6.022
SA genotype
AlA2or AZA2 referent
AlAl 2.794 0.0946 1.795 0.904-3.571
Table 5. Cox Proportional Hazards Regression Model
Variable p value HR 95% CI
Urinary protein excretion>>1 g/day 0.0002 2.996 1.680-5.342
Advanced GN at the time of diagnosis < 0.0001 2.959 1.811-4.808
Hypertension 0.0050 2016 1.236-3.288
No ACE-T administration 0.0004 2.644 1.545-4.524

HR, hazard ratig; CJ, confidence interval; GN, glomerulonephritis; ACE-I, angiotensin converting enzyme inhibitor. Advanced GN was
defined by a serum creatinine level of greater than 1.2 mg/dl or 24 h creatinine clearance less than 70 mY/min.

Lot .. Patients with A1AZA2A2 genotyps

Patients without ESRD(%)
a3

0 Patignis with A1A1 ganotype

T T T T T T T T

bl §0 100 150 200 250 300 350

Time {months}

Fig. Y. Renal survival in IgA nephropathy patients with the
AlA2 or AZA2 (dashed line; N=77) or AIAl genotypes
(solid line; N= 197} of SA polymorphism. Kaplan-Meier log
rank test, x?=3.173, p=0.0748.

tics between the two genotype groups (AlAl and
AlA2/A2A2). The comparisons were made between a group
of patients who were homozygous for the major allele,
AlAl, and a group of patients with either of the other two
genotypes (A1AZ and A2A2), since the number of subjects
with the AZA2 genotype was too small to analyze separately.
No difference between the two groups was observed for any
of the clinical characteristics.

Table 3 shows the clinical manifestations of the patients
with IgAN and the comparisons between the two genotype

groups. There were no differences in age, gender, body mass
index (BMI), or urinary protein excretion between the two
groups. The time from the first urinary abnormality to renal
biopsy was also not statistically different. However, the Cor
of patients with the A1Al genotype was significantly lower
than that observed with the other genotypes (AlAl vs.
AlA2/A2A2, 87.01£33.5 vs. 9451323, mean=+SD, re-
spectively; p<0.05). Moreover, in contrast to the non-renal
disease population, the systolic and diastolic blood pressure
both at the time of renal biopsy and during observation tend-
ed to be higher in patients with the A1A1 genotype. The in-
cidence of hypertension at the time of renal biopsy was also
significantly higher in patients with the AlAl genotype
(AlAl ws. AIA2/A2A2, 414 vs. 263%, respectively;
p<0.03). To investigate whether the SA gene polymorphism
affected the renal function at the time of renal biopsy inde-
pendently of blood pressure, logistic regression analysis was
conducted (Table 4), After adjusting for the effect of urinary
protein excretion and hypertension, the SA genotype was no
longer associated with advanced GN, suggesting that the ef-
fect of the gene polymorphism was indirect, occurring via
the blood pressure.

Among all patients with IgAN (N=274), 86 (31.4%) pro-
gressed to ESRD during the mean follow-up duration of
93.4£67.3 months. The incidence of ESRD was numerical-
ly higher in patients with the A1A1 genotype of SA poly-
morphism, although the difference was not statistically sig-
nificant. The effect of the SA gene polymorphism on renal
survival was investigated by the Kaplan-Meier method (Fig.



1). The renal survival curve tended to be worse in patient ho~
mozygous for Al than for the other genotypes (log rank test,
x?=3.173, p==0.0748). The mean survival of renal function
was 145.31+6.1 and 191.2113.6 months in the patients with
AlAl and those with A1A2/A2A2, respectively.

Cox proportional hazards analysis was used to further test
the significance of the genotype and other clinical covarates
at the time of diagnosis as predictors of survival time (Table
5). In this analysis, the SA genotype was no longer a signifi-
cant risk factor for progression to ESRD after adjustment for
other prognostic factors (hazard ratio, 0.977; 95% Cl, 0.554
to 1.724; p=0.937). The independent predictive risk factors
for the development of ESRD in the IgAN patients were a
proteinuria level of more than 1 g/day, advanced GN,
hypertension, and no administration of ACE-1.

Discussion

The results of the present study indicated that the SA gene
polymorphism may have an association with high blood
pressure and thus indirectly lead to a deterioration in the re-
nal function of IgAN. Although the effect of the SA poly-
morphism on renal survival was not statistically significant, a
higher proportion of IgAN patients with the A1 homozygote
were hypertensive and their Cer was lower than those of pa-
tients with the other genotypes at the time of renal biopsy.
Both of these clinical manifestations, hypertension and dete-
riorated renal function, were significant risk factors for the
progression to ESRD. Osawa et al. have demonstrated that,
even among IgAN patients with normal blood pressure,
those with a blood pressure level of lower than 120 mmHg in
systole and 80 mmHg in diastole show more mild renal his-
tological damage and better renal function (£5). Thus the SA
genotype was likely to have indirectly affected the renal
prognosis through its effect on the blood pressure.

Interestingly, this association between the gene polymor-
phism and blood pressure was not observed within a popula-
tion without renal disease. To date, we have no data or
knowledge available to explain why the association between
the SA gene polymorphism and blood pressure was observed
only within patients with IgAN. However, the negative result
observed in the control group may be inconclusive, because
the number of subjects without renal disease in this study
was relatively small. Nonetheless, these results may suggest
that the impact of SA gene polymorphism on blood pressure
is not the same between patients with and without renal in-
volvement and that patients with renal injury have an in-
creased sensitivity to this gene polymorphism.

The SA gene was originally isolated by virtue of its in-
creased expression in the kidney of spontaneously hyperten-
sive rats as compared with the kidney of rormotensive WKY
rats, and it has been proposed as a candidate gene for essential
hypertension (17). The SA gene is highly expressed in hyper-
lensive kidneys, and its increased expression correlates with a
rise of blood pressure in both SHR and Dahl rat models (8, 10).
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Moreover, congenic substitution mapping studies have sug-
gested that the SA gene is a candidate gene locus for hyper-
tension (/6). Although the molecular mechanism in which
the SA gene expression correlates with blood pressure re-
mains to be elucidated, the subcellular distribution, and the
structural and functional characteristics of the SA gene prod-
uct have recently been demonstrated (/7). The SA protein is
localized in the mitochondrial matrix, where it functions as
an enzyme and plays a role in the oxidative degradation of
medium-chain fatty acids for the production of energy. Con-
sidering the high energy consumption needed for active
transport by Na*,K*-ATPase in the proximal and distal re-
nal tubules (18), an alteration in the expression or the func-
tion of the SA gene may have an influence on the renal han-
dling of electrolytes in tubular cells. It may also have an in-
fluence on the regeneration process of renal tubular cells af-
ter renal injury, and thus have an effect on the renal function
of patients with glomerulonephritis, Further study is neces-
sary to clarify the precise mechanism of the association be-
tween the SA polymorphism and either renal function or
blood pressure. In particular, an investigation into whether
the SA gene polymorphism is associated with the expression
of the gene products in the renal tubular cells would help us
to understand this issue. Recently, Iwai et al. demonstrated
in a large population study that A/G polymorphism in intron
12 of the SA gene was associated with blood pressure. They
also showed that this A/G polymorphism was associated
with the expression level of SA mRNA in peripheral
mononuclear cells in vive (I9). The RFLP investigated in
this study was located approximately 17 kb upstream from
the A/G polymorphism investigated by Iwai et al. (19). Al-
though we have no data available as t0 whether or not the
RFLP is in linkage disequilibrium with the A/G polymor-
phism in intron 12, further investigation of this matter might
help clarify the mechanism of the association observed in
this study.

‘We chose patients with IgAN as the subjects of this inves-
tigation because they were the largest homogeneous popula-
tion for whom accurate clinical data were available both at
the time of renal biopsy and during the clinical course. How-
ever, it is likely that the effect of the SA genetic polymor-
phism on the clinical manifestations observed in this study is
not specific to IgAN, but that it affects the clinical pheno-
types in other types of glomerular diseases. Investigations of
patients with diabetic nephropathy, hypertensive nephropa-
thy, and minimal change nephrotic syndrome are now in
progress.

In conclusion, the present study demonstrates for the first
time that the SA gene polymorphism may have an impact on
the clinical manifestations of patients with renal injury, such
as IgAN, which was not observed in the patients without re-
nal involvement. Insight into these issues is not only of theo-
retical interest, but may lead to new approaches for specific
therapies to replace the current use of antihypertensive or
immunosuppressive drugs, which have substantial adverse
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effects. It is crucial to investigate the molecular mechanism
by which the SA gene polymorphism specifically affects the
blood pressure in patients with renal disease.
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Abstract

We studied the expression profiles of various stages of colorectal tumors (adenoma (AD), seven samples; carcinoma (CA), 16
samples) by using cDNA microarrays and developed ADMS (algorithm for diagnosing malignant state) method, selecting 335
clones characteristic of CA state. We, then, applied ADMS to 12 additional samples {five from primary lesions with metastasis and
seven metastases); all 16 CAs and 12 metastatic tumors were diagnosed correctly as cancerous states. Although three of the seven
ADs were diagnosed as “cancerous,” the large size of two of these tumors suggested their potential malignancy. Our strategy for
selecting clones characteristic of the malignant state is widely applicable to diagnosis and for predicting the stage of progression
during multistep carcinogenesis. Of the 335 clones we selected, 135 were known genes. Included in the 135 genes were tumor
suppressor and growth factor-related genes and were consistent with the literature. ADMS is a reliable means for identifying genes
useful for the diagnosis of cancer. © 2002 Elsevier Science (USA). All rights reserved.
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Recently, microarray technology has been widely
applied to clinical diagnosis, and the expression profiles
characteristic of malignancy have been studied exten-
sively. Although several methods have been reported for
identifying genes typical of various pathologic states,
arguments regarding the utility of the selected genes
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remain. Here, we have developed a method that is
applicable to a variety of clinical samples. We evaluated
the utility of our method by using clinically diagnosed
colorectal adenomas and cancers.

Colorectal cancer is one of the best-known tumors as
developing through multistep carcinogenesis such as
adenoma {AD), adenocarcinoma {CA), and metastasis
[1]. Although CA almost never reverts to AD, AD can

‘become malignant as it develops. Furthermore, AD

occupies a biological position between normal colon
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