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1234567889 case control x2 P odds ratio (95% CI)

Haplotype 1 TCCTAGATG 0.297 0.322 1.4 024

Haplotype 2 CCCCGAGTA 0.296 0.256 3.8 005 1.22(1.00~1.49)

Haplotype3 CTACAGACA 0217  0.240 14 023 FIG. 2. Analysis of haplotype
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Haplotype6 ~ CCCCGAACA 0019 0008 59 0015 3.14(1.19-8.20)  garfions  inelnding - landmark
Haplotype 7 CCACAGACA 0.011 0.009 02 063 block. An asterisk highlights the
Hapiotype 8 0.005 0.013 246 012 landmark SNP at intron 18+9170

(A/G). 1: intron18+324 (C/T); 2:

CTACAGACG
*

type identified a significant association of haplotypes 2 and
6 with DN. However, the association of these haplotypes
was not stronger than that found at the +9,170 A/G locus.
ISH. To identify a possible role of ELMO1I in the patho-
genesis of DN, we examined the expression pattern of this
gene in normal (db/+m) and diabetic (db/db) mouse
kidney by ISH and identified that the expression of ELMO1
could be observed mainly in glomerular epithelial cells and
tubular epithelial cells (Fig. 3). The signal of ELMOI
mRNA was remarkably increased in the kidney of diabetic
mice (db/db 30 weeks old) (Fig. 3E and F) compared with
that of controls (db/+m 30 weeks, Fig. 3B and ), whereas
the expression of ELMOZ2 was not different between these
mice (Fig. 3H, I, K, and L). We also examined ELMOI
expression by RT-PCR in various kinds of cultured cells,
including glomerular mesangial cells, proximal tubular
epithelial cells, COS cells, and retinal pigment epithelial
cells, and could only detect definite expression in COS
cells.

Real-time quantitative RT-PCR for ELMOI. We next
examined the effects of glucose on the expression of
ELMOI in COS cells cultured under either normal (5.5
mmol/l) or high (25 mmol/l) concentrations of glucose. As
shown in Fig. 4, the expressions of ELMO1 were signifi-
cantly increased in the cells cultured under high glucose
conditions compared with those in the cells under normal
conditions or conditions in which osmolarity had been
adjusted with mannitol (+19.5 mmoll). These results
suggested that the increase in ELMOI expression under
high glucose conditions might contribute to the develop-
ment and progression of DN.

Expression of extracellular matrix genes in ELMOI-
overexpressing cells. From the results described above,
it was suggested that the excess expression of ELMOI
under high glucose conditions might contribute to the
development and progression of DN. Although the precise
mechanism of the development and progression of DN is
still unknown, it has been suggested that TGF-B1-induced
overaccumulation of extracellular matrix proteins is, at
least in part, involved in the pathogenesis of DN (17).

DIABETES, VOL. 54, APRIL 2005

intron18+2583 (C/T); 3: intron
18+2634 (C/A); 4: intron 18+5417
(C/T); 5: intron 18+9170 (A/G); 6:
intron 1942430 (G/A); 7: intron
20+1239 (A/G); 8: intron 20+5475
(T/C); 9: intron 2048419 (A/G). P
values for comparing haplotype
frequencies between case and con-
trol groups were generated by x°
test using a 2 X 2 contingency
table composed of the number of
one haplotype and the sum of
other haplotypes (e.g., haplotype
2/other haplotypes).

Therefore, we investigated the effects of excess expres-
sion of ELMOI on the expression of extracellular matrix
protein genes, as well as on that of the TGF-B1 gene, using
cells that overexpressed ELMOI. As shown in Fig. 5, the
expression of these genes in cells stably transfected with
pcDNA3.1-ELMO1 were remarkably increased compared
with those in the cells transfected with pcDNA3.1-LacZ
(TGF-1 1.36-fold vs. 1.5-fold; collagen type 1 [«1] 5.5-fold
vs. 5.8-fold; fibronectin 11.1-fold vs. 12.1-fold; ELMO1-line
1 and ELMOIl-line 2 vs. LacZ, respectively) (Fig. 5B-D),
whereas the expression of MMPs were reduced (MMP2
0.66 vs. 0.27 and MMP3 0.54 vs. 0.57; ELMO1l-line 1 and
ELMOl-line 2 vs. LacZ, respectively) (Fig. 5E and F).

DISCUSSION

In a genome-wide case-control association study using
SNPs as genetic markers, we identified ELMOI as a
candidate gene conferring susceptibility to DN. Our data
also suggest that one intronic SNP (intron 18-+9170) might
affect susceptibility to DN.

The results presented here, as well as in recent publica-
tions (10,18,19), provide evidence that a genome-wide
case-control association study using gene-based SNPs as
genetic markers is a powerful strategy for identifying
genes associated with susceptibility to common diseases.
Epidemiological findings had strongly suggested a contri-
bution of genetic factors to the development and progres-
sion of DN (3,4), but worldwide efforts have so far failed to
identify any solid evidence to indicate a genetic suscepti-
bly to the disease. In many cases, the results were con-
flicting, probably because sample sizes were often
inappropriate. However, the major cause of failures to
obtain solid conclusions is possibly that multiple genetic
factors are involved in DN in a complex manner and the
influence of each individual factor is too weak to be
identified. Therefore, approaches other than standard can-
didate-gene analysis or family-based linkage analysis are
required to identify genes that are involved in susceptibil-
ity to common diseases such as DN. As we began this
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study by analyzing a huge number of loci (81,315 SNPs) on
a genome-wide basis, using a high-throughput genotyping
system developed in our institute, and because all of the
SNPs contributing to this report are the gene-based SNPs
from the Japanese population (8,9), we were able to screen
for candidate genes for disease susceptibility more efficiently
than would be possible using other SNP databases.

The ELMOI gene, on chromosome 7pl4, is a known
mammalian homologue of the C. elegans gene, ced-12,
which is required for engulfment of dying cells and for cell
migration (20). ELMO1 has also been reported to cooper-
ate with CrkIl and Dock180, which are homologues of C.
elegans ced-2 and ced-5, respectively, to promote phago-
cytosis and cell shape changes (20,21). However, until now
no evidence has been reported to suggest a role for this
gene in the pathogenesis of DN.

In this study, we showed that the expression of ELMO1
was increased in the kidney of diabetic mice compared
with that of control mice, whereas the expression of
ELMOZ2 was not different between diabetic and nondia-
betic mice. We also identified that the increased expres-
sion of ELMQO1 could be observed in the glomeruli isolated
from diabetic mice by real-time quantitative PCR (data not
shown). These results suggested some role of ELMO! in
the pathogenesis of DN.

We next examined the effects of glucose concentrations
on the expression of this gene in COS cells, and we found

1176

FI1G. 3. Results of ISH using the kidney of
30-week-old nondiabetic {(db/+m) and dia-
betic (db/db) mice. A: Sense probe for ELMOI
(db/-+m). B: Antisense probe for ELMOI1 (db/
+m). C: Antisense probe for ELMO1 (db/+m)
D: Sense probe for ELMOI1 (db/db). E: Anti-
sense probe for ELMOI (db/db). F: Antisense
probe for ELMOI1 (db/db). G: Sense probe for
ELMO2 (db/+m). H: Antisense probe for
ELMO2 (db/+m). I: Antisense probe for
ELMOZ2Z (db/+m). J: Sense probe for ELMO2
(db/db). K: Antisense probe for ELMOZ2 (db/
db). L: Antisense probe for ELMORZ (db/db).
Scale bar = 100 pm,

that the expression of ELMO1 was significantly elevated in
cells under high glucose conditions compared with cells
under normal glucose conditions. The effect of glucose on
the expression of ELMOI was not due to increased
osmolality, because the expression was not elevated in
cells under normal glucose conditions with 19.5 mmol/l
mannitol. From these observations, we speculated that
increases in the expression of ELMO1 under high glucose

Fold increase
-

0
Glucose(mM) 5.5 25 55 55 25 55 55 25 5.5
Mannitol(mM) 0 0 195 0 O 195 0 0 195

day 1t 1 1 2 2 2 3 3 3

FIG. 4. Effects of glucose on the expression of ELMO1 in COS cells.
Data are presented as fold increase compared with the cells cultured
under normal glucose conditions for 1 day. Results were obtained from
three independent experiments. Data are means = SD. *P < (.0001.
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FIG. 5. The effects of ELMOI overexpression in COS cells. The expression of each gene was analyzed by real-time quantitative RT-PCR. A:
ELMOL. B: TGF-B1. C: Fibronectin. D: Collagen type 1 (al). E: MMP-2. F: MMP-3, [, cells transfected with pcDNA-LacZ; B, cells transfected with

ELMOI. *P < 0.0001 vs. LacZ; #P < 0.005 vs. LacZ.

conditions might contribute to the development and pro-
gression of DN. Interestingly, the excess expression of
ELMOI resulted in increased expression of extracellular
matrix genes and in the decreased expression of MMP
genes. Therefore, it is suggested that persistent excess of
ELMO1 leads to the overaccumulation of extracellular
matrix proteins and to the development and progression of
diabetic glomerulosclerosis. Because the increase in the
expression of extracellular matrix genes is much greater
than that of TGF-81, a TGF-Bl-independent mechanism
was thought to exist.

The precise mechanism of ELMOI influence on the
expression of these genes is still unknown. Previous
reports suggested that ELMOI cooperates with Dockl180
to function as an activator for Rac-1 (21). Accordingly, we
next examined the effects of Rac-1 and coexpression of
Dock180 with ELMOI on the expression of both extracel-
lular matrix genes and MMPs. However, no significant
additional effect of these factors on the expression of
these genes was detected (data not shown), suggesting
that the effects of ELMOI on the regulation of expression
of these genes were independent of Rac-1.

The mechanism whereby ELMO1 polymorphisms affect
the susceptibility to DN also requires further examination.
ELMOI is >500 kb, and the polymorphisms associated
with DN are located far from the transcription start site.
Because we could not identify any variations within the
coding region or splicing area, we thought that the identi-
fied variations might in fact affect ELMOI gene expression
under a high glucose milieu. Indeed, several modulators
for transcriptional activity were reported to be located as
far as hundreds of kilobasepairs from the transcription
initiation site. We then searched for specific protein bind-
ing to the DNA corresponding to several candidate regions
within ELMO1 and identified high glucose-induced spe-
cific protein binding at the landmark SNP site (data not
shown). Because the sequence including this landmark
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SNP site (intron 18+1970) was compatible with the bind-
ing site for GCR-1 (see supplementary Table 2 in the online
appendix), which could control the transcriptional activity
of glycolytic enzyme genes in response to the alteration of
extracellular concentrations of glucose in Saccharomyces
cerevisiae (22), this region might be directly involved in
conferring susceptibility to DN. However, the elucidation
of the precise mechanism requires further study.

In summary, we identified ELMOI as a candidate gene
for conferring susceptibility to DN based on results from a
genome-wide case-control association study using gene-
based SNPs. The evidence presented here suggests that
ELMO1 could be a useful target for new drugs to aid in the
prevention and treatment of DN.
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