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ABSTRACT

American Indians have a higher prevalence of albuminuria than the general population, likely resulting from
a combination of environmental and genetic risk factors. To localize gene regions influencing variation in
urinary albumin-to-creatinine ratio, we performed a linkage analysis and explored gene-by-diabetes, -hyper-
tension, and -obesity interactions in a large cohort of American Indian families. We recruited >3600
individuals from 13 American Indian tribes from three centers (Arizona, North and South Dakota, and
Oklahoma). We performed multipoint variance component linkage analysis in each center as well as in the
entire cohort after controlling for center effects. We used two modeling strategies: Model 1 incorporated
age, gender, and interaction terms; model 2 also controlled for diabetes, BP, body mass index, HDL, LDL,
triglycerides, and smoking status. We evaluated interactions with diabetes, hypertension, and obesity using
additive, interaction-specific linkage and stratified analyses. Loci suggestive for linkage to urinary albumin-
to-creatinine ratio included 1q, ép, 99, 18q, and 20p. Gene-by-diabetes interaction was present with a
quantitative trait locus specific to the diabetic stratum in the Dakotas isolated on 18921.2 to 21.3 using model
1 (logarithm of odds = 3.3). Gene-by-hypertension interaction was present with quantitative trait loci specific
to the hypertensive stratum in the Dakotas on 721.11 using model 1 (logarithm of odds = 3.4) and 10g25.1
using model 2 (logarithm of odds = 3.3). These loci replicate findings from multiple other genome scans of
kidney disease phenotypes with distinct populations and are worthy of further study.
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Albuminuria is a well-established risk factor for car- ~ factors for albuminuria, such as diabetes, hyper-

diovascular disease (CVD) and the development
and progression of chronic kidney disease.'-* For
every 0.4-mg/mmol increase in urinary albumin-
to-creatinine ratio (UACR), the risk for a major
cardiovascular event increases by 6%.> Individuals
who have diabetes without proteinuria have a neg-
ligible annual risk for developing chronic renal in-
sufficiency, whereas those with macroalbuminuria
have a risk of 2.3% per year.>

The prevalence of albuminuria in the Ameri-
can population is 12%.¢ American Indians are at
higher risk, with prevalence estimates in this
population ranging between 21 and 36%.7-° Risk
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tension, and obesity, are overrepresented in the
American Indian population.® Nonetheless, it is
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likely that genetic risk factors also contribute to the high
prevalence of albuminuria in this population. An increase in the
prevalence of albuminuria with increasing percentage of self-
identified American Indian heritage has been reported.®1°

The heritability for albuminuria ranges from approxi-
mately 0.17 to 0.20 in general populations,'"'2 0.20 in fam-
ilies with diabetes,'?> and 0.12 to 0.49 in families with hyper-
tension,'#!> depending on ethnicity. Genome-wide scans
for albuminuria have mostly yielded regions with suggestive
evidence for linkage. Evidence of linkage for UACR to 20q12
was isolated by one study of Mexican Americans (logarithm
of odds [LOD] = 3.5).!2 Suggestive evidence of linkage of
UACR to 18q22 has been replicated by four studies of dis-
tinct populations, three with diabetes and another with hy-
pertension.'¢-1° It has been suggested that the genes con-
trolling urinary albumin excretion are the same in relatives
both with and without diabetes.!? In individuals with dia-
betes, however, the degree of albuminuria is an order of
magnitude higher, suggesting gene—gene or gene—environ-
ment interaction.?’

The goal of this study was two-fold. First, we aimed to iso-
late chromosomal regions influencing the phenotypic varia-
tion in urinary albumin excretion in a large, diverse cohort of
American Indian families. Second, we aimed to identify evi-
dence for gene-by-diabetes, -hypertension, or -obesity interac-
tion on albuminuria.

RESULTS

A total of 3497 individuals were available for genetic analysis
(Arizona 1161; Dakotas 1153; Oklahoma 1183). Descriptive

Table 1. Descriptive statistics of phase IV SHFS participants (2001 through

characteristics of the entire Strong Heart Family Study (SHFS)
participants (n = 3665) are summarized in Table 1. The aver-
age age = SD of participants in each center was approximately
39 = 15,41 * 17,and 44 * 17 yr in Arizona, North and South
Dakota, and Oklahoma, respectively. Diabetes, hypertension,
and obesity were highly prevalent, especially in the Arizona
center. Kidney disease was common, with albuminuria (UACR
>30 ug/mg) present in approximately 19% and depressed
GFR (<60 ml/min per 1.73 m?) present in approximately 7%
of individuals in all centers (center-specific data not shown).
There was wide variation in albuminuria and estimated GFR
with means of 106 * 598 wg/mgand 99 * 27 ml/min per 1.73
m? in all centers, respectively. For the analyses of those not on
antihypertensive medications, 738 participants were excluded
from analysis and 486 of these had diabetes and/or proteinuria.

Genetic data were available for >59,000 relative pairs in the
full data set and >18,000, 22,000, and 18,000 relative pairs in
Arizona, the Dakotas, and Oklahoma, respectively. Using the
fully adjusted model, the heritability with standard error of
UACR was approximately 0.17 (SE 0.03), 0.24 (SE 0.06), 0.15
(SE 0.05), and 0.10 (SE 0.06) in the full sample, Arizona, the
Dakotas, and Oklahoma, respectively. Analyses yielding LOD
scores =1.8 (suggestive evidence for linkage) included 1q32.2,
6p12.2, 9q22.2, 18q21.2, and 20p11.21 (Table 2).2! After re-
moving individuals on antihypertensive medication, only the
regions on chromosomes 9 and 20 were not attenuated (data
not shown). Two additional loci were implicated: 2p16.2 at 76
cM in Arizona using both models (LOD = 2.6) and 8p23.2 at 3
cM in Oklahoma using model 1 (LOD = 2.1).

There was no evidence of additive interaction with obesity.
Additive interaction was demonstrated for diabetes and hyper-
tension. P values for differential genetic
effects (p, # 1) and differences in the
magnitude of the genetic effect are dis-

2003)
Al played for gene-by-diabetes in Table 3
" Arizona Dakotas ~ Oklahoma  and gene-by-hypertension in Table 4.
Characteristics Centers . . .
e aaemy = Rl {GIS Ak {0 S A Genotype-by-diabetes interaction—
Age (yr; mean [SD]) 007 3706 39(17) 44.(17) Spe,C‘lﬁc anfalyseli Y‘el,ded,a,qu;mgaive
Female gender (n [%)) 2197 (60) 76962  717(59)  711(s9)  traitiocusforalbuminurain the Dako-
UACR (mg/g; mean [SD]) 97 (574) 152(728)  76(508) 64 (439)  tas center on 18q21.2 to 21.3 at 78 cM
Estimated GFR (ml/min per 1.73 m? ~ 100(29) 112 (33) 96 (25) 93(24)  nearest marker D185474 (LOD = 3.3
mean [SD])? and 2.9 using models 1 and 2, respec-
Body mass index (kg/m?; mean [SD]) 32(8) 35(9) 30(7) 31(7) tively) with a 25-cM 1-LOD unit sup-
SBP (mmHg; mean [SD]) 123 (17) 121(17) 120 (16) 127 (17) port interval spanning the regions
DBP (mmHg; mean [SD]) 76 (11) 77 (12) 75(11) 77 (1) 18q21.1 to 18q21.32 (Figure 1). Other
LDL cholesterol (mg/dl; mean [SD]) 98 (29) 94 (26) (31) 100 (30) loci with suggestive evidence for gene-
HDL cholesterol (mg/dl; mean [SD]) 51 (15) 49 (14) (14) 53 (15) by—diabetes interaction on linkage to al-
LG (mgll/(;“f ”:an(o/[SD]) (sD) 186?1 2711)) 187(7) 232‘;) 176; E?O;)) 187; 2701)) buminuria are listed in Table 5. The
emoglobin A;. (%; mean A4 (2. 7 (2. .8 (1. 2 (2. RNNET o .
Hypertension (n [%)) 1153(31)  420(34)  285(23) 448 (37) gen;Lby dlai’setes quam‘tat,weltrag loc,uﬁ
Diabetes (n [%)) 83023 41033 172014  24g(en  (QTL) on 18q was not isolated wit
Smoking (n [%]) analyses stratified by diabetes status.
current 1230(34)  311(25)  518(42)  401(33)  Stratified analysis indicated the region
previous 885 (24) 303 (25) 284 (23) 298 (25) on 7q34 be specific to relative pairs with
never 132 (42) 606 (49) 416 (34) 510 (42) diabetes, with the diabetes stratum in all

#Calculated using simplified Modification of Diet in Renal Disease (MDRD) equation.
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centers having LOD scores of 3.8 and 2.8
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Table 2. LOD scores suggestive of linkage (LOD =1.8) using two modeling strategies for multipoint quantitative trait
linkage analyses of ranked UACR in phase IV participants of the SHFS (2001 through 2003)*

Center (Model®) Chromosome Location Chromc?somal Nearest 1-LOD Drop Support LOD
(cM) Region Marker Interval Score

All centers (model 1) 1 227 1932.2 D1S249 1931.3 to 141 2.0

Arizona (model 1) 2.5

All Centers (model 1) 6 75 6p12.2 D6S257 6p21.1 to 6915 1.8
Dakotas (models 1, 2) 9 96 9g22.2 D95283 9921.33 to 9g22.32 22,24

Dakotas (model 1) 18 71 18qg21.2 D185474 18912.2 to 18g21.32 1.8
Oklahoma (models 1, 2) 20 49 20p11.21 D20S195 20p12.1 to 20912 1.9,1.8

aLinkage significance criteria were as suggested by Rao and Gu.2!
PModel 1 was adjusted for age, gender, age?
cholesterol, TG, SBP, DBP, and smoking status.

Table 3. Genotype-by-diabetes interaction for UACR in phase IV participants of

the SHFS (2001 through 2003)

, and age—gender interactions. Model 2 was additionally adjusted for diabetes status, HDL cholesterol, LDL

with suggestive evidence for gene-by-
hypertension interaction on linkage to
albuminuria are listed in Table 6. Strati-

Genetic Correlation Genetic SD
Center Model (p?) among :I'hose With P p fied analyses demonstrated the locus on
with and without , , 7q21.11 (LOD = 3.7) and 10q25.1
Diabetes (P) Diabetes  Diabetes (LOD = 2.5) to be specific to relative
All centers 1 —0.02 (1.9 X 107%) 0.95 0.48 9.3x107%  pairs with hypertension. The loci on
2 0.07 (8.4 X 1079 0.92 0.43 55x107*  1936.21 to 36.22 and 16q23.3 using
Arizona 1 —0.06 (2.1 X 1077 0.84 0.62 0.12 model 1 in all centers also became signif-
2 0.12(7.6 X 10°) 081 0.59 0.12 icant using stratified analyses and was
Dakotas ! 0.43(0.02) 112 0.38 1.8 10:5 specific to relative pairs with hyperten-
2 0.27 (4.5 x 1079) 1.07 0.38 8.9 x 10°° . .
Oklahoma ] 037 (7.2 %109 0.04 0.48 1ox 103 Sion Wlth LOD scores of 3.2 and 3.1, re-
2 ~0.27 (0.02) 0.95 0.37 20x 10-¢ Spectively..
Table 4. Genotype-by-hypertension interaction for UACR in phase IV
participants of the SHFS (2001 through 2003) DISCUSSION
Genetic Correlation Genetic SD
(py) among Those - - Using interaction-specific linkage analy-
S it with and without With Without P sis, we isolated one locus with evidence
Hypertension (P)  Hypertension  Hypertension for gene-by-diabetes interaction on
All centers 1 0.52 (3.9 X 107%) 0.77 0.43 3.9 x 10-5 linkage to urinary albumin excretion on
2 0.51 (3.9 X 1073) 0.68 0.39 1.4 x 1073 18q21.2 to 21.3 and two loci with evi-
Arizona 1 0.61(0.04) 0.74 0.52 0.12 dence for gene-by-hypertension interac-
2 0.58 (0.07) 070 0.46 om tion on 7q21.11 to 7q31.32 and 10q23.1
Dakotas 1 0.44 (8.4 X 107%) 0.90 0.40 9.7 x10°"  to 25.1. In addition, stratified analyses
2 0.58(0.07) 0.71 0.37 0.05 implicated 7q21.3 and 7q34 to 36.2 to be
Oklahoma ! 0.56 (0.09) 071 0.38 0.03 linked to UACR in individuals with dia-
2 0.31(0.11) 0.64 0.32 0.06

using models 1 and 2, respectively. In addition, there was a
QTL on 7q21.3 in the relative pairs with diabetes of the Dako-
tas with LOD scores of 3.0 and 3.1, using models 1 and 2,
respectively.

Genotype-by-hypertension interaction—specific analyses
yielded a QTL for albuminuria in the Dakotas center on
7q21.11 at 91 cM nearest marker D75669 (LOD = 3.4 using
model 1) with a 19-cM 1-LOD unit support interval spanning
the regions 7q11.23 to 7q21.3. Evidence for gene-by-hyperten-
sion linkage to albuminuria was also isolated in the Dakotas on
10g25.1 at 127 ¢cM nearest marker D10S597 (LOD = 3.3 using
model 2) with a 16-cM 1-LOD unit support interval spanning
the regions 10g23.33 to 10q25.3 (Figure 2). Additional loci

J Am Soc Nephrol ee : —, 2009

betes and 1p36.21 to 36.22 and 16q23.3
to be linked to UACR in individuals with
hypertension. The majority of these loci, along with several loci
with suggestive evidence for linkage to UACR, replicate find-
ings from previous genome scans of human kidney disease
phenotypes (Table 7).

To our knowledge, this is the first genome scan to investi-
gate gene-by-hypertension and only the second to investigate
gene-by-diabetes interaction on albuminuria.'® Contrary to
our findings, Krolewski et al.'> did not find evidence of gene-
by-diabetes interaction, suggesting that the QTLs for urinary
albumin excretion were the same in individuals with and with-
out diabetes. Because their population was primarily white, it
may be that the interaction with diabetes in our population is
population specific. The prevalence of diabetes in our popula-

Linkage Analysis of Albuminuria 3
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Figure 1. Gene-by-diabetes cumulative multipoint LOD scores
for ranked estimated UACR on chromosome 18 in phase IV par-
ticipants of the SHFS (2001 through 2003).

tion was lower than that in the study by Krolewski et al. (23
versus 50%); therefore, the overrepresentation of diabetes in
their study may have masked the effect of interaction. In addi-
tion, the SHES is a much larger population (>59,000 versus
>5600 relative pairs) and hence had greater power to detect
such interaction.

It should be noted that linkage analyses are solely hy-
pothesis generating; however, replicability and the presence
of plausible candidate genes within a QTL are important
factors to consider. Four linkage studies have implicated
regions within the 1-LOD support interval of our peak on
10q25.28-3! The human homolog for the renal failure 1 gene
(Rf1) in the fawn-hooded rat animal model of ESRD has
been suggested as a potential candidate gene for this re-
gion.>* Fawn-hooded rats develop severe hypertension, pro-
teinuria, and rapid progression to chronic kidney disease,
although the functional role of this gene has yet to be eluci-
dated.

Located 4 cM from our peak on 10q25 lies the gene transcrip-
tion factor 7-like 2 (TCF7L2), a member of the canonical WNT
signaling pathway. Common polymorphisms within TCF7L2
have been associated with an increased risk for kidney disease in
three population-based studies,?> diabetes in multiple, ethnically
diverse populations*¢—40 as well as glucose control within individ-
uals with diabetes.*! WNT signaling is reduced under high glucose
conditions and in the kidney has been demonstrated to result in
apoptosis of mesangial cells.*> Our analysis isolated this locus with
the incorporation of gene-by-hypertension rather than diabetes
interaction; however, it is biologically plausible for TCF7L2 to
affect kidney function under conditions other than hyperglyce-
mia. The canonical WNT pathway has a multitude of effects, in-
cluding cell growth, proliferation, differentiation, and matura-
tion.*? It is crucial to tubular formation in nephrogenesis,** and

4 Journal of the American Society of Nephrology

several components have been shown to be upregulated in renal
injury*> and proteinuric nephropathies.*

Our locus on 7q has been isolated by three other genome
scans.'>!%19 The paraoxonase gene cluster (PONI through 3)
lies on 7q21.3. Paraoxonase is an HDL-associated enzyme that
decreases oxidation of lipids and is a plausible candidate gene
influencing the progression of kidney disease. Serum paraoxo-
nase levels have been associated with diabetes and its compli-
cations.*” Several polymorphisms within PON1 and PON2
have been associated with gene expression and proteinuria in
populations with diabetes.*84° Another plausible candidate
gene in this region is plasminogen activator inhibitor 1 (SER-
PINETI), which has also been cited as a potential mediator of
diabetic nephropathy and glomerulosclerosis.>®

No obvious candidate genes lie within our locus on 18q21.2 to
21.3; however, proximal to this location is the carnosinase 1
(CNDP1I) gene located on 18q22.3 to 23, a region isolated by sev-
eral other genome scans of diabetic nephropathy.'®-1° The short-
est form of a leucine trinucleotide repeat in CNDP1 (Mannheim
variant) has been associated with decreased carnosinase levels>!
and risk for diabetic kidney disease in two separate popula-
tions.>"-52 Additional evidence for linkage of kidney disease to the
region on 18q comes from the Framingham Heart Study, which
found a genome-wide association between cystatin C and the sin-
gle-nucleotide polymorphism rs563754 on 18q22.1.5

There are several caveats to our findings. The Strong Heart
Study (SHS) is a general population, and, hence, a diversity of
kidney diseases is represented. This would likely bias our re-
sults toward the null, however. In addition, it has been sug-
gested that predisposition to albuminuria is genetically based,
and inciting environmental factors, such as diabetes, simply
shift the albumin excretion curve to the right.'?

It is possible that our results are confounded by population
stratification. Because percentage of American Indian ancestry
was self-reported in the SHS and the reliability of such informa-
tion is unknown, we chose not to use these data. Moreover, al-
though population stratification may be a concern in linkage
studies, the extent of this problem has not been officially interro-
gated and it is likely much smaller than what is observed in asso-
ciation studies, because we are following the co-segregation of
disease susceptibility loci and genetic markers in families.

We did not possess information regarding treatment with
specific antiproteinuric medications such as angiotensin-con-
verting enzyme inhibitors (ACEIs) or angiotensin receptor
blockers. We attempted to address this issue by repeating our
analysis after excluding those on antihypertensive medications
and obtained only minor differences. This indirect method is
admittedly flawed; however, others possessing information re-
garding ACE inhibition have found it did not contribute sig-
nificantly to the model and excluded it from adjustment in
their linkage analyses.'3

We used a spot urine sample to calculate UACR, which has
the potential to induce misclassification as opposed to a 24-h
urine sample; however, a 24-h urine sample is limited by its
completeness, and spot urine samples have been accepted as

J Am Soc Nephrol ee : —, 2009
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Table 5. LOD scores suggestive of linkage (LOD =1.8) using two modeling strategies for gene-by-diabetes interaction—
specific multipoint quantitative trait linkage analyses of ranked UACR in phase IV participants of the SHFS (2001 through

2003)*

Center (Model®) Chromosome Location Chromc?somal Nearest Marker 1-LOD Drop LoD

(cM) Region Support Interval Score

All centers (model 2) 1 155 19211 D1S498 151 to 166 1.8
Dakotas (model 1) 2 153 2923.3 D2S151 144 to 172 1.9
All centers (model 2) 3 46 to 62 3p22.2to 3p24.3  D3S1277, D3S3659 34to 71 2.6
Dakotas (model 2) 2.0
Dakotas (model 2) 183 3q26.31 D3S1565 167 to 192 1.8
All centers (model 1) 6 86 6913 D65460 62 to 104 2.3
Oklahoma (model 1) 2.9
Dakotas (models 1, 2) 7 108 7921.3 D7S515 88 to 124 2.4,2.3
All centers (models 1, 2) 151 to 168 7934 to 7936.2  D7S661, D7S798 144 t0 172 27,20
Arizona (model 1) 2.0
Dakotas (model 1) 2.0
Dakotas (models 1, 2) 9 99 9922.31 D9S283 89 to 108 22,26
Dakotas (model 1) 12 131 12q24.22 D12S86 119 to 138 2.1
Dakotas (models 1, 2) 14 50 14921.3 D14S276 46 to 85 27,19
All centers (model 1) 18 78 18921.2t0 21.3 D185S474 69 to 94 2.2
Dakotas (models 1, 2) 33,29
Dakotas (model 1) 19 58 19913.11 D19S414 24 to 89 1.9
Oklahoma (models 1, 2) 20 49 20p11.21 D20S195 39 to 62 21,27

2Linkage significance criteria were as suggested by Rao and Gu.2!

PModel 1 was adjusted for age, gender, age?, and age—gender interactions. Model 2 was additionally adjusted for diabetes status, HDL cholesterol, LDL

cholesterol, TG, SBP, DBP, and smoking status.

adequate measures of albuminuria.>* We had single time point
estimates for BP, lipids, and glycosylated hemoglobin that may
not have reliably captured the severity of these comorbid phys-
iologic states. It is likely, however, that this possibility is offset
by the large size of the SHS population. We also did not have
reliable information regarding duration of diabetes, which is
often difficult to assess but has the potential to alter the mag-
nitude and/or precision of our results.

It is difficult to gauge the LOD score evidence reported
herein in the face of the large number of comparisons made in
conducting genome scans stratifying by possible effect modi-
fiers. In total, we conducted 14 genome scans for each center
(six for diabetes interaction, six for hypertension interaction,
and two for albuminuria models 1 and 2) using a Bonferroni
correction of P = 0.05/14 * 380 markers = 0.0000094 that was
too conservative. Clearly, none of our results would reach this
statistical significance threshold; however, given the correla-
tion and nonindependence of these multiple genome scans of
albuminuria, a systematic correction would be extremely dif-
ficult. We also recognize that reporting false-positive results is
both undesirable and misleading and that concerns about
false-negative results (i.e., missing true signals) are at least as
important, as argued by several authors who have suggested
different ways to achieve a better “balance” between these two
types of error.?! It is imperative that we look to the internal and
external consistency of the study findings to inform our overall
interpretation.

In summary, we isolated on 7q, 10q, and 18q several loci
that have significant linkage to UACR and also have plausible
candidate genes.?! Our findings are strengthened by the large

J Am Soc Nephrol ee : —, 2009

size of the SHS population with >59,000 relative pairs. In ad-
dition, the robustness of our results is evidenced by the fact that
all loci are replications from genome scans of other popula-
tions with kidney disease; therefore, although the SHS popu-
lation is American Indian, results are likely to be generalizable
to other populations as well. We investigated interaction for
three comorbid conditions that have a high likelihood of influ-
encing linkage to proteinuria: Diabetes, hypertension, and
obesity. Such interaction is critical to the isolation of genetic
loci linked to common, complex traits such as albuminuria, as
evidenced by our analysis. Further exploration of the candidate
genes underlying the regions implicated in our study is war-
ranted.

CONCISE METHODS

Study Population
The SHS began in 1988 to investigate CVD and its risk factors in a geo-

graphically diverse group of resident American Indian tribal members at
three study centers in Arizona, Oklahoma, and North and South Dakota.
The SHFS, a component of the SHS, was initiated in 1996 with the goal of
localizing genes that influence CVD and its risk factors. The data utilized
for the current analysis were gathered during phase IV of the SHFS, which
occurred between 2001 and 2003. More than 3600 men and women aged
14 to 93 were recruited from >90 extended families originating from 13
separate American Indian tribes. All protocols were approved by the In-
dian Health Service institutional review board, by the institutional review
boards of the participating institutions, and by the 13 American Indian
tribes participating in these studies.

Linkage Analysis of Albuminuria 5
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Figure 2. Gene-by-hypertension cumulative multipoint LOD
scores for ranked estimated UACR on chromosomes 7 and 10 in
phase IV participants of the SHFS (2001 through 2003).

Phenotypes
Detailed descriptions of the SHS and SHFS design and laboratory proto-

cols have been published previously.>>5¢ BP and body morphometrics
were measured during the physical examination. After 5 min of rest,
upper arm seated BP was measured three times by a trained technician
using a mercury column sphygmomanometer (WA Baum Co New York,
NY) and size-adjusted cuffs. The first and fifth Korotkoff sounds were
recorded. The average of the last two measures was used for all analyses.
Hypertension was defined by a systolic BP (SBP) =140 mmHg or dia-
stolic BP (DBP) =90 mmHg or use of antihypertensive drugs.>” Body
mass index was calculated as weight (kg)/height (m?), and obesity was
defined asabody mass index =30 kg/m?. Type 2 diabetes was determined
according to the American Diabetes Association criteria.>

Fasting blood samples were assayed at MedStar Research Institute
(Washington, DC) using standard laboratory methods as described
previously.>® Triglycerides (TG), total cholesterol, and HDL choles-
terol were measured using enzymatic reagents and the Hitachi 717
(Roche Diagnostics, Indianapolis, IN). LDL cholesterol was derived
using the Friedewald equation; it was directly measured in individuals

6 Journal of the American Society of Nephrology

with TG values of >400 mg/dl.>> Urine albumin content was mea-
sured by a sensitive, nephelometric technique.® Urine creatinine was
measured by the picric acid method.®! Information regarding smok-
ing status was obtained during a personal interview and was defined as
having smoked at least 100 cigarettes.

Genotypes
The SHEFS genotyping procedures have been described previously.®?

In brief, DNA was isolated from fasting blood samples using organic
solvents and then amplified in separate PCRs with primers specific for
short tandem repeat markers using the ABI PRISM Linkage Mapping
Set-MD10 2.5 (Applied Biosystems, Foster City, CA). PCR products
were loaded into an ABI PRISM 377 DNA sequencer for laser-based
automated genotyping. Analyses and assignment of the marker alleles
were done using computerized algorithms (Applied Biosystems). The
400 short tandem repeats were chosen at 10-cM intervals, and average
heterozygosity was 0.69, 0.76, and 0.74 in Arizona, North and South
Dakota, and Oklahoma, respectively.

Genetic distances were obtained using gender-averaged chromo-
somal maps from the Marshfield Center for Medical Genetics (http://
research.marshfieldclinic.org/genetics) and are reported in Haldane
centiMorgans. Pedigree relationships were verified using the PREST
(pedigree relationship statistical tests) package, which uses likeli-
hood-based inference statistics for genome-wide identity-by-descent
(IBD) allele sharing.®> Mendelian inconsistencies and spurious dou-
ble recombinants were detected using the SimWalk2 package.®* The
overall blanking rate for both types of errors was <1% of the total
number of genotypes for Arizona, North and South Dakota, and
Oklahoma. The cytogenetic locations of markers were determined
using the Web resources of the University of California Santa Cruz
(http://genome/ucsc.edu) and the Marshfield Linkage maps (http://
research.marshfieldclinic.org/genetics/MarkerSearch/buildMap.asp).

Quantitative Genetic Analyses
UACR was rank-transformed to normalize the distribution and attain a

kurtosis of <1.0. SAS 9.1 (SAS Institute, Cary, NC) was used to calculate
the residual variability in UACR after covariate adjustment. To maximize
the power to detect genetic effects, we considered two different models of
covariate adjustment in each center and the full sample. In model 1,
adjustments were made for age, gender, and age” as well as age-by-gender
interactions. Model 2 incorporated these covariates as well as those sup-
ported by current literature as potential confounders: BMI, SBP, DBP,
TG, HDL cholesterol, LDL cholesterol, diabetes status, and smoking sta-
tus (current versus former versus never). TG levels were log-transformed,
and outliers from the distribution of SBP were set to 200 mmHg (win-
sorization) to maintain normal distributions. Some antihypertensive
medications, such as ACEIs and angiotensin receptor blockers, could
potentially confound or modify the genetic influence over UACR; there-
fore, we additionally ran models 1 and 2 excluding individuals on any
antihypertensive medication, because the specific medications used were
unknown. All models were stratified by center.

SOLAR 2.1.2 (Southwest Foundation for Biomedical Research, San
Antonio, TX) was used to perform multipoint variance component link-
age analysis of the residuals. Details of this model have been described
previously.®>¢ The use of the variance component approach requires an
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Table 6. LOD scores suggestive of linkage (LOD =1.8) using two modeling strategies for gene-by-hypertension
interaction-specific multipoint quantitative trait linkage analyses of ranked UACR in phase IV participants of the SHFS

(2001 through 2003)*

Center (Model®) Chromosome Location Chrom?somal Nearest Marker 1-LOD Drop Lob
(cM) Region Support Interval Score
All centers (model 1) 1 35 1p36.21 to 36.22 D1S2697 27 to 44 2.8
All centers (models 1, 2) 221 1932.1 D1S249 212 to 234 29,20
Arizona (model 1) 2.9
Dakotas (model 2) 2 104 2p12 D2S2333 91to 110 2.5
Dakotas (model 1) 153 2923.3 D25151 140 to 163 2.1
Oklahoma (model 2) 3 139 3g21.2 D3S1267 120 to 148 2.0
All centers (model 1) 4 187 4p15.31 D4S415 179 to end 1.9
All centers (model 1) 6 63 to 81 6p12.1 to 6p21.1 D6S257 51 to 91 2.5
Arizona (model 1) 2.1
Dakotas (models 1, 2) 1.9, 2.0
All centers (model 2) 7 91 to 127 7921.11 to 7931.32 D7S669, D75515 86 to 135 2.1
All centers (model 1) 2.8
Dakotas (models 1, 2) 34,27
Dakotas (model 2) 9 99 9922.31 D9S283 88 to 104 2.1
All centers (model 2) 10 103 to 127 10923.1 to 10925.1 D10S1686, D10S597 89 to 135 2.6
Dakotas (models 1, 2) 24,33
Arizona (model 1) 12 49 12p11.23 D12S345 38to 58 1.8
Dakotas (model 1) 133 12924.22 to 24.33 D125286 119 to 142 2.6
Dakotas (model 1) 14 52 149221 D14S276 45 to 63 1.8
All centers (model 1) 16 116 16923.3 D16S3091 109 to end 2.5
Dakotas (models 1, 2) 29,21
All centers (model 2) 18 74 18921.2 D18S474 59 to 99 1.9
Dakotas (model 1) 2.2
All centers (model 1) 20 36 to 49 20p11.21 to 20p12.1 D20S195, D20S112 27 to 60 1.8
Oklahoma (models 1, 2) 23,19

Linkage significance criteria were as suggested by Rao and Gu.2!

PModel 1 was adjusted for age, gender, age?, and age—gender interactions. Model 2 was additionally adjusted for diabetes status, HDL cholesterol, LDL

cholesterol, TG, SBP, DBP, and smoking status.

estimate of the IBD matrix. We used the Loki package, which uses a
Markov chain Monte Carlo stochastic procedure to compute the IBD
allele sharing at points throughout the genome conditional on the geno-
type information available at neighboring markers.¢”

Interaction Analyses
Genotype-by-diabetes, -hypertension, and -obesity interactions on

UACR were explored using a three-step strategy. We initially tested
for evidence of additive interaction by accounting for the genetic co-
variance differences according to diabetes, hypertension, or obesity
status in relative pairs. In these analyses, the likelihood of a model
including genotype-by-diabetes, -hypertension, or -obesity interac-
tion is compared with the likelihood of restricted models in which
such interactions are excluded. We tested for differential additive ge-
netic effects among diabetic versus nondiabetic, hypertensive versus
normotensive, or obese versus nonobese participants (genetic corre-
lation [p,] #1); for differences in the magnitude of the genetic effects
among diabetic versus nondiabetic, hypertensive versus normoten-
sive, and obese versus nonobese participants (genetic variance [o,] #
among two groups); and for differences in residual environmental
interaction with diabetes, hypertension, or obesity status (environ-
mental variance [o,.] # among two groups). Significant interaction
was defined as P < 0.006, which accounts for multiple testing.
When additive interaction was present, we performed variance com-

J Am Soc Nephrol ee : —, 2009

ponent linkage analysis with a customized model to include diabetes-,
hypertension-, or obese-specific QTL effects. Interaction-specific linkage
analysis is underpowered; therefore, when additive interaction was sig-
nificant in at least one center, linkage analysis using the customized
model was performed in each center and all centers combined. The cus-
tomized variance component linkage model incorporates an additional
QTL variance component as compared with the standard linkage model.
Corrected LOD scores assume that the QTL variances of the two groups
(04.) are independent under the null, producing a test statistic distribu-
tion of Vax?,, Yox*,, V4 point mass at 0. This assumption may be overly
conservative. Last, we performed standard linkage analyses within each
stratified subset at the loci in which interaction was identified to deter-
mine in which stratum linkage was present.
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