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Background and objectives: Diabetic nephropathy (DN) is a multifactorial complication characterized by persistent pro-
teinuria in susceptible individuals with type 1 and type 2 diabetes. Disease burden in people of Mexican-American descent
is particularly high, but there are only a few studies that characterize genes for DN in this ethnic group. Two genes, carnosine
dipeptidase 1 (CNDP1) and engulfment and cell motility 1 (ELMO1) previously showed association with DN in other ethnic
groups. CNDP1 and ELMO1 were examined along with eight other genes that are less well characterized for DN in a new study
of Mexican-Americans.

Design, setting, participants, & measurements: The target sample was patients of Mexican-American ancestry collected from
three centers: 455 patients with DN and 437 controls with long-term diabetes but no incident nephropathy. Forty-two, 227, and
401 single nucleotide polymorphisms (SNPs) in CNDP1, ELMO1, and the other eight genes, respectively, were examined.

Results: No region in CNDP1 or ELMO1 showed significant P values. Of the other eight candidate genes, an association of
DN with a SNP pair, rs2146098 and rs6659783, was found in hemicentin 1 (HMCN1) (unadjusted P � 6.1 � 10�5). Association
with a rare haplotype in this region was subsequently identified.

Conclusions: The associations in CNDP1 or ELMO1 were not replicable; however, an association of DN with HMCN1 was
found. Additional work at this and other loci will enable refinement of the genetic hypotheses regarding DN in the
Mexican-American population to find therapies for this debilitating disease.
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D iabetic nephropathy (DN) is the main cause of ESRD
in the United States (1). The disease burden in people
of Mexican-American descent is particularly high (1),

but there are only a limited number of studies that have char-
acterized genes for DN in this ethnic group. Recently, two
genes, carnosine dipeptidase 1 (CNDP1) and engulfment and
cell motility 1 (ELMO1), were reported to be associated with
DN (2–5). Janssen et al. (4) reported an association between DN
and a microsatellite marker, D18S880, in CNDP1 among type 1
and type 2 diabetic patients from four different countries, and
Freedman et al. (2) reported its replication among type 2 dia-
betic Caucasian patients. Shimazaki et al. (5) reported an asso-
ciation in the Japanese population between DN and ELMO1,
which includes rs741301 as the most significant single nucleo-
tide polymorphism (SNP).

Here, we study ten candidate genes for their association with
DN in the Mexican-American population. We attempt to repli-
cate the previous associations of CNDP1 and ELMO1 with a
sample size that is similar or greater than previously used (2–5).
In addition, we study the following eight genes, which are good
biologic candidates but have not been studied extensively:
hemicentin 1 (HMCN1), complement factor H (CFH), �-2-
Heremans-Schmid-glycoprotein (AHSG), caspase 3 (CASP3),
heat shock 70-kD protein 1A (HSPA1A), heat shock 27-kD
protein 1 (HSPB1), caspase 12 (CASP12), and heme oxygenase
(decycling) 1 (HMOX1).

HMCN1 was shown to be associated with change in calcu-
lated GFR (6), but its role in DN has never been examined. CFH
is long known to play a role in atypical hemolytic uremia and
membranoproliferative GN, but its involvement in DN has not
been evaluated. AHSG is reported to be associated with type 2
diabetes and dyslipidemia, it inhibits insulin-induced tyrosine
phosphorylation of insulin receptor substrate-1 (7), and it has
been identified as a marker of acute kidney injury (8). Its serum
concentration is increased in nondialyzed patients with DN (9)
and is low in patients with ESRD (10). High serum levels are
associated with insulin resistance (11). HSPB1, also known as
HSP27, is involved in the regulation of cell adhesion and inva-
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sion (12), regulates actin cytoskeleton turnover, and has anti-
apoptotic and antioxidant properties in a wide variety of cells
and tissues (13). A mutation in HSPB1 causing a variant of
Charcot-Marie-Tooth disease is associated with the develop-
ment of focal and segmental glomerulosclerosis (14). HMOX1,
also known as HO-1, provides antioxidant adaptive functions
in response to renal injury (15) and is associated with the
degree of renal failure in DN (16). CASP3 and CASP12 mediate
apoptotic cell death and were chosen as candidate genes be-
cause of their relevance to DN (17,18). Finally, HSPA1A was
chosen because of its cellular protectant role in the unfolded
protein response (19).

Our study aimed to replicate the previous association of the
two genes with DN and/or discover new associations at the
other eight genes of biologic importance by contrasting the
genotype frequencies of SNPs in these ten genes between cases
and controls after allowing for relevant covariates.

Materials and Methods
The Family Investigation of Nephropathy and Diabetes (FIND) study

used two study designs: genome-wide linkage analysis and mapping
by admixture linkage disequilibrium (MALD) (20). The FIND MALD
studies used a case-control design and enrolled individuals with Afri-
can-American or Mexican-American ancestry to ascertain DN associa-
tion on the basis of the ancestral inheritance of risk loci. This study was
performed as an ancillary study to the Mexican-American MALD study
in FIND. We used the same phenotypic definitions as previously re-
ported in other FIND papers (20,21), with the exception that for this
study all participants were required to have both parents and all four
grandparents of Mexican-American ancestry. In addition, whereas in
the FIND cohort, by definition, controls in this family study had sib-
lings with DN, in the Mexican-American MALD study and in the
subjects reported herein, all controls had long-term diabetes but no
known first-degree relative with DN or other kidney disease.

Assessment of Diabetes
The definition of diabetes utilized in this study was identical to the

definition used by the FIND consortium (20). Most of the diabetic
subjects were, at the time of recruitment, either currently or previously
treated with insulin, oral hypoglycemic drugs, or both. For diabetic
subjects not treated with drugs, eligibility was determined by plasma
hemoglobin Alc levels or, if possible, fasting plasma glucose concen-
trations at the time of study entry. A hemoglobin A1c level �6.0%,
which is suggestive of diabetes, was followed by plasma glucose testing
to confirm diabetes mellitus to be classified as diabetic for FIND. The
date of diabetes diagnosis was obtained from the medical history, with
confirmatory medical record review if possible. Persons with any type
of diabetes were eligible for the study, but almost all had type 2
diabetes.

Assessment of Cases with DN
DN was defined by any one of three criteria. The greatest number of

subjects with DN who entered the study had ESRD. For subjects with
ESRD, eligibility for probands was based on (1) onset of diabetes �5
years before renal replacement therapy with diabetic retinopathy, (2)
onset of diabetes �5 years before renal replacement therapy with
historic 24-hour urine protein �3 g (protein-to-creatinine ratio �3.0
g/g), or (3) diabetic retinopathy with historic 24-hour urine protein �3
g (protein-to-creatinine ratio �3.0 g/g). The second largest group of
subjects was those with chronic kidney disease from DN. For this
group, eligibility was based on diabetic retinopathy with historic 24-
hour urine protein �1 g (protein-to-creatinine ratio �1.0 g/g), or
24-hour urine protein excretion �3 g (protein-to-creatinine ratio �3.0
g/g) after diabetes duration �10 years. A few subjects were entered
with biopsy confirmation of DN in association with proteinuria. DN
was confirmed by biopsy if the following histologic criteria were
present: (1) nodular and/or diffuse increase in mesangial matrix accu-
mulation; (2) thickened glomerular basement membranes and/or arte-
riolar hyalinization; and (3) absence of mesangial Ig or paraprotein
deposits by immunofluorescence microscopy, absence of amyloid de-
posits by Congo Red staining or electron microscopy, and absence of
electron-dense deposits along the glomerular capillary wall.

Control Inclusion Criteria
Unrelated control samples were recruited with diabetes duration

�10 years but without DN, as defined by normoalbuminuria, and no
known prior history of microalbuminuria or overt nephropathy. Cases
and controls were recruited through three centers: Los Angeles Bio-
medical Research Institute, University of California–Irvine (UCIrvine),
and the University of Texas Health Science Center at San Antonio (UT).
We sampled 455 diabetic patients with nephropathy (cases) and 437
patients without nephropathy (controls) (n � 892) (Tables 1 and 2).

Tagging SNPs and Genotyping
We chose tag SNPs to cover linkage disequilibrium (LD) bins cross-

ing exons of the ten genes. Genotyping was performed by Perlegen
Science, Inc., and the SNP data were filtered by criteria described in the
supplementary information. Information on the tagging SNPs and
genotyping results are given in Table 3. The LD plots of CNDP1 and
ELMO1 obtained from HapMap phase 3 Mexican-Americans, along
with our tag SNPs, are given in Figures 1 and 2. Multiple markers in
our SNP set for CNDP1 are in high LD with the microsatellite marker
D18S880 that showed association in the Janssen et al. study (4). The SNP
rs741301 in ELMO1, for which association has been reported by
Shimazaki et al. (5), is included in our SNP set for that gene. For quality
control, 296 additional SNPs were chosen over the whole chromosome.

A QQ plot of the �2 statistics was examined (Supplementary Infor-
mation). There was no significant inflation of the statistic (mean: 1.038
and not significantly different from 1); therefore, our association test
results using the logistic regression model will not be invalidated by

Table 1. Sample distribution

LA Biomedical Research Institute UC Irvine UT Total

Diabetic patients with nephropathy (cases) 361 83 11 455
Diabetic patients without nephropathy (controls) 320 36 81 437
Total 681 119 92 892
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spurious association as a result of unexplained population stratification
or differential bias in genotyping.

Adjusting for Population Stratification
Population stratification among the samples was adjusted for by

using principal components (22). Principal components were computed
from 311 SNPs, chosen by the method described in the supplementary
information. We initially included the first four principal components
(PC1 through PC4) in the logistic regression model as covariates. When
applied to HapMap data, they discriminated well the Caucasian (CEU),
Japanese/Chinese (JPT/CHB), and West African samples (YRI) (Sup-
plementary Information).

Covariates
To assess the effects of the three recruitment centers, two dummy

covariates were formed: an indicator variable for UCIrvine samples and
an indicator variable for UT samples. The significances of these covari-
ates, which represent UCIrvine samples versus LA Biomedical Research
Institute samples (UCIrvine) and UT samples versus LA Biomedical
Research Institute samples (UT), respectively, were tested together with
other covariates, as detailed below.

The covariates, other than recruitment center (Site), were the patient
gender (Gender), age (Age), duration of diabetes (DM_Duration), use of
angiotensin converting enzyme inhibitors (ACEi), and use of angioten-
sin II receptor blockers (ARB). We included ACEi and ARB use because

Figure 1. Association test results for CNDP1 with (B) covariate
configuration. Results for the two-marker tests are plotted on
the midpoint of the two markers. Bonferroni corrected signifi-
cance level of � � 0.05/42 is shown on the horizontal line.

Table 2. Clinical characteristic of cases and controls

Characteristic

Diabetic Patients with
Nephropathy (Cases) Diabetic Patients without

Nephropathy (Controls)
ESRD Non-ESRD

N 259 196 437
Diabetes duration (years) 20.2 � 7.6 16.4 � 5.9 15.7 � 6.1
Serum creatinine (mg/dl) –a 2.4 � 1.3 0.8 � 0.2
Urine-albumin-to-creatinine ratio (g/g) –a 3.89 � 2.74 0.01 � 0.06
ACEi use (%) 34.9 39.7 39.2
ARB use (%) 10.2 12.4 4.4
HbA1c (DCCT-HbA1c, %) 6.7 � 1.4 7.7 � 1.8 8.2 � 1.8

Data are mean � SD or % phenotype group.
aData were not measured for this group.

Table 3. Details of Tag SNP at the candidate gene

Gene Chromosome Size in kbp Number of Tag SNPs Number of SNPS
Successfully Genotyped

CNDP1 18 70.6 12 9
ELMO1 7 614.6 47 46
HMCN1 1 476.4 27 21
CFH 1 115.5 23 18
AHSG 3 28.2 12 8
CASP3 4 41.8 12 9
HSPA1A 6 22.4 11 8
HSPB1 7 21.7 6 4
CASP12 11 32.0 8 7
HMOX1 22 33.1 10 10
Total 168 140
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by lowering albuminuria, they affect our ability to diagnose DN, since
the finding of albuminuria is a key component of the diagnostic des-
ignation.

The covariates were tested under a null logistic model that does not
include candidate SNPs (Table S-1 in Supplemental Information). The
following covariates were significant at � � 0.1 and so incorporated as
covariates in the genetic association analysis: gender (Gender); the two
sites (UCIrvine and UT); diabetes duration (DM_Duration); age (Age);
the first, second, and fourth principal components (PC1, PC2 and PC4);
and ARB use (ARB). The third principal component (PC3) and ACEi
use (ACEi) were not significant. Because medication use (ARB) records
were unavailable on a portion of the samples (11.0%) despite careful
medical record review, we performed the analyses with two different
covariate sets, one on a smaller sample that included the covariate for
ARB use and the other on the whole sample, excluding it. The two sets
of covariates are thus:

• (A) Gender, Age, DM_Duration, UCIrvine, UT, PC1, PC2, PC4
• (B) (A) � ARB

Association Tests in a Logistic Regression Model
Two single-marker tests and three two-marker tests (23) were per-

formed in a logistic regression model (Supplementary Information).
Consecutive SNP markers were paired, and the two-marker tests were
performed with these (overlapping) pairs. The likelihood ratio test
(LRT) P value of the genotype term is reported for each SNP and each
SNP pair. This strategy is appropriate for detecting nonadditive effects
[e.g., dominant, recessive, and heterozygote (dis)advantage effects] as
well as additive effects and takes the multidimensional LD structure
into account, similar to a haplotype-based analysis (23).

Because CNDP1 and ELMO1 are candidates that have previously
shown evidence of association, we used a sequential procedure to
adjust for the number of tests performed. Thus, we first conducted our
association testing on CNDP1, followed by ELMO1, and then followed
this up by testing the eight other candidate genes. In each study we set
a significance level adjusted for multiple tests according to the number
of tests performed in that study.

Haplotype-Based Analysis
The same logistic regression model was constructed with a haplotype

G-A count variable instead of a genotype variable after estimating
haplotype frequencies by the expectation-maximization algorithm.
Then we performed a LRT with this model to test the effect of the
haplotype. Note that, because the haplotype G-A was observed as only
one copy or no copies on each member of the sample, there is no
difference between the additive and dominant model.

Results
The association test results for CNDP1 and ELMO1 adjusting

for ARB use are shown in Figures 1 and 2. For the CNDP1 gene,
we considered nine SNPs and eight SNP pairs. Two and three
tests were performed for each SNP and each SNP pair, respec-
tively; therefore, 42 (9 � 2 � 8 � 3 � 42) tests were performed
for each covariate configuration (A) and (B). In the same way,
227 (42 � 2 � 41 � 3 � 227) tests were performed for the
ELMO1 gene. Hence, Bonferroni corrected significance levels
corresponding to � � 0.05 for a single test are � � 0.05/42 and
� � 0.05/227 for CNDP1 and ELMO1, respectively. These are
shown as horizontal lines in Figures 1 and 2.

These figures show that our study did not replicate the
associations of CNDP1 and ELMO1 with DN, including at the
SNP marker rs741301 in ELMO1 (uncorrected P values are
0.804 and 0.274 for the allelic and genotypic test, respectively).
Therefore, common variants in these genes do not play a strong
role in DN in Mexican-Americans.

Four hundred one (85 � 2 � 77 � 3 � 401) tests were
performed to test the eight other candidate genes, and the
results are shown in Figure 3. Among them, two tests per-
formed with one SNP pair in the HMCN1 gene (rs2146098,
rs6659783) provided significant results at the � � 0.05/401 level
after adjusting for all of the significant covariates including

Figure 2. Association test results for ELMO1 with (B) covariate
configuration. Results for the two-marker tests are plotted on
the midpoint of the two markers. Bonferroni corrected signifi-
cance level of � � 0.05/227 is shown on the horizontal line.

Figure 3. Results for the eight other candidate genes. Signifi-
cance levels of � � 0.05/401 are shown as horizontal lines.
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ARB use (Figure 4) (P values of the 2 degrees of freedom (DF)
test and the 3-DF test were 6.1 � 10�5 and 1.2 � 10�4, respec-
tively). These SNP pairs also had strong signals in the tests
without adjusting for ARB use (e.g., P value of the 3-DF-test was
6.8 � 10�4), but those tests failed to reach the same significance
levels.

Because the two SNPs rs2146098 and rs6659783 are in high
LD with each other (r2 � 0.96), their haplotypes could be
determined almost unambiguously. Haplotype distributions in
cases and controls are given in Table 4. In particular, the table
shows that 13 G-A haplotypes are found in the cases, but only
one G-A haplotype is present in the controls. A subsequent
haplotype-based test showed evidence of association for the
rare haplotype G-A (P values are 2.1 � 10�4 and 2.1 � 10�5 for
covariate set A and B, respectively). We also assessed this
finding using Fisher’s exact test applied to a 2 � 2 table, which
cannot include covariates. A less significant result was obtained
by the exact test (P � 0.00175). This reduction in significance
may well be due to exclusion of covariates because it was also
observed in the LRT analysis without covariates (P � 0.00057).
Lastly, we assessed the interaction between the haplotype and
ARB use (including a category for missing use status) using a
log-linear model. The three-way interaction term of haplotype,
phenotype, and ARB use was not significant (P � 0.966), which

indicates that the association of haplotype and phenotype is not
significantly modified by ARB use or its status being missing.

The LD plot of HapMap Mexican-Americans in HMCN1,
together with our tagged SNPs, is given in Figure 4. The 21
tagged SNPs covered the exonic regions of this gene quite well.
Although we have only reported the best SNP and the markers
within a rare haplotype that tagged disease risk, many other
markers that were in moderate LD with these SNPs also
showed evidence of association (Figure 4).

Our study did not discover an association with any other
genes except HMCN1, although there is one region in HMOX1
that has moderate signals that did not reach the significance
level (Figure 3).

Discussion
In a cohort of 892 Mexican-American probands with DN and

long-term diabetic controls without nephropathy, we found a
new association of DN with SNPs in the HMCN1 gene. A series
of subsequent analyses on this region identified the strong
association of the rare haplotype G-A in the SNPs rs2146098
and rs6659783. HMCN1, which is located in 1q25.3-q31.1, codes
for extracellular protein in the Ig superfamily. It has been
suspected to contain mutations associated with age-related
macular degeneration (6,24). Here, we found a strong associa-
tion between HMCN1 and DN. Further study controlling for
DN and age-related macular degeneration would allow better
understanding of the underlying pathway. Additional work at
this and other loci will enable us to refine the genetic hypoth-
eses regarding DN in the Mexican-American population.

We tried to replicate the previously reported association
between DN and either gene CNDP1 or ELMO1 in individuals
of European ancestry with Mexican-Americans but failed to do
so. We further determined the power our study had to replicate
each of the previous findings for CNDP1 and ELMO1 to be
more than 91.5% and 57.3%, respectively (Supplementary In-
formation). Mexican-Americans are an admixed population
with substantial American-Indian ancestry. The latter, in turn,
have Asian ancestral relatedness. Therefore, our negative re-
sults may be explained by genetic heterogeneity, population
structure, type 1 error in the original papers, and/or type 2
error in our cohort analysis.

Interestingly, many of the SNPs in the ELMO1 gene reported
by Shimazaki et al. (5), including the most significant SNP,
rs741301, show severe deviation from Hardy–Weinberg pro-
portions in their controls (e.g., P value for rs741301 is 7.7 � 10�5

for their largest control group). We noticed that the minor allele
Figure 4. Association test results for HMCN1 with (B) covariate
configuration.

Table 4. The haplotype distribution on rs2146098-
rs6659783 region in HMCN1

Haplotype Cases Controls

G-T 533 (58.6%) 511 (58.5%)
G-A 13 (1.4%) 1 (0.1%)
A-A 364 (40.0%) 362 (41.4%)
Total 910 874
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homozygote genotype frequencies in their three control groups
(3.3�6.3%) are quite different from the estimates for HapMap
Japanese data (12.8% for merged Phase II and III data), whereas
their cases and our case and control conform to Hardy–Wein-
berg proportions quite well [P � 0.79 (their largest case group),
0.39 and 0.77, respectively]. Although there could be other
reasons for the difference between the two results, this discrep-
ancy would strongly suggest that their finding was due to a
systematic differential bias in genotyping or population strati-
fication within their samples.

In conclusion, our study did not replicate an association
between DN and either ELMO1 or CNDP1; however, it discov-
ered a new association with HMCN1 and subsequently identi-
fied an association of a rare haplotype in this gene.
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