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Abstract
Aims/hypothesis Parental type 2 diabetes mellitus increases
the risk of diabetic nephropathy in offspring with type 1
diabetes mellitus. Several single nucleotide polymorphisms
(SNPs) that predispose to type 2 diabetes mellitus have
recently been identified. It is, however, not known whether
such SNPs also confer susceptibility to diabetic nephropathy
in patients with type 1 diabetes mellitus.
Methods We genotyped nine SNPs associated with type 2
diabetes mellitus in genome-wide association studies in the
Finnish population, and tested for their association with
diabetic nephropathy as well as with severe retinopathy
and cardiovascular disease in 2,963 patients with type 1
diabetes mellitus. Replication of significant SNPs was
sought in 2,980 patients from three other cohorts.

Results In the discovery cohort, rs10811661 near gene
CDKN2A/B was associated with diabetic nephropathy. The
association remained after robust Bonferroni correction for the
total number of tests performed in this study (OR 1.33 [95%
CI 1.14, 1.56], p00.00045, p36tests00.016). In the meta-
analysis, the combined result for diabetic nephropathy was
significant, with a fixed effects p value of 0.011 (OR 1.15
[95% CI 1.02, 1.29]). The association was particularly strong
when patients with end-stage renal disease were compared
with controls (OR 1.35 [95%CI 1.13, 1.60], p00.00038). The
same SNP was also associated with severe retinopathy (OR
1.37 [95% CI 1.10, 1.69] p00.0040), but the association did
not remain after Bonferroni correction (p36tests00.14). None of
the other selected SNPs was associated with nephropathy,
severe retinopathy or cardiovascular disease.
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Conclusions/interpretation A SNP predisposing to type 2
diabetes mellitus, rs10811661 near CDKN2A/B, is associat-
ed with diabetic nephropathy in patients with type 1 diabetes
mellitus.
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mellitus
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Introduction

Clustering in families implicates a genetic component of
diabetic nephropathy, but so far the specific genes underly-
ing diabetic nephropathy remain largely unknown [1, 2].
Family studies have furthermore revealed that parental type
2 diabetes mellitus is associated with diabetic nephropathy
in offspring with type 1 diabetes mellitus [3, 4]. A positive
family history of type 2 diabetes mellitus has also been
associated with cardiovascular disease [5] as well as
markers of cardiovascular disease [6] in offspring with type
1 diabetes mellitus. Genetic variants or single-nucleotide
polymorphisms (SNPs) predisposing to type 2 diabetes
mellitus in the Finnish population have recently been iden-
tified in large-scale, genome-wide association studies [7, 8].
The question thus arises of whether these SNPs, which
predispose to type 2 diabetes mellitus, also predispose to
diabetic nephropathy and related complications in patients
with type 1 diabetes mellitus. We therefore assessed the
impact of a set of SNPs known to influence susceptibility
to type 2 diabetes mellitus on diabetic nephropathy as well
as diabetic retinopathy and cardiovascular disease in
patients with type 1 diabetes mellitus.

Methods

Discovery cohort All 2,963 patients were part of the
ongoing nationwide Finnish Diabetic Nephropathy Study
(FinnDiane). Patient recruitment has previously been
described elsewhere [9]. In brief, patients took part in
the study during a regular visit to their attending

physician. Information about concomitant disorders and med-
ication was collected using a standardised questionnaire. An-
thropometric measures as well as blood pressure were
recorded, and blood and urine samples were collected. The
study protocol was approved by the local ethics committees,
and the patients gave their written informed consent prior to
participation. The study was performed in accordance with the
Helsinki Declaration as revised in 2000.

Type 1 diabetes mellitus was defined as an onset of diabe-
tes before the age of 35 years and insulin treatment initiated
within 1 year of diagnosis. Renal status was defined based on
the AER from at least two out of three timed overnight or 24 h
urine collections. Patients were classified as having normal
AER (<20 μg/min or <30 mg/24 h), microalbuminuria
(AER ≥20 and <200 μg/min or ≥30 and <300 mg/24 h),
macroalbuminuria (AER ≥200 μg/min or ≥300 mg/24 h),
or end-stage renal disease (ESRD; undergoing dialysis or
having received a kidney transplant). If a patient was on
antihypertensive treatment at the time of investigation, a
careful review of the AER data was performed in order to
ensure that no regression from a higher to a lower stage of
albuminuria had occurred due to the intervention. Of the
2,963 patients included in the study, 1,618 had a normal
AER (54.6%), 465 had microalbuminuria (15.7%), 425
had macroalbuminuria (14.3%), 433 had ESRD (14.6%)
(see electronic supplementary material [ESM] Table 1),
and 22 (0.7%) were unclassified.

We defined patients with microalbuminuria, macroalbu-
minuria and ESRD (n01,323) as cases in the analyses for
association with diabetic nephropathy. Controls with a nor-
mal AER were required to have a duration of diabetes of at
least 15 years (n01,234). The GFR was estimated with the
original Modification of Diet in Renal Disease (MDRD) 4
formula until 2002 and after that with the revised MDRD4
formula [10]. MDRD4 data were available for 2,674 of the
2,963 patients included in the study. For analysis of retinop-
athy, laser treatment was used to define patients (n01,167)
with severe retinopathy. Controls were required to have a
duration of diabetes of more than 15 years and no signs of
retinopathy (n0566). Cardiovascular disease was defined as
a history of myocardial infarction, coronary artery bypass,
stroke, amputation or peripheral vascular disease. In the
analysis of cardiovascular disease, 298 patients had a history
of cardiovascular disease, while 655 patients older than
45 years with no known cardiovascular events served as
controls.

Replication cohorts For replication, 892 Danish patients
with type 1 diabetes mellitus from the Steno Diabetes Centre
were studied. Type 1 diabetes mellitus was defined as an
onset of diabetes before 35 years of age and insulin initiation
within 1 year of diagnosis. The patients were originally
studied at a baseline visit between 1993 and 2001 at the
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Steno Diabetes Center. For the current analysis, we used all
available prospective information collected until 1 September
2006. At that stage, 376 patients had a normal AER
(<30 mg/24 h) with a duration of diabetes of more than
15 years, 60 patients had microalbuminuria (progression
from normoalbuminuria), 365 patients had macroalbumi-
nuria, and 91 patients had ESRD (defined as dialysis or
transplantation). As in the FinnDiane cohort, patients
with microalbuminuria, macroalbuminuria and ESRD
were included as cases (n0516) in the analyses of
diabetic nephropathy, and controls had a duration of
diabetes of more than 15 years.

Replication was also performed in patients with type 1
diabetes mellitus recruited as part of the All Ireland and
Warren 3/UK Genetics of Kidneys in Diabetes (UK-ROI)
collections as previously described [11]. Briefly, cases
(n0747) were patients diagnosed with overt diabetic ne-
phropathy (proteinuria >0.5 g/24 h), hypertension and reti-
nopathy. Individuals recruited to the control group (n0812)
had had type 1 diabetes mellitus diagnosed at less than
31 years of age and had no evidence of renal complications
after at least 15 years of diabetes.

A third replication cohort came from the Scania Diabetes
Registry (SDR), Sweden [12], which registers all individuals
with diabetes in the Malmö region in Southern Sweden. Type
1 diabetes mellitus was defined by age of onset (≤35 years),
presence of antibodies against GAD and low C-peptide levels.
Where information was incomplete, the physician’s own clas-
sification was used. Patients of non-Scandinavian origin were
excluded from the analysis. Stages of nephropathy were
defined by AER, as in the FinnDiane cohort, or by albumin/
creatinine ratio (ACR): normal ACR <2.5 mg/mmol (men) or
3.5 mg/mmol (women); microalbuminuria ≥2.5 mg/mmol
and <25mg/mmol (men) or ≥3.5 mg/mmol and <35mg/mmol
(women); macroalbuminuria ≥25 mg/mmol (men)
or ≥35 mg/mmol (women). ESRD was defined as estimated
GFR (eGFR) <15 ml/min, estimated by the MDRD4 formula.
The cohort included 90 patients with microalbuminuria, 107
with macroalbuminuria, 34 with ESRD and 298 controls with
a normal ACR or AER and more than 15 years’ duration of
type 1 diabetes mellitus.

Genotyping We selected nine SNPs (ESM Table 2)
known to influence susceptibility to type 2 diabetes
mellitus in the Finnish population [7, 8]. Genotyping
in the discovery cohort was performed with Sequenom
iPlex MassARRAY (Sequenom Inc., San Diego, CA,
USA) at the University of Eastern Finland (Kuopio,
Finland). Genotyping of rs5219 in the KCNJ11 gene
was not successful on this platform, and the SNP was
excluded from further analyses. The mean call rate was
98.6%, and all SNPs were in Hardy–Weinberg equilib-
rium (p>0.01). All replication cohorts were genotyped

with a commercially available TaqMan assay (Applied
Biosystems, Warrington, UK), and the respective geno-
types rates were 99.7% for UK-ROI, 99.2% for Danish
patients and 98.5% for SDR.

Statistical analysis We estimated the effect of selected SNPs
predisposing to type 2 diabetes by linear or logistic regres-
sion analyses corrected for sex, age at onset of diabetes and
duration of diabetes using an additive genetic model. All
statistical analyses were performed with PLINK version
1.07 (http://pngu.mgh.harvard.edu/∼purcell/PLINK) [13].
A two-tailed p value of 0.05 was considered significant.
Multiple testing was addressed by Bonferroni correction.
Power calculations were carried out using the Genetic Pow-
er Calculator (http://pngu.mgh.harvard.edu/∼purcell/gpc/)
[14]. The study had greater than 80% power to detect
associations between SNPs with risk allele frequencies of
0.15–0.85, and for diabetic nephropathy (α00.05) in the
FinnDiane cohort, assuming a prevalence of nephropathy
of 30%, and a relative risk of 1.3 for heterozygote carriers
and 1.7 for homozygote carriers. In the meta-analysis, we used
Cochran’s Q statistic to detect heterogeneity across studies
(p<0.10). The inconsistency index I2 was used to quantify
heterogeneity. An I2 of 25%, 50% and 75% was regarded as
low, moderate and high heterogeneity, respectively [15].

Results

Clinical characteristics for FinnDiane cases and controls for
each analysed trait are shown in ESM Table 1. The nine
selected SNPs in or near CDKAL1 (rs7754840 and
r s7756992 ) , CDKN2A/B ( r s10811661 ) , HHEX
(rs1111875), IGF2BP2 (rs4402960 and rs1470579), PPARG
(rs1801282), SLC30A8 (rs13266634) and TCF7L2
(rs7903146) were all in Hardy–Weinberg equilibrium
(p>0.01), as seen in ESM Table 2. We analysed the associ-
ation between these nine SNPs, known to influence suscep-
tibility to type 2 diabetes mellitus, and diabetic nephropathy
in 2,963 individuals with type 1 diabetes mellitus. Of the
SNPs tested, SNP rs10811661 near CDKN2A/B was signif-
icantly associated with diabetic nephropathy (Table 1). After
Bonferroni correction for the total number of tests per-
formed in this study (nine SNPs×four phenotypes036), this
SNP, rs10811661 in the CDKN2A/B locus, remained signif-
icant (OR 1.33, p00.016).

We further analysed the association with renal function
using eGFR. All patients with ESRD were excluded from
these analyses. No new significant associations were
detected. However, SNP rs10811661 near CDKN2A/B was
also significant on a nominal level for this trait (p00.0026;
ESM Table 3), showing a decrease in eGFR of on average
2.63 units per risk allele.
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In addition, we evaluated the association between cardio-
vascular disease, retinopathy and the nine selected SNPs.
The clinical characteristics of the cases and controls for
severe retinopathy as well as cardiovascular disease are
shown in ESM Table 1. In these analyses, CDKN2A/B
rs10811661 was associated with severe retinopathy (OR
1.37 [95% CI 1.10–1.69], p00.0040). However, the associ-
ation did not remain significant after Bonferroni correction
(p36tests00.14). None of the nine SNPs was associated with
cardiovascular disease (ESM Table 4).

To further study the microvascular complications, we
created, in a post-hoc analysis, a microvascular phenotype
(diabetic nephropathy and/or severe retinopathy). As in the
analyses of severe retinopathy, controls were required to
have no signs of retinopathy. In this analysis, the
CDKN2AB rs10811661 SNP was associated with micro-
vascular complications (ESM Table 5).

We further analysed CDKN2A/B rs10811661 in terms of
diabetic nephropathy in the replication cohorts (Table 2).
The clinical characteristics of cases and controls in each
cohort can be seen in ESM Table 1. In the meta-analysis,
the combined result of the FinnDiane patients with the three
replication cohorts was significant with a fixed effects p
value of 0.011 and an OR of 1.15. However, the SNP

was not significantly associated with diabetic nephropathy
in the separate replication cohorts. Of note, the OR for
diabetic nephropathy in Danish patients was, although not
significant, in a direction consistent with the Finnish
results. There was, however, moderate heterogeneity be-
tween the studies: p value for Cochran’s Q statistic00.05
and I2061.6%.

Because of the observed heterogeneity between the stud-
ies, we decided to evaluate the association between this
particular SNP and various degrees of diabetic nephropathy
(microalbuminuria, macroalbuminuria and ESRD) in more
detail. The association of rs10811661 with microalbuminu-
ria, macroalbuminuria and ESRD was significant in all
case–control settings in the FinnDiane cohort. When these
results were combined with the results from the other
cohorts, the strongest association was observed when ESRD
patients were compared with controls (OR 1.35, p00.00038;
Fig. 1). Notably, there was a trend of decreasing heteroge-
neity when more serious degrees of diabetic nephropathy
were analysed. For instance, when patients with microalbu-
minuria were compared with controls, high heterogeneity
was observed (I2083.3%, pCochran00.0024), in contrast to
only low heterogeneity when ESRD patients were compared
with controls (I2018.7%, pCochran00.30).

Table 1 Odds ratios and p values of all SNPs for diabetic nephropathy after adjustment for sex, age at onset and duration of type 1 diabetes mellitus
in the FinnDiane cohort

SNP Gene Risk allele Freqa (cases) Freqa (controls) n OR p p9 tests p36 tests

rs7754840 CDKAL1 C 0.35 0.36 2,515 0.92 (0.82, 1.04) 0.18 1 1

rs7756992 CDKAL1 G 0.33 0.35 2,509 0.89 (0.79, 1.01) 0.071 0.64 1

rs10811661 CDKN2AB T 0.87 0.83 2,518 1.33 (1.14, 1.56) 0.00045 0.0041 0.016

rs1111875 HHEX C 0.55 0.53 2,525 1.06 (1.14, 1.20) 0.26 1 1

rs1470579 IGF2BP2 C 0.30 0.29 2,521 1.02 (0.90, 1.15) 0.81 1 1

rs4402960 IGF2BP2 T 0.29 0.29 2,521 1.02 (0.90, 1.15) 0.80 1 1

rs1801282 PPARG C 0.82 0.82 2,515 1.02 (0.88, 1.19) 0.79 1 1

rs13266634 SLC30A8 C 0.61 0.62 2,519 0.98 (0.87, 1.19) 0.71 1 1

rs7903146 TCF7L2 T 0.19 0.20 2,517 0.93 (0.80, 1.07) 0.32 1 1

a Frequency of the risk allele

Table 2 Odds ratios and p values for rs10811661 for diabetic nephropathy adjusted for sex, age at onset and duration of type 1 diabetes in each cohort

Patient cohort Risk allele n (cases/controls) Risk allele frequency (cases/controls) pHWE OR (95% CI) p value

FinnDiane T 2,518 (1,323/1,234) 0.85 (0.87/0.83) 0.03 1.33 (1.14, 1.56) 0.00045

UK-ROI T 1,555 (747/808) 0.83 (0.82/0.83) 0.66 0.98 (0.81, 1.19) 0.85

Danish/Steno T 892 (516/376) 0.84 (0.84/0.82) 0.14 1.18 (0.91, 1.53) 0.21

Swedish/SDR T 529 (231/298) 0.82 (0.81/0.83) 0.18 0.91 (0.65, 1.26) 0.57

Meta-analysis T 5,494 (2,817/2,716) NA NA 1.15 (1.02, 1.29)a 0.011a

p value and OR for fixed effects. Cochran’s Q test, p00.05; heterogeneity index, I2 061.6%

Controls with a duration of diabetes of less than 15 years were excluded

HWE, Hardy–Weinberg equilibrium; NA, not applicable
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Discussion

In this study, we find that a SNP (rs10811661) near CDKN2A/
B, identified from genome-wide association studies on type 2
diabetes mellitus in Finnish patients, is associated with diabetic
nephropathy in patients with type 1 diabetes mellitus. The
association remained after robust correction for multiple testing
in the discovery cohort. In the meta-analysis, the association
was significant, although moderate heterogeneity was observed
between the studies (p value for Cochran’s Q test<0.10, I2>
50%). This SNPwas also associated with severe retinopathy but
not with cardiovascular disease. Although the association with
severe retinopathy did not remain after Bonferroni correction,
we believe that the results regarding severe retinopathy in the
discovery cohort support our findings concerning nephropathy.

The observed heterogeneity in the meta-analysis may
have several explanations. One plausible explanation could
be variability in the phenotype. Although the definition of
nephropathy was consistent over the cohorts, the distribu-
tion of patients with microalbuminuria, macroalbuminuria
and ESRD differed. For example, cases of diabetic nephrop-
athy in the FinnDiane cohort consisted of equal numbers of
patients with microalbuminuria (35%), macroalbuminuria
(32%) and ESRD (33%), whereas a majority of the cases
in the other cohorts consisted of patients with macroalbu-
minuria (Fig. 1). To address this issue, we analysed the
different stages of diabetic nephropathy separately. In the
meta-analysis, we noted that less heterogeneity (18.7%)

occurred when ESRD patients were compared with con-
trols, suggesting that the ESRD phenotype was the most
homogenous one across the cohorts (Fig. 1). Thus, the
moderate heterogeneity seems to originate from the oth-
er phenotypes, microalbuminuria in particular. The
strong association observed in the meta-analysis when
ESRD patients were compared with controls (OR 1.35,
p00.00038) supports our initial findings that this SNP is
related to diabetic nephropathy.

As well as trying to dissect the observed heterogeneity,
we also tried to minimise type I and type II errors in this
study. The occurrence of false-negative results (type II
errors) in genetic association studies can lead to difficulties
in reproducing the original findings in the replication
cohorts. In particular, when sample size is small, false-
negative results are more likely to occur. It has been reported
that sample size is critical, especially when studying the
effect of common genetic variants with modest effect size
on complex disease [16], such as the susceptibility variants
identified in genome-wide association studies on type 2 diabe-
tes mellitus. However, with the FinnDiane sample size (n0
2,505) we had over 80% power to detect an association be-
tween the included SNPs and diabetic nephropathy. Similarly,
with the sample sizes in the Danish and UK-ROI replication
cohorts, we had at least 80% power to detect the same associ-
ation. The Swedish sample size had only 53% power to detect
the same association. However, in the combined analyses, we
had a well-powered sample size of over 5,000 patients.

Fig. 1 ORs and p values for rs10811661 and subtypes of diabetic nephropathy in each cohort
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As well as false-negative results, the occurrence of false
positives (type I errors) in genetic association studies can be
problematic and lead to spurious findings that are conse-
quently difficult to reproduce in other cohorts. For example,
multiple testing can increase the risk of false-positive find-
ings [16]. To minimise false positives arising from multiple
hypotheses testing, we used a robust Bonferroni correction
in which we corrected for not only the number of SNPs
included, but also the phenotypes tested. There are also
other potential causes, such as ethnic admixture, of false
positives in genetic association studies. However, all
patients in the discovery cohort as well as in the replication
cohorts were of northern European descent.

The SNP rs10811661 is located on chromosome 9p21, a
hotspot region for genome-wide association studies, that has
been associated with a broad range of age-related diseases
besides type 2 diabetes, such as coronary artery disease [17],
myocardial infarction [18], abdominal aortic aneurysm [19]
and various forms of cancer, for example melanoma [20],
glioma [21, 22] and breast cancer [23]. Although associated
with diseases of similar pathogenesis, these associations
have almost without exception been independent of each
other. For example, the SNP rs10811661 that predisposes to
type 2 diabetes mellitus does not seem to affect susceptibil-
ity to cardiovascular disease, whereas SNPs that predispose
to cardiovascular disease have no impact on susceptibility to
type 2 diabetes [24, 25]. In concordance with earlier studies,
we did not observe any association between rs10811661 and
cardiovascular disease. Interestingly, a recent study tested
SNPs known to predispose to cardiovascular disease in this
region for their association with diabetic nephropathy, but
observed no such association [26].

Intriguingly, modest evidence for linkage to the 9p21
region has also been detected in a linkage analysis on non-
diabetic ESRD in African-American families [27]. This
linkage region includes rs10811661 but also other SNPs
that predispose to cardiovascular disease, cancer, etc. Un-
fortunately, no fine-mapping was performed, and therefore
we cannot be certain that the susceptibility to non-diabetic
ESRD in African-American families is mediated by this
particular SNP.

SNP rs10811661 is located over 100 kb downstream of
the closest genes CDKN2B and CDKN2A. Even closer,
approximately 13 kb away, is a long stretch of non-coding
DNA called ANRIL (also known as CDKN2B-AS1). It was
recently reported that ANRIL is involved in epigenetic si-
lencing of CDKN2A [28]. CDKN2A and CDKN2B encode
the cyclin-dependent kinase (CDK) inhibitors p16INK4a
and p15INK4b, respectively. Both p16INK4a and p15INK4b
are important regulators of the cell cycle by negatively
regulating CDK4 and CDK6, two promoters of cell pro-
liferation. Particularly, p16INK4a has been extensively
studied and shown to be important in cellular senescence

and ageing in various organs [29], including the kidney
[30]. The production of this protein increases not only
with age, but also with degree of glomerular disease [31],
and interestingly decreases in the BBDP rat, an autoim-
mune model of type 1 diabetes, after treatment with ACE
inhibitors [32]. Furthermore, kidneys from patients with
type 2 diabetic nephropathy show increased levels of
p16INK4a [33].

Although a family history of type 2 diabetes has been
linked to diabetic nephropathy in offspring with type 1
diabetes, none of the other SNPs predisposing to type 2
diabetes mellitus, apart from rs10811661, was significantly
associated with diabetic nephropathy in patients with type 1
diabetes mellitus in this study. The PPARG variant has
already been reported to predict ESRD and mortality in
patients with type 1 diabetes mellitus [34]. In our cross-
sectional study, however, the PPARG variant was not asso-
ciated with diabetic nephropathy.

One key strength of our study was the large cohort of
well-characterised individuals with type 1 diabetes that it
included. The presence of the phenotype was also robust
and well harmonised between the different cohorts, al-
though the distribution of the different stages of nephrop-
athy varied between them. This potential bias was,
however, partly addressed by analysing the different
stages of nephropathy separately. One could argue that
the choice to include microalbuminuria with the cases
with diabetic nephropathy added to the heterogeneity ob-
served in the study. It is true that only about 30% of
microalbuminuric patients with type 1 diabetes mellitus
develop macroalbuminuria within the following 10 years
[35, 36], but it is also true that those patients already at the
stage of microalbuminuria show signs of diabetic kidney
disease in their kidney biopsies [37]. Therefore, we decid-
ed to include them as cases in our analyses.

Another potential limitation is that we included only nine
of the nearly 40 SNPs that have to date been identified in
genome-wide association studies on type 2 diabetes. How-
ever, these nine SNPs were identified in the first wave of
genome-wide association studies on type 2 diabetes mellitus
in 2007, and may thus have a larger effect size than those
identified in later large-scale meta-analyses, which were
designed to identify SNPs of smaller effect size. Another
important reason why we included this set of SNPs was that
they were identified in genome-wide association studies
with northern European populations and were thus known
to work in these populations.

In conclusion, we find that a SNP known to influence
susceptibility to type 2 diabetes mellitus, located near the
CDKN2A/B genes, is associated with diabetic nephropathy
in patients of northern European descent with type 1 diabe-
tes. Additional studies are required to understand the role of
this locus in the pathogenesis of diabetic nephropathy and
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determine whether this finding is true also in other ethnic
cohorts.
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