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Multiple Superoxide Dismutase 1/Splicing Factor Serine
Alanine 15 Variants Are Associated With the
Development and Progression of Diabetic Nephropathy
The Diabetes Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications Genetics Study
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BACKGROUND—Despite familial clustering of nephropathy
and retinopathy severity in type 1 diabetes, few gene variants
have been consistently associated with these outcomes.
RESEARCH DESIGN AND METHODS—We performed an
individual-based genetic association study with time to renal and
retinal outcomes in 1,362 white probands with type 1 diabetes
from the Diabetes Control and Complications Trial/Epidemiology
of Diabetes Interventions and Complications (DCCT/EDIC)
study. Specifically, we genotyped 1,411 SNPs that capture common variations in 212 candidate genes for long-term complications and analyzed them for association with the time from DCCT
baseline to event for renal and retinal outcomes using multivariate Cox proportion hazards models. To address multiple testing
and assist interpretation of the results, false discovery rate q
values were calculated separately for each outcome.
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RESULTS—We observed association between rs17880135 in the
3⬘ region of superoxide dismutase 1 (SOD1) and the incidence of
both severe nephropathy (hazard ratio [HR] 2.62 [95% CI 1.64 –
4.18], P ⫽ 5.6 ⫻ 10⫺5, q ⫽ 0.06) and persistent microalbuminuria
(1.82 [1.29 –2.57], P ⫽ 6.4 ⫻ 10⫺4, q ⫽ 0.46). Sequencing and
fine-mapping identified additional SOD1 variants, including
rs202446, rs9974610, and rs204732, which were also associated
(P ⬍ 10⫺3) with persistent microalbuminuria, whereas rs17880135
and rs17881180 were similarly associated with the development
of severe nephropathy. Attempts to replicate the findings in three
cross-sectional case-control studies produced equivocal results.
We observed no striking differences between risk genotypes in
serum SOD activity, serum SOD1 mass, or SOD1 mRNA expression in lymphoblastoid cell lines.
CONCLUSIONS—Multiple variations in SOD1 are significantly
associated with persistent microalbuminuria and severe nephropathy in the DCCT/EDIC study. Diabetes 57:218–228,
2008

D

iabetic nephropathy resulting in renal failure
occurs in ⬃15% of those with type 1 diabetes,
and it clusters in families (1–5). Furthermore,
there is strong concordance for the severity and
patterns of glomerular lesions among type 1 diabetic
sibpairs (6), consistent with genetic effects. The sole
linkage study reported for nephropathy in type 1 diabetes
found significant evidence for linkage to Homo sapiens
(HSA) 3q (7). Genome-wide linkage studies performed for
diabetic nephropathy in type 2 diabetes have revealed
suggestive evidence for a susceptibility region on HSA 7q
(8,9). A candidate region linkage study of diabetic nephropathy in type 2 diabetes identified a locus on HSA 18q
and association of a variant in CNDP1 (10,11). A genomewide association study of 81,315 SNPs in Japanese type 2
diabetic nephropathy case subjects detected association
of SNPs in SLC12A3 and ELMO1 with diabetic nephropathy (12,13), whereas low-resolution genome-wide microsatellite marker association of diabetic nephropathy in
type 1 diabetes using pooled DNA samples identified a
locus on HSA 10 (14). A family-based association study of
382 markers in 115 candidate genes using 72 probands
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with both type 1 diabetes and end-stage renal disease
(ESRD) highlighted several loci (15). Most recently, a
genome-wide association study using the Affymetrix 100K
assay identified a locus at PVT1 for nephropathy in type 2
diabetes (16). In addition, many candidate gene association studies have been performed for nephropathy in type
1 diabetes, but the results have often been inconsistent
(17,18), which may be explained by small sample size and
low power, with only one variant typically being tested, by
differences in phenotypic definition, or by population
stratification.
For diabetic retinopathy, there are reports of clustering
of severity in both type 1 and type 2 diabetes (4,19), and
recent genome-wide linkage studies of retinopathy in type
2 diabetes (20,21) have highlighted certain chromosomal
regions, but candidate gene association studies have generally not produced consistent evidence.
In this report, we describe associations between common variations in 212 candidate genes and the time to
renal and retinal outcomes in subjects who participated in
The Diabetes Control and Complications Trial (DCCT) and
were followed up in the Epidemiology of Diabetes Interventions and Complications (EDIC) study.

RESEARCH DESIGN AND METHODS
The DCCT was a multicenter randomized clinical trial to compare intensive
and conventional insulin therapy on the development and progression of early
vascular and neurological complications of type 1 diabetes (22,23). We studied
1,369 white probands (out of 1,441 DCCT subjects) and 2,966 of their
first-degree relatives (details are provided in online appendix 26 and the online
appendix text [available at http://dx.doi.org/10.2337/db07-1059]). To confirm
findings from the DCCT/EDIC probands, we identified three other studies of
diabetic nephropathy in type 1 diabetes (Table 5); details of the characteristics
are in the online appendix text.
Retinal and renal outcomes in DCCT/EDIC
Outcomes were defined as time in years from DCCT baseline until the event
(detailed in the online appendix text). Renal outcomes included data up to
EDIC year 8 (2001): Persistent microalbuminuria was defined as the time to
two consecutive albumin excretion rates (AERs) ⬎30 mg/24 h (⬎20.8 g/min);
severe nephropathy was the time to AER ⬎300 mg/24 h (⬎208 g/min) with
prior persistent microalbuminuria or ESRD. For retinal outcomes, data up to
EDIC year 10 (2003) were used: ⱖ3 step progression was defined as the time
to ⱖ3 step progression from DCCT baseline using Early Treatment of Diabetic
Retinopathy Study (ETDRS) scoring; severe retinopathy was the time to
ETDRS level 53/⬍53 or greater or scatter laser treatment; clinically significant
macular edema (CSME) was the time to macular edema or focal laser
treatment.
Molecular methods
Gene and SNP selection and Illumina genotyping. Candidate genes were
selected based on their involvement in the pathophysiology of diabetic
nephropathy and/or diabetic retinopathy. We considered biological evidence,
including gene function, evidence for differential expression in diabetes
complications, prior genetic association studies of diabetes complications and
their risk factors, and genes in pathways related to these genes. For genes
sequenced by SeattleSNPs (24), tagSNPs were selected using LDselect (24),
requiring pairwise r2 cutoff ⬎0.64 and minor allele frequency (MAF) ⬎0.05
in either the European American or PDR90 samples (25) (http://egp.gs.
washington.edu). Otherwise, we used Haploview pairwise Tagger (26) to
select SNPs with an r2 cutoff ⬎0.8 in the 30 CEU trios (CEPH samples of
European descent) from release 16 (phase I) of the HapMap project (http://
www.hapmap.org), including 5 kb flanking either side of the gene (27,28).
Selected SNPs underwent bioinformatic evaluation to score their suitability
for genotyping via the Illumina BeadArray GoldenGate custom assay (29).
SNPs that did not pass criteria were replaced by other tagSNPs when possible
or were excluded. In total, ⬃2,750 SNPs were evaluated bioinformatically, and
1,536 were genotyped in all DCCT/EDIC probands with available DNA (n ⫽
1,418). Additional SNPs were genotyped using Taqman technology (see online
appendix text).
DNA sequencing. To fine-map the causal variant(s), we sequenced ⬃19 kb of
the superoxide dismutase 1 (SOD1) genomic region in all eight DCCT/EDIC
probands homozygous for the rare genotype (C/C) at rs17880135. The region
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encompassed SOD1 and ⬃5 kb at both the 5⬘ and 3⬘. In addition, we sequenced
the cDNA of splicing factor serine alanine 15 (SFRS15, the gene 3⬘ of SOD1)
in seven individuals, selected in a way similar to that of the samples for SOD1
sequencing (online appendix text and online appendix 18).
Functional studies and immunohistochemistry. We quantified SOD1
mRNA expression, serum SOD activity, and SOD1 mass in a subset of
probands and nondiabetic relatives selected by rs17880135 genotype. SOD1
mRNA expression was measured in Epstein-Barr virus–transformed lymphocytes from 18 individuals homozygous for the rare allele (8 probands and 10
nondiabetic relatives), 38 heterozygotes (16 probands and 22 nondiabetic
relatives), and 38 homozygotes (16 probands and 22 nondiabetic relatives) for
the common allele at rs17880135 with matching on relevant covariates (online
appendix text). To determine whether serum SOD activity and SOD1 mass
differed by rs17880135 genotype, we proceeded in a similar fashion (online
appendix text).
Statistical methods
DCCT/EDIC probands. SNP allele and genotype frequencies were calculated and deviation from Hardy-Weinberg equilibrium (HWE) was determined
using exact tests (online appendix 3). Details about the association analysis
for SNPs with DCCT/EDIC outcomes are provided in the online appendix text
(17,30). Briefly, SNP genotypes were tested for association with DCCT
baseline design and biological covariates (online appendix 4). Cox proportional hazards analysis of discrete time-to-event outcomes was performed
using two models with additive genotype coding (31). The first model was
“univariate,” including DCCT cohort, treatment, and cohort-treatment interaction as covariates, and stratified by the year of entry into DCCT. Our
primary analysis was a multivariate Cox model, including cohort, treatment,
cohort-treatment interaction, age of diagnosis, DCCT baseline duration, sex,
BMI, mean blood pressure, triglyceride, HDL-C, total cholesterol, baseline
smoking, A1C eligibility, time-dependent updated mean A1C, and timedependent indicators for hypertension diagnosis and/or treatment of hypertension, with stratification by DCCT year of entry (online appendix text and
online appendix 5). X chromosome SNPs were analyzed separately in men and
women (online appendixes 6 –9). SNPs with MAF ⬍1% were analyzed separately (online appendixes 10 –12) using a modified Cox model designed for
sparse data (32,33), including cohort, treatment, cohort-treatment interaction,
and sex as covariates.
Assessment of statistical significance. To address the inherent problem
of multiple hypotheses testing, we adopted the false discovery rate (FDR)
framework and applied the q value method (34) (http://faculty.washington.edu/jstorey/qvalue/). The q value is a measure of statistical significance in
terms of FDR, and a test with q value of 0.5 means that the expected FDR is
0.5 if we declare that test and all other tests with smaller q values significant.
To use the available phenotype information, we applied the stratified FDR (35)
(http://faculty.washington.edu/jstorey/qvalue/) designed to increase power; q
values were hence calculated separately for each outcome.
Population stratification and family-based analysis in DCCT/EDIC.
To detect population structure, we used STRUCTURE v2.0 to analyze genotype data for SNPs chosen to have low pairwise linkage disequilibrium from
the Illumina assay (36). We first included both white and nonwhite probands
(n ⫽ 50) to identify white probands whose subgroup classification as
determined by STRUCTURE disagreed with their self-reported ethnicity; then
we analyzed the white individuals alone to identify subgroups within them.
Using either 180 SNPs with the highest heterozygosity or 164 ancestry
informative SNPs (37), there was no evidence for outliers, and the white
probands could not be separated into subgroups. In addition, to further
exclude that the association of SOD1 SNPs with persistent microalbuminuria
and severe nephropathy was due solely to population stratification, we
genotyped three SOD1 SNPs associated with renal outcomes (Table 3) in all
available DCCT/EDIC relatives (online appendix 26) and performed familybased analysis (online appendix 25).
Martingale residuals (38) obtained from the multivariate Cox proportional
hazards models without genotype, were used as continuous traits in subsequent family-based association analyses (FBAs; see online appendix 26 for
family structures). FBA conditions on the parental genotypes were used to
test for departures between the observed offspring genotypes and those
expected under Mendelian inheritance (39). Analyses were performed assuming an additive genetic model and used FBAT v1.7.3 to perform single-SNP and
haplotype analyses (40 – 42).
Multi-SNP and multistate analysis. Multi-SNP selection analyses were
also performed to determine the most likely etiological variant(s) for each of
persistent microalbuminuria and severe nephropathy. These included multiple
Cox proportional hazards regression models with forward and backward
selection of main effects and two-way interactions of SOD1 SNPs (online
appendix text) to capture un-genotyped variants and to avoid the uncertainties of phasing unrelated probands. To examine the association of SOD1/
SFRS15 SNPs with both renal outcomes, we assumed a three-state progressive
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TABLE 1
Single-marker multivariate results with q value ⬍0.5 in DCCT/EDIC probands for severe nephropathy and persistent microalbuminuria
Gene symbol
Severe nephropathy
SOD1
CASP3
TRPC6
TGFBR2
HPSE
CYP11B2
COX5A
NPHS1
ATP5G3
FLT4
FLT4
UQCRC1
BDKRB2
LIPC
PARP1
PARP1
Persistent
microalbuminuria
SOD1
PON1
PON1
AKR1B1
FLT4
FLT4

Allele
Minor (%)

12

SNP

Major

P value

HR (95% CI)

q value

rs17880135
rs2705897
rs3824935
rs2276768
rs4693614
rs7844961
rs8042694
rs3814995
rs10497435
rs307806
rs2279622
rs11715496
rs4900312
rs1968685
rs2027440
rs3219065

A
C
G
G
A
G
A
G
A
G
G
C
G
C
A
A

C (5.7)
A (26.4)
A (9.9)
A (10.8)
G (23.2)
A (8.4)
G (28.8)
A (32.5)
G (4.3)
A (14.9)
A (6.4)
A (2.0)
A (20.0)
G (48.2)
G (15.8)
G (15.8)

16.24
9.87
9.77
9.52
9.44
8.93
8.92
8.58
8.57
8.07
8.01
7.88
7.81
7.82
7.50
7.50

5.6
1.7
1.8
2.0
2.1
2.8
2.8
3.4
3.4
4.5
4.7
5.0
5.2
5.2
6.2
6.2

⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻
⫻

10⫺5
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3
10⫺3

2.62
1.62
2.00
0.40
1.61
1.89
1.59
0.61
2.39
1.66
1.95
2.63
0.57
0.65
1.60
1.60

(1.64–4.18)
(1.20–2.17)
(1.29–3.08)
(0.22–0.71)
(1.19–2.19)
(1.25–2.88)
(1.17–2.16)
(0.44–0.85)
(1.33–4.29)
(1.17–2.37)
(1.23–3.10)
(1.34–5.16)
(0.39–0.85)
(0.47–0.88)
(1.14–2.24)
(1.14–2.24)

0.07
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.46
0.48
0.48

rs17880135
rs1157745
rs3917532
rs2259458
rs307806
rs10516142

A
C
A
C
G
G

C (5.7)
A (27.6)
T (27.6)
A (30.7)
A (14.9)
A (3.0)

11.64
10.56
10.56
10.19
6.47
6.29

6.5
1.2
1.2
1.4
1.1
1.2

⫻
⫻
⫻
⫻
⫻
⫻

10⫺4
10⫺3
10⫺3
10⫺3
10⫺2
10⫺2

1.82
0.68
0.68
1.36
1.37
1.85

(1.29–2.57)
(0.54–0.86)
(0.54–0.86)
(1.13–1.64)
(1.08–1.75)
(1.15–3.03)

0.48
0.48
0.48
0.48
0.66
0.66

Sample size for the analysis of persistent microalbuminuria, 1,296; sample size for the analysis of severe nephropathy, 1,362. No SNPs had
q values ⬍0.5 for any of the retinal outcomes. The HR is specified for each minor allele using the common homozygote genotype as the
baseline. Results for two FLT4 SNPs are included for the persistent microalbuminuria results because SNPs in FLT4 also show evidence for
association with severe nephropathy. P values are based on the Wald test.

model, focusing on the rate of transition from normal to persistent microalbuminuria, and from persistent microalbuminuria to severe nephropathy. The
multistate model provided separate estimates of the transition intensities
between states and separate estimates of the SNP and covariate effects
(43– 45). Note that our model differs from the primary multivariate model
above in that the repeated indicator for hypertension was not included.
Statistical analysis of SOD1 mRNA, SOD activity, and SOD1 mass
Replicate log SOD1 expression values were averaged and compared across
genotypes using separate general linear models for probands and relatives,
taking into account the matched design. Log SOD activity and log SOD1 mass
were analyzed similarly. To address concerns about residual non-normality in
the latter, comparisons were repeated in conditional and unconditional
logistic regression models that treated the genotype as a categorical response
and log activity or log mass as an explanatory covariate (online appendix text).

RESULTS

Outcomes in DCCT/EDIC. The numbers of individuals
with each of the renal and retinal events or who were
censored are listed in online appendix 24. Twenty-three
percent (n ⫽ 212) and 8% (n ⫽ 98) of the probands
developed persistent microalbuminuria and severe nephropathy, respectively, during a follow-up of 13.5 ⫾ 2.6
years (means ⫾ SD) in DCCT/EDIC with 10 ⫾ 2 AER
measures. The effects of covariates in the Cox proportional hazards models, without the inclusion of SNPs, are
provided for the univariate (online appendix 1) and multivariate models (online appendix 2), with HRs calculated
for specific changes in quantitative covariates for the
multivariate models (online appendix 23).
Genotype data. Of the 1,536 SNPs attempted on the
Illumina chip, no genotypes were generated for 86 SNPs,
leaving 1,441 autosomal and 9 X chromosome SNPs suc220

cessfully genotyped. Thirty-seven autosomal and two X
chromosome SNPs were nonpolymorphic in white DCCT/
EDIC probands. Excepting these SNPs, genotype data
were 99.95% complete with only six samples having no
genotypes. Sixty-two autosomal SNPs had MAF ⬍1% (online appendix 10), leaving 1,342 autosomal and 7 X chromosome SNPs with MAF ⬎1% (online appendix 3). One
proband was discrepant between reported and genotyped
sex. Based on 18 duplicate samples (n ⬃ 52,000 genotypes), genotype agreement was 100%. Marked deviation
from HWE (online appendixes 3 and 6) was observed for
both rs12431885 (triallelic) and rs2069579 in BDKRB2 and
the triallelic rs3091244 (CRP) for which we only genotyped
alleles A and G.
Association of Illumina SNPs with outcomes. From
the multivariate association analysis with outcomes, there
were four SNPs with q ⬍ 0.5 for persistent microalbuminuria, 16 for severe nephropathy, and none for ⱖ3 step
progression, severe retinopathy, or CSME (Table 1; online
appendixes 5, 9, and 12). Of interest, most positive SNPs
showed detectable associations with either persistent microalbuminuria or severe nephropathy, but not both. Two
exceptions were fms-related tyrosine kinase 4 (FLT4; also
known as vascular endothelial growth factor receptor 3)
and SOD1. For FLT4, rs307806 was associated with both
persistent microalbuminuria and severe nephropathy,
whereas two other SNPs in this gene were separately
associated with persistent microalbuminuria and severe
nephropathy. Also of note, three SNPs in CNDP1 (online
appendix 5) had P ⬍ 0.05 for persistent microalbuminuria,
DIABETES, VOL. 57, JANUARY 2008
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Physical
location

5⬘

31,940,240

rs202446

5⬘

31,950,512

rs17881180

Intron 1

31,954,158

rs17884536

Intron 1

31,954,859

rs17880998

Intron 1

31,956,763

rs17878806

Intron 2

31,959,353

rs17880753

Intron 3

31,960,736

rs17880196

Intron 4

31,962,033

rs17880135

3⬘

31,963,874

rs17881203

3⬘ SFRS15

31,964,004

rs204732

Intron 1 SFRS15

32,014,714

0.595
0.246
0.009
0.025
0.123
0.007
0.095
0.265
0.062
0.595
0.305
0.007
0.020
0.080
0.005
0.068
0.331
0.083
0.752
0.002
0.006
0.037
0.002
0.023
0.912
0.237
0.286
0.343
0.045
0.941
0.019
0.002
0.001
0.007

TABLE 2
Linkage disequilibrium between SOD1 SNPs in DCCT/EDIC probands

Location*

rs9974610

0.979
0.971

rs no.

0.835

1.000
1.000
1.000

rs9974610
rs202446
rs17881180
rs17884536
rs17880998
rs17878806
rs17880753
rs17880196
rs17880135
rs17881203
rs204732
1.000
1.000
1.000
1.000

0.041
0.526
0.041
0.011
0.096

0.833
0.752
0.906
0.970
0.981

0.136
0.322
0.055
0.007
0.002
0.020

0.890
0.877
1.000
0.980
0.977
0.937

0.028
0.008
0.059

0.970
0.922
0.936
1.000
1.000
0.965
1.000

0.019
0.002
0.001
0.005

0.981
0.974
0.977
1.000
1.000
0.917
1.000
1.000

0.077

0.930
0.937
0.918
1.000
1.000
0.910
1.000
1.000
0.949

0.243
0.307

0.835
0.904
0.962
1.000
0.955
0.795
0.870
0.828
0.974
0.937
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Linkage disequilibrium between SOD1 and SFRS15 SNPs in white DCCT/EDIC probands. The values above and below the diagonal are D⬘ and r2, respectively. According to dbSNP build
125 (http://www.ncbi.nlm.nih.gov/SNP), the following are identical: rs17884536 ⫽ rs6650814; rs17880998 ⫽ rs4998557; rs17880196 ⫽ rs1041740; rs17880753 ⫽ rs2234694; rs17878806 ⫽
rs9967983. Physical location refers to build 36.2 of the human genome. *All SNPs are in SOD1 apart from those indicated, which are in SFRS15.

but their linkage disequilibrium with CNDP1 variants
associated with diabetic nephropathy is unknown (11). In
this report, we focus on SOD1 because rs17880135 had the
lowest q value for any outcome (severe nephropathy, q ⫽
0.06), and the same SNP also showed the most significant
association with persistent microalbuminuria (q ⫽ 0.48).
DNA sequencing and SOD1 fine-mapping in DCCT/
EDIC probands. In the fine-mapping stage, we followed
up the association of rs17880135 by examining a total of 11
SNPs in SOD1/SFRS15 (4 on the Illumina chip and 7
genotyped using Taqman). In designing the Ilumina chip,
we had selected five tagSNPs with MAF ⬎5% in SOD1 from
the SeattleSNPs project PDR90 sample (24), which identified 80 SNPs including 55 represented in 19 bins and an
additional 25 single SNPs bins (online appendix 21). Many
of the bins contained SNPs with low MAF. Of the five
tag SNPs selected, four passed the Illumina bioinformatic
design criteria and were genotyped. Rs17880135 lies 3⬘ of
SOD1 and is in the same linkage disequilibrium bin in
SeattleSNPs as rs17881180 in intron 1 and was therefore
genotyped in all DCCT/EDIC probands. As expected,
rs17881180 was in strong linkage disequilibrium with
rs17880135 (r2 ⫽ 0.912; Table 2) and had similar associations with renal outcomes (Table 3).
We sequenced 19 kb across the genomic region of SOD1
in eight individuals who were homozygous for the rare
(high-risk) genotype at rs17880135 (online appendix 19)
and found no coding variations. Of note, all eight individuals were homozygous for the rare allele at rs202446 (46),
and 4 of 16 chromosomes carried the rare allele at
rs17881203 (which had MAF ⫽ 5% in HapMap) and were
therefore genotyped in DCCT/EDIC probands (Tables 2
and 3). No variants were found in the cDNA of SFRS15
compared with the reference sequence.
Based on the sequencing, SeattleSNPs, and HapMap, we
genotyped six additional SNPs in SOD1/SFRS15—selected
predominantly to capture linkage disequilibrium bins
across SOD1 (online appendixes 21 and 13–15; Tables 2
and 3). Of note, 5 of the 11 SOD1/SFRS15 SNPs (rs17880135,
rs17881180, rs202446, rs9974610, and rs204732) were associated with persistent microalbuminuria (with P ⬍ 10⫺3),
whereas rs17880135 and rs17881180 were most strongly
associated with severe nephropathy (Table 3). We found
no evidence for significant nonadditivity for the association of SOD1/SFRS15 SNPs with renal outcomes (online
appendix 22). There was no significant association (P ⬍
0.01) between any of the SOD1 SNPs and any of the retinal
outcomes (online appendixes 5 and 15).
Genotyping SOD1 SNPs in HapMap. To determine
linkage disequilibrium between rs17880135 and rs17881180
and other SNPs genotyped by HapMap in the SOD1 region,
we genotyped them in the CEU HapMap samples (27,28).
We found that none of the SNPs within 100 kb SOD1
genotyped by HapMap are in linkage disequilibrium (r2 ⬎
0.5) with any of the five SNPs associated with persistent
microalbuminuria (online appendixes 28 and 29).
Multi-SNP analyses and multistate models. Because
some of the SNPs in SOD1 that are associated with
persistent microalbuminuria and severe nephropathy are
in strong linkage disequilibrium with each other (Table 2),
we used multi-SNP regression analyses to attempt to
identify the most statistically important SNP(s). For persistent microalbuminuria, either rs202446 (backward selection) or rs204732 (forward selection) remained in the
model, suggesting that either of them or other variant(s) in
strong linkage disequilibrium with both of them account
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TABLE 3
Single-marker multivariate results for time to renal outcomes for SNPs in SOD1 and SFRS15 in DCCT/EDIC probands
SNP
rs9974610
rs202446
rs17881180
rs17884536
rs17880998
rs17878806
rs17880753
rs17880196
rs17880135
rs17881203
rs204732

Major
A
C
G
C
G
A
T
G
A
A
C

Allele
Minor (%)

12

G (17.6)
A (14.3)
A (5.2)
A (3.8)
A (10.4)
T (45.5)
G (3.7)
A (32)
C (5.7)
G (1.5)
T (15.4)

16.47
17.15
15.18
0.37
0.92
0.50
0.80
1.69
11.64
1.73
16.48

Persistent microalbuminuria
P value
HR (95% CI)
q value
⫺5

4.9 ⫻ 10
3.5 ⫻ 10⫺5
9.8 ⫻ 10⫺5
0.55
0.34
0.48
0.37
0.19
6.4 ⫻ 10⫺4
0.19
4.9 ⫻ 10⫺5

1.59 (1.27–1.96)
1.64 (1.29–2.08)
2.04 (1.43–2.92)
1.15 (0.73–1.81)
1.15 (0.86–1.54)
0.93 (0.78–1.14)
1.23 (0.79–1.91)
0.88 (0.72–1.06)
1.82 (1.29–2.57)
1.56 (0.80–3.00)
1.59 (1.28–2.00)

NA
NA
NA
0.96
0.96
NA
NA
0.96
0.48
NA
NA

12
2.00
7.64
20.5
0.93
0.11
0.92
0.48
1.42
16.2
4.19
3.62

Severe nephropathy
P value
HR (95% CI)
0.16
0.0057
5.8 ⫻ 10⫺6
0.34
0.75
0.34
0.49
0.23
5.6 ⫻ 10⫺5
0.040
0.057

q value

1.28 (0.91–1.82)
1.65 (1.16–2.35)
3.03 (1.88–4.89)
0.67 (0.29–1.51)
1.07 (0.68–1.72)
0.86 (0.65–1.15)
0.75 (0.33–1.68)
0.83 (0.61–1.12)
2.62 (1.64–4.18)
2.38 (1.04–5.26)
1.39 (0.99–1.96)

NA
NA
NA
0.88
0.88
NA
NA
0.88
0.07
NA
NA

NA, not calculated because that SNP was not genotyped on the initial Illumina assay. According to dbSNP build 125, the following are
identical: rs17884536 ⫽ rs6650814; rs17880998 ⫽ rs4998557; rs17880196 ⫽ rs1041740; rs17880753 ⫽ rs2234694; rs17878806 ⫽ rs9967983. The
HR is specified for each minor allele using the common homozygote genotype as the baseline. The P value is from the Wald test. Sample sizes
for this analysis are provided in online appendixes 5 and 15.

for this association. For severe nephropathy, only rs17881180
remained after selection, but because of the strong linkage
disequilibrium with rs17880135, we cannot distinguish between them. Examination of all possible pairwise interactions between SNPs provided no compelling evidence for
interactions for either persistent microalbuminuria or severe
nephropathy (online appendix 16).
Initially, we analyzed persistent microalbuminuria and
severe nephropathy as separate traits; however, our definition of severe nephropathy required that individuals first
progress through persistent microalbuminuria. To compare the association of each of the SOD1 SNPs with the
different stages of disease, we examined multistate models. rs17880135 and rs17881180 were significantly associated with both persistent microalbuminuria and severe
nephropathy and with the progression from persistent
microalbuminuria to severe nephropathy (P ⬍ 0.05; Table
4). In contrast, rs204732 was associated with persistent
microalbuminuria but not with the subsequent development of severe nephropathy (heterogeneity P ⫽ 0.044).
Family-based association in DCCT/EDIC. Although
there was no significant preferential allele transmission
with severe nephropathy detected for any of the three

SNPs genotyped in the relatives (rs17880135, rs17881180,
and rs202446), rs202446 was associated with persistent
microalbuminuria (P ⫽ 0.036) in the same direction as the
individual-based analysis, consistent with haplotype analysis (data not shown). Of note, the family-level test for
severe nephropathy with rs17880135 and rs17881180 suffered from low statistical power due to MAF ⫽ 5% and
subsequently only 152–163 informative families contributing to the test statistic.
Functional studies. Generally, we observed no significant difference (P ⬍ 0.05) by genotype at rs17880135 of
SOD1 expression in EBV-transformed lymphoblasts, serum SOD1 mass, or SOD activity (Fig. 1), although there
was a borderline higher SOD1 mass in probands with A/C
compared with A/A genotypes. This effect was not observed in the nondiabetic relatives. Findings for rs17881180
were identical, due to nearly complete linkage disequilibrium, and results for the other three SOD1 SNPs associated with persistent microalbuminuria were nonsignificant
(online appendixes 30 and 31).
Other studies. We attempted to confirm the association
of SOD1 SNPs with diabetic nephropathy in type 1 diabetes in three cross-sectional studies (Table 5). None of the

TABLE 4
Multistate analyses of SOD1 SNPs
From normal to PM
SNP
rs9974610
rs202446
rs17881180
rs17884536
rs17880998
rs17878806
rs17880753
rs17880196
rs17880135
rs17881203
rs204732

2
16.48
16.89
13.70
0.15
0.89
0.46
0.42
1.72
10.38
1.68
16.34

P value
⫺5

4.9 ⫻ 10
3.9 ⫻ 10⫺5
2.1 ⫻ 10⫺4
0.7
0.35
0.5
0.52
0.19
0.0013
0.2
5.3 ⫻ 10⫺5

HR (95% CI)
1.56
1.61
1.93
1.09
1.15
0.93
1.15
0.88
1.74
1.54
1.56

(1.25–1.92)
(1.28–2.03)
(1.36–2.73)
(0.70–1.69)
(0.87–1.51)
(0.78–1.14)
(0.75–1.77)
(0.72–1.06)
(1.24–2.43)
(0.80–2.94)
(1.27–1.96)

From PM to SN

2

P value

0.37
2.49
6.60
3.10
0.04
1.06
2.53
1.01
4.59
0.33
0.06

0.55
0.11
0.01
0.078
0.84
0.3
0.11
0.32
0.032
0.57
0.81

HR (95% CI)
1.11
1.33
1.85
0.47
0.95
0.85
0.51
0.85
1.65
1.30
1.04

(0.79–1.54)
(0.93–1.89)
(1.16–2.95)
(0.21–1.09)
(0.59–1.54)
(0.64–1.15)
(0.23–1.17)
(0.62–1.16)
(1.04–2.60)
(0.53–3.12)
(0.75–1.45)

From normal
to PM vs.
from PM to SN
P value
0.087
0.36
0.89
0.082
0.51
0.61
0.087
0.86
0.86
0.76
0.044

From normal to SN

2

P value

1.47
0.23
4.47
0.035
12.63 3.8 ⫻ 10⫺4
3.52
0.061
0.53
0.46
4.08
0.043
2.22
0.14
3.37
0.066
10.51
0.0012
1.09
0.3
0.90
0.34

HR (95% CI)
1.22
1.44
2.25
0.45
0.84
0.74
0.54
0.75
2.07
1.56
1.16

(0.88–1.69)
(1.03–2.03)
(1.44–3.52)
(0.20–1.04)
(0.53–1.33)
(0.55–0.99)
(0.24–1.21)
(0.55–1.02)
(1.33–3.22)
(0.68–3.58)
(0.85–1.61)

For details, see legend to Table 2 and online appendix text. Note that this model includes all the covariates in the multivariate model (see
RESEARCH DESIGN AND METHODS and online appendix 2) except for the updated indicator for hypertension. P values are based on the Wald test.
PM, persistent microalbuminuria; SN, severe nephropathy.
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FIG. 1. Log SOD1 gene expression in EBV cells (cycle threshold number compared with b-actin; A and B), log serum SOD1 mass (ng/ml) (C and
D), and log serum SOD activity (units/ml) (E and F) by genotype at rs17880135, separately for DCCT/EDIC probands (A, C, and E) and
nondiabetic relatives (B, D, and F). The box and whisker plots have lines at the median, boxes at the inter-quartile values, whiskers at the nearest
value not beyond 1.5 times the inter-quartile range, and lines beyond the whiskers are outliers. There are no significant differences by genotype
for SOD1 expression for the probands (P ⴝ 0.42) or relatives (P ⴝ 0.60). For SOD1 mass, there was no difference between those homozygous for
the minor allele (C/C) and those homozygous for the major allele (A/A) (P ⴝ 0.23 and 0.12, probands and relatives, respectively), but there was
a borderline result for A/C vs. A/A (P ⴝ 0.08) in probands, but not relatives (P ⴝ 0.16). For SOD activity, there were no significant differences
by genotype in either relatives or probands (P > 0.6). The P values reported for mRNA are for multiple linear regression models with additive
genotype coding and adjustment for the matching variables sex, age, A1C, and AER or cystatin for the proband and relatives, respectively. The
P values for SOD1 mass and SOD activity are from unconditional logistic regression with adjustment for the matching variables. The results for
the same individuals by genotype at rs17881180, rs202446, rs9974610, and rs204732 are in online appendixes 30 and 31.

SOD1 SNPs were significantly (P ⬍ 0.05) associated in any
of the studies, but the 95% CIs were wide, suggesting
modest power to detect association. Although each study
had different definitions of diabetic nephropathy (online
appendix text), meta-analysis did not detect significant
between-study heterogeneity. The pooled 95% CI could not
exclude an odds ratio as large as 1.84.
DISCUSSION

SOD1 (Copper-zinc super oxide dismutase) is an antioxidant enzyme present in the cytosol, nuclei, peroxisomes,
DIABETES, VOL. 57, JANUARY 2008

and inner mitochondrial space. Its primary function is to
lower intracellular concentrations of superoxide anion, a
reactive oxygen species. There is ample evidence from
animal models that oxidative stress is involved in the
pathogenesis of diabetic nephropathy (47– 49). In a rat
model of type 1 diabetes, renal mitochondria produced
significantly increased quantities of superoxide anion and
showed evidence of oxidative damage (50). Moreover,
mRNA expression of SOD1 is increased in the kidneys of
diabetic rats and is normalized upon the administration of
insulin and return of metabolic control (51). The role of
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TABLE 5
Univariate association of SOD1 SNPs in other studies

Study

GoKinD

Ireland
Pittsburgh Epidemiology of
Diabetes Complications
(cross-sectional analysis)†
Microalbuminuria
Microalbuminuria
Severe nephropathy
Severe nephropathy
Meta-analysis*
Cross-sectional analysis of
DCCT/EDIC
PM
PM
SN
SN

SNP
Genotype

Case subjects
m/m

m/M

Control subjects
M/M

m/m

m/M

M/M

CochranArmitage
P

Odds ratio
(95% CI)

Rs17800135 1(0.1%) 98(11.9%) 727(88.0%) 2(0.2%) 98(10.9%) 802(88.9%)
rs17881180 1(0.1%) 93(11.2%) 737(88.7%) 1(0.1%) 94(10.3%) 812(89.5%)
rs202446
14(1.7%) 187(22.5%) 629(75.8%) 17(1.8%) 221(24.3%) 670(73.8%)
rs204732
16(1.9%) 211(25.5%) 599(72.5%) 28(3.1%) 221(24.4%) 655(72.5%)
rs17880135 1(0.4%) 38(14.2%) 228(85.4%) 2(0.5%) 53(12.0%) 386(87.5%)

0.61
0.58
0.35
0.62
0.46

1.08(0.81–1.44)
1.09(0.81–1.46)
0.91(0.75–1.11)
0.95(0.79–1.15)
1.18(0.77–1.79)

rs17800135
rs17801180
rs17800135
rs17801180
rs17880135

1(1.0%)
0(0.0%)
2(1.8%)
0(0.0%)

rs17880135 3(1.0%)
rs202446
13(4.3%)
rs17880135 2(1.7%)
rs202446
7(6.3%)

9(9.2%)
10(10.1%)
13(11.8%)
13(11.8%)

88(89.8%)
89(89.9%)
95(86.3%)
97(88.2%)

0(0.0%)
0(0.0%)
0(0.0%)
0(0.0%)

29(12.0%)
26(10.6%)
29(12.0%)
26(10.6%)

213(88.0%)
219(89.4%)
213(88.0%)
219(89.4%)

0.85
0.89
0.39
0.74

0.94(0.46–1.89)
0.95(0.44–2.04)
1.31(0.71–2.42)
1.13(0.56–2.29)
1.13(0.69–1.84)

39(12.5%) 271(86.6%) 5(0.5%) 90(9.2%)
79(26.0%) 212(69.7%) 14(1.5%) 231(24.5%)
20(17.4%) 93(80.9%) 5(0.5%) 90(9.2%)
29(26.1%) 75(67.6%) 14(1.5%) 231(24.5%)

879(90.3%)
697(74.0%)
879(90.3%)
697(74.0%)

0.059
0.033
0.0014
0.023

1.40(0.98–2.00)
1.31(1.02–1.68)
2.05(1.30–3.24)
1.51(1.05–2.17)

The inclusion/exclusion criteria for case and control subjects for each study is provided in the online appendix text. The association of SNP
genotypes with diabetic nephropathy was performed using the Cochran-Armitage exact trend test, and association was estimated by odds
ratios using logistic regression with additive coding of the number of minor alleles as a covariate. Meta-analysis was conducted by linear
regression of the log odds ratio estimates on study indicators, with inverse variance weighting, in fixed and random effects models. M, major
allele; m, minor allele; PM, persistent microalbuminuria; SN, severe nephropathy. *Case definition from each study differed. †Overt
nephropathy and ESRD were combined from Pittsburgh Epidemiology of Diabetes Complications.

SOD1 in diabetic nephropathy is supported in murine
models of both type 1 and type 2 diabetes. When SOD1 is
overexpressed, there is a reduction in renal cell injury,
including albuminuria (52,53), leading to the conclusion
that increases in cellular SOD1 activity attenuate diabetic
renal injury. Consistent with this, when SOD1 is knocked
out, diabetic renal disease develops faster (54). Figure 2
shows the distribution of SOD1 protein in human kidney,
with the strongest staining in podocytes and parietal cells,
with minimal expression in mesangial cells. The somatic
mutation frequency has been shown to be reduced by
overexpression of SOD1 (55). Mutations in SOD1 are
present in ⬃10% of patients with familial amyotrophic
lateral sclerosis (56), with most mutations nonsynonymous and genetically dominant (57,58). Although there are
multiple transcripts of SOD1, the functional relevance of
most is unclear (59 – 61). There is no known functional
effect of the SOD1/SFRS15 SNPs that are significantly
associated with persistent microalbuminuria and severe
nephropathy, and little is known about SFRS15 (62).
Evidence for association of SOD1 in DCCT/EDIC. We
initially tested 1,411 common variations in 212 candidate
genes for nephropathy and retinopathy in the DCCT/EDIC
probands using time-to-event analysis, including all appropriate covariates. The most striking finding was for
rs17800135 in SOD1 with severe nephropathy and persistent microalbuminuria, and we proceeded to fine-map this
by DNA sequencing and genotyping seven additional
SNPs. We found multiple SOD1 SNPs to be associated with
the development of each of persistent microalbuminuria
and severe nephropathy, and evidence for differential
association of rs204732 with persistent microalbuminuria
and severe nephropathy from multistate models. Allele
and haplotype frequencies of four SOD1 SNPs vary across
global populations (online appendix 20; Fig. 3) and are
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important information for power calculations for replication studies in other populations. Specifically, the rare
(risk) alleles at rs17800135 and rs17881180 were present
solely in the European and Indian population samples and
also showed variation in frequency within Europe. The
argument that the association of SOD1 SNPs with diabetic
nephropathy is solely due to population stratification is
mitigated by the observed association from family-based
analyses of rs202446 with persistent microalbuminuria.
We observed a HR of 2.62 (95% CI 1.64 – 4.18; P ⫽ 5.6 ⫻
10⫺5) for the association of rs17880135 with time to severe
nephropathy. This SNP was chosen by selecting the smallest P value after testing 1,411 SNPs for association, leading
to upward bias in the magnitude of the genetic effect
estimate (i.e., HR) (63,64), a phenomenon known as the
Beavis effect or Winner’s curse. To obtain more realistic
estimates of the effect size expected in a replication
sample, we calculated bootstrap estimates based on repeated sample splitting in which approximately two-thirds
of the individuals were used to identify the SNP with the
smallest P value and the HR for that SNP was estimated in
the remaining individuals (65– 68), yielding a weighted
bootstrap estimate of 1.65 for the HR for rs17880135. To
detect a HR of 1.65 in a study of similar design to
DCCT/EDIC, assuming MAF ⫽ 5%, 8% of probands with
the outcome, and power of ⬎80%, a study sample size of
4,375 individuals (350 with diabetic nephropathy) would
be required for ␣ ⫽ 0.05 (6,250 with 500 case subjects for
␣ ⫽ 0.01). This suggests that large sample sizes are needed
to achieve replication studies with sufficient power. The
point estimates for population attributable risk in for the
time-to-event analysis in DCCT/EDIC for rs17881180 with
severe nephropathy was 13.8%, whereas for rs202446 with
persistent microalbuminuria, it was 14.2% (69).
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FIG. 2. Localization of SOD1 in normal human kidney by immunohistochemistry. A: The expression in cortex (top half) is considerably stronger
than in the medulla (bottom half). B: In the cortex, SOD1 is expressed in glomeruli and proximal and distal tubules in both cytoplasm and nuclei.
Vessels (arrow) show only weak expression in endothelial cells. C: In the medulla, there is weak expression in the loops of Henle and in collecting
ducts (arrows), both nuclear and cytoplasmic. D: Within glomeruli, the strongest expressers of SOD1 are podocytes (P) and parietal epithelial
cells (PE), whereas glomerular endothelial cells (E) show variable expression. Mesangial cells (M) are uniformly negative, and vascular
endothelial cells (VE) show weak expression. (Please see http://dx.doi.org/10.2337/db07-1059 for a high-quality digital representation of this
figure.)

Evidence for association of SOD1 in other studies.
Analyses of three cross-sectional studies with a total of
1,301 diabetic nephropathy case subjects and 1,585 control
subjects failed to provide supportive evidence for the
association of specific SOD1 SNPs with diabetic nephropathy. However, these studies were of modest size and
cross-sectional in nature. Furthermore, the case definitions and characteristics of diabetic nephropathy varied
considerably among studies. For example, in DCCT/EDIC,
only 10% of severe nephropathy case subjects had develDIABETES, VOL. 57, JANUARY 2008

oped ESRD by EDIC year 8, whereas 57 and 65% of case
subjects in the Irish and GoKinD met this criterion,
respectively. Therefore, lack of confirmation, assuming
that the DCCT/EDIC result is a true positive, may be due to
different phenotypes among these studies.
In addition to the Beavis effect and different phenotypes,
failure to replicate the SOD1 association in the crosssectional studies may be in part due to differences in study
design. We performed a cross-sectional analysis of DCCT/
EDIC based on the repeated AER measures to compare
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FIG. 3. Distribution of haplotype frequencies across the SOD1 locus in a worldwide study. Stacked bars represent haplotype frequencies for the
four SOD1 SNPs in order: rs17881180-rs4998557-rs1041740-rs17880135. Individual marker allele frequencies are provided in online appendix 20.
The respective ALFRED site (http://alfred.med.yale.edu/) UIDs are SI003835T, SI003836U, SI003837V, and SI003838W; the four-site haplotype
UID is SI006518U. Exact allele frequencies for each site and population and for the haplotypes in each population and descriptions of the
populations, specific sample of each, and sample sizes can be found in ALFRED and online appendix 20.

with our primary time-to-event analysis that included
covariates (Table 5). We defined persistent microalbuminuria case subjects as ever having two consecutive AERs
⬎30 mg/day during DCCT/EDIC, severe nephropathy to be
two consecutive AERs ⬎30 mg/day and one AER ⬎300
mg/day or ESRD, whereas control subjects had to have 15
years of diabetes and never two consecutive AERs ⬎30. In
this cross-sectional analysis, the evidence for association
between rs17880135 and persistent microalbuminuria was
borderline significant (P ⫽ 0.059), whereas the association
between rs17880135 and severe nephropathy (P ⫽ 0.0014)
remained at a weaker level. However, the latter was 2
orders of magnitude less significant than the results of the
primary analysis, and a similar pattern of results was
observed for rs202446. Thus, even using this generous
cross-sectional definition of renal disease (renal measures
collected during the whole of DCCT/EDIC) produces a
reduction in the evidence for association. Attempts to
replicate the DCCT/EDIC associations in cross-sectional
studies may have inherent limitations, particularly if
the genetic effect operates to modify the time when
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diabetic nephropathy develops, rather than just influencing susceptibility.
We did not identify functional differences between the
associated SOD1 SNPs, but these studies were limited by
the low frequency of some genotypes and by the use of
available samples. Specifically lymphoblasts were used for
expression studies, and SOD activity and SOD1 mass were
measured in serum, whereas renal tissue would have been
preferred. In conclusion, using tagSNPs, sequencing, finemapping, and detailed statistical analysis, we have found
that multiple variants in SOD1 are associated with the time
to development of persistent microalbuminuria and subsequent progression to severe nephropathy in the phenotypically rich DCCT/EDIC study. The involvement of SOD1
is consistent with the known molecular mechanisms for
the development of diabetic complications (49). Although
we were unable to observe confirmation in three other
studies, we cannot exclude an effect size similar to that
obtained from cross-sectional analysis of the DCCT/EDIC
data. This indicates that even the combined sample size of
these studies may have been insufficient to reliably detect
DIABETES, VOL. 57, JANUARY 2008
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the SOD1/SFRS15 association, and that studies of additional populations is warranted.
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