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By virtue of its potential effects on rates of energy
expenditure, uncoupling protein 3 (U C P 3) is an obesity
candidate gene. We identified nine sequence variants in
U C P 3, including Val9Met, Val102lle, Arg282Cys, and a
splice site mutation in the intron between exons 6 and
7. The splice mutation results in an inability to syn-
thesize mRNA for the long isoform (UCP3L) of U C P 3.
Linkage (sib pair), association, and transmission dis-
equilibrium testing studies on 942 African-Americans
did not suggest a significant effect of U C P 3 on body
composition in this group. In vastus lateralis skeletal
muscle of individuals homozygous for the splice muta-
tion, no UCP3L mRNA was detectable; the short isoform
(UCP3S) was present in an increased amount. In this
muscle, we detected no alterations of in vitro mito-
chondrial coupling activity, mitochondrial respiratory
enzyme activity, or systemic oxygen consumption or

respiratory quotient at rest or during exercise. These
genetic and physiologic data suggest the following pos-
sibilities: UCP3S has uncoupling capabilities equiva-
lent to UCP3L; other UCPs may compensate for a defi-
ciency of bioactive UCP3L; UCP3L does not function pri-
marily as a mitochondrial uncoupling protein. D i a b e t e s
48:1890–1895, 1999

U
ncoupling protein (UCP) 3 (U C P 3, located at
chromosome 11q13) is a candidate gene for obe-
sity because of its possible role in uncoupling
mitochondrial respiration and its tissue-specific

expression in skeletal muscle, an important thermogenic tis-
sue (1–3). Using methods previously described (4), we iden-
t i fied nine DNA sequence variants in UCP3, including three
that result in alterations in highly conserved amino acids
( Val9Met, Val102Ile, and Arg282Cys), and a splice site muta-
tion in the first base pair of the intron between exons 6 and
7 (GgtÆGat) (Table 1 and Fig. 1). (Details on subject pheno-
types and sequencing primers can be found in Tables A1–A3
of the on-line appendix at www. d i a b e t e s . o r g / d i a b e t e s / a p p e n-
dix.asp.) The splice site mutation was detected only in
African-American subjects. Linkage (sib pair), association,
and transmission disequilibrium testing (TDT) studies 
performed on 942 African-Americans from Maywood, IL 
( Table 2) (5), did not support a significant role for UCP3 in the
determination of body composition of African-Americans.
Consistent with this inference, in two women homozygous for
the UCP3 exon 6Æ7 splice variant, we were unable to
demonstrate any significant anthropometric or in vivo/in
vitro metabolic phenotype associated with this mutation.

Unlike U C P 1 and U C P 2, U C P 3 exists in humans as short-
(U C P 3 S) and long- (U C P 3 L) form transcripts of approxi-
mately equal abundance (1,6). U C P 3 S transcripts are gener-
ated when a cleavage and polyadenylation signal (AATA A A )
located in intron 6 prematurely terminates message elonga-
tion (6). U C P 3 S is predicted to encode a protein that lacks the
last 37 COOH-terminal amino acid residues of U C P 3 L. While
the U C P 3 L-predicted protein is similar in length to UCP1
and UCP2, the truncated UCP3S protein is unique. Based on
homology with U C P 1 , UCP3L protein is expected to have six
transmembrane domains. The UCP3S protein, on the other
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hand, should be truncated four to eight residues into the
sixth transmembrane domain, and for this reason may be
unstable and/or dysfunctional due to the absence of COOH-
terminus regions possibly mediating guanine nucleotide and
fatty acid regulation (7).

In individuals heterozygous and homozygous, respectively,
for the splice site mutation between exons 6 and 7, decreased
or absent long isoform of UCP3 (UCP3L) was demonstrated
by RNAse protection assay of skeletal muscle (Fig. 2).
Because of the relatively high allele frequency of the Va l 9 M e t
and splice variations within the African-Americans in the ini-
tial screening study group (Table 1), we conducted associa-
tion, TDT, and sib-pair linkage analysis in a group of 942
African-Americans from Maywood, IL (Table 2) (5). Fur-
thermore, we physiologically characterized two African-
American females homozygous for the splice variant, and an
age/sex-matched African-American control homozygous for
the wild-type allele (Table 3).

There was no evidence for departure from Hardy-We i n b e r g
equilibrium in the African-American residents of Maywood,
IL, for either Val9Met (P = 0.730) or the exon 6 splice muta-
tion (P = 0.904). The anthropometric and metabolic parame-

ters shown in Table 2 were related to these sequence varia-
tions by association (8), TDT (9), and Haseman-Elston
regression linkage tests (10,11). No significant relationships
were demonstrable by any of these tests. (More information
on these tests can be found in Tables A4–A8 of an on-
line appendix at www. d i a b e t e s . o r g / d i a b e t e s / a p p e n d i x . a s p . )
Although lack of significance cannot rule out small effects,
these results should be interpreted in conjunction with the
physiological data that give further evidence of non-effects.

Resting metabolic rate, respiratory quotient (RQ), meta-
bolic response to graded exercise, and skeletal muscle oxida-
tive enzyme and mitochondrial coupling phenotypes were nor-
mal in the two UCP3 (–/–) exon 6 splice variant subjects, who,
as expected, had no UCP3L message in skeletal muscle by
RNAse protection assay. UCP3S mRNA was increased in the
–/– subjects, possibly providing compensation for the absent
UCP3L (Table 3). Additionally, in five –/– individuals in May-
wood, IL, there was no apparent effect on fat mass, BMI,
fasting blood glucose, or RQ (one subject only for RQ).

As indicated, UCP3S protein may be unstable and/or dys-
functional. The former might result in underactivation, the
latter in lack of suppressability (overactivity) (12). In addi-

TABLE 1
Summary of UCP3 sequence variants

A f r i c a n -

Amino acid A m e r i c a n A s i a n C a u c a s i a n H i s p a n i c Method of

E x o n N u c l e o t i d e c h a n g e L e a n O b e s e L e a n O b e s e L e a n O b e s e L e a n O b e s e O v e r a l l original detection 

2 25 G→A Va l 9 M e t 0 / 2 0 3 / 1 6 0 / 2 0 0 / 2 1 / 1 5 8 2 / 1 7 2 0 / 3 0 0 / 2 4 6 / 4 4 2 Direct sequence

3 288 C→T N o n e 0 / 1 0 0 / 1 6 0 / 1 0 0 / 2 0 / 5 4 0 / 8 8 0 / 1 2 1 / 1 6 1 / 2 0 8 Direct sequence and SSCA

3 297 T→C N o n e 5 / 1 2 1 2 / 2 0 1 0 / 1 0 2 / 2 4 0 / 5 4 6 8 / 8 6 8 / 1 2 1 0 / 1 6 1 5 5 / 2 1 2 Direct sequence and SSCA

3 304 G→A Va l 1 0 2 I l e 4 / 2 2 5 / 1 8 0 / 2 8 0 / 2 1 / 1 8 8 0 / 2 3 4 0 / 3 0 1 / 2 4 1 1 / 5 4 6 Direct sequence and SSCA

5 630 C→T N o n e 1 0 / 1 2 1 4 / 1 6 2 / 1 0 1 / 2 3 6 / 6 2 4 7 / 8 6 1 0 / 1 2 1 2 / 1 6 1 3 2 / 2 1 6 Direct sequence and SSCA

5 36 bp 59 of 59 N o n e 0 / 4 1 / 6 0 / 2 — 1 / 6 3 / 2 8 — 0 / 2 5 / 4 8 Direct sequence and SSCA

splice site C→T

6 732 G→C N o n e 0 / 2 4 0 / 7 2 0 / 2 6 0 / 2 0 / 1 9 6 1 / 2 6 0 0 / 3 2 0 / 2 4 1 / 6 3 6 HPLC system

6 First bp of intron Destroys 0 / 2 4 8 / 7 2 0 / 2 6 0 / 2 0 / 1 9 6 0 / 2 5 6 0 / 3 2 0 / 2 4 8 / 6 3 2 Direct sequence and SSCA

39 of exon G→A splice site

7 844 C→T A r g 2 8 2 C y s 0 / 1 6 0 / 1 2 1 / 2 2 0 / 2 3 / 1 7 0 3 / 1 6 8 1 / 2 8 0 / 2 2 8 / 4 4 0 Direct sequence

DNA sequence variants (number per total chromosomes analyzed) listed by exon, DNA, and amino acid variant. Nucleotides are num-
bered relative to Met start as 1 (GenBank accession number U84763). Resulting amino acid changes, if any, are indicated. Va r i a n t
allele frequencies in African-American, Asian, Caucasian, and Hispanic lean and obese subjects are shown. Lean subjects are
defined as having BMI <28.0 kg/m2 and obese subjects as having BMI >28.0 kg/m2. HPLC, high-performance liquid chromatography;
SSCA, single-strand conformation analysis.

FIG. 1. Summary of sequence variants of UCP3. The genomic structure of UCP3 is shown with the locations of DNA sequence variants resulting

in 1) amino acid variations, 2) loss of a splice donor site, and 3) silent exonic and intronic DNA variants that do not result in amino acid changes.

Amino acid changes resulting for nucleotide substitutions are listed below the nucleotide change. Arrows indicate the number of base pairs from

the splice site at which the nucleotide substitution occurs. Nucleotide numbering is relative to Met start as 1 (GenBank accession number U84763).
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tion, the absent sixth transmembrane domain may be
required for directing UCPs to the inner mitochondrial
membrane (13). With any of these effects, one would expect
a significant difference in skeletal muscle oxidative activity
in subjects producing only UCP3S and no UCP3L if this
protein, in fact, functions as an uncoupling protein. The
fact that no change in mitochondrial coupling activity was
detected in such an individual and the lack of significant dif-
ferences in the skeletal muscle enzymes of oxidative phos-
phorylation or in systemic oxygen consumption at rest and
during exercise suggest several possibilities: 1) UCP3S has
uncoupling capacity equivalent to UCP3L; 2) other UCPs
may compensate for deficiency of bioactive UCP3 (as
noted, UCP3S mRNA was increased in the muscle of sub-
jects homozygous for the splice mutation); or 3) UCP3L
does not function primarily as a mitochondrial uncoupling
protein. The lack of statistical linkage of the splice site and
Val9Met sequence variants to aspects of body composition
suggests that UCP3L or UCP3S may not function in vivo as
mitochondrial uncoupling proteins. Against the biological
importance of UCP3S is the relative paucity of this mRNA
isoform in mice and rats (14).

A recent article by Argyropoulos et al. (15) reporting a
study in Gullah-speaking African-Americans and the Mende
tribe of Sierra Leone also finds the Val102Ile mutation in exon
3, and the splice site mutation in exon 6. In addition, a single
chromosome with an Arg143Stop mutation was identified. No
instance of the Val9Met mutation that we found is reported.
These authors found the Val102Ile variant homozygous in 4%
and heterozygous in 28% of 280 African-Americans and a sim-
ilar proportion of individuals from Sierra Leone. No consistent
phenotypic effects of the Val102Ile allele on obesity/diabetes
phenotypes were found (consistent with our results; Table 1).
Three instances of homozygosity for the exon 6 splice muta-
tion were detected in the Mende Tribe of Sierra Leone (1%),
but no phenotypic information is given regarding these indi-
viduals. Heterozygosity for the exon 6 splice mutation was
associated with higher RQ (P = 0.016), and in the upper quar-
tile of BMI, the frequency of +/– genotypes for exon 6 splice
variant was two times that of +/+ genotypes (P = 0.04).

The higher RQ is suggested by Argyropoulos et al. (15) to
be a proximate obesity phenotype, which, by virtue of
decreased fat oxidation, predisposes to obesity. This is an
unlikely possibility because, although the “Garlid Model”
(16) proposes that UCP1 is an anion transporter that uses free
fatty acids (FFAs) to shuttle protons into the mitochondrial
matrix (cycling protonophore), these FFAs cannot be oxidized
because there is no mitochondrial enzyme capable of adding
the necessary CoA group to the FFA. Such FFA-CoA must be
formed in the cytoplasm and enter the mitochondria via the
carnitine carrier. Finally, as indicated, we found no evidence
of association with resting RQ in studies involving 41 men and
71 women, or during graded exercise, to either of the U C P 3

sequence variants that we analyzed. It is possible that some
of the differences between our results and those of Argy-
ropoulos et al. reflect differences in the populations that we
studied. Our detailed physiological studies were performed
in only a few subjects and should be repeated in larger
groups in individuals. It is also possible that UCPs might
indirectly affect the availability of fatty acids for oxidation.
Analysis of the phenotypes of mice with knockouts of U c p 3

should help to answer the questions raised by these two
studies of humans with mutations of UC P3 .

TABLE 2
Characteristics of African-American subjects from Maywood, IL, used in linkage and association studies

Va r i a b l e s M e n Wo m e n To t a l

A g e 37.7 ± 14.9 (362) 41.2 ± 16.1 (580) 39.8 ± 15.7 (942)
Arm circumference (cm) 31.6 ± 4.6 (356) 31.0 ± 5.7 (557) 31.2 ± 5.3 (913)
BMI (kg/m2) 26.8 ± 6.4 (362) 30.6 ± 7.9 (578) 29.2 ± 7.5 (940)
FFM (kg) 60.8 ± 9.3 (285) 46.3 ± 6.9 (468) 51.8 ± 10.6 (753)
FM (kg) 22.1 ± 12.4 (285) 34.7 ± 15.3  (468) 29.9 ± 15.5 (753)
FM adjusted for FFM 19.4 ± 10.9 (285) 36.4 ± 13.8 (468) 30.0 ± 15.2 (753)
Percent body fat mass 25.0 ± 8.6 (285) 40.9 ± 8.7 (468) 34.9 ± 11.6 (753)
Plasma glucose (mg/dl) 94.5 ± 36.2 (272) 99.1 ± 45.6 (449) 97.3 ± 42.3 (721)
Glucose adjusted for BMI 97.1 ± 35.6 (272) 97.1 ± 44.5 (447) 97.1 ± 41.3 (719)
Glucose adjusted for FM 98.3 ± 37.5 (240) 96.4 ± 45.6 (393) 97.1 ± 42.7 (633)
Plasma leptin (ng/ml) 7.8 ± 10.0 (341) 28.8 ± 21.4 (554) 20.8 ± 20.6 (895)
RMR (kcal/day) 1,720 ± 324 (47) 1,450 ± 216 (86) 1,545 ± 289 (133)
Adjusted RMR (kcal/day) 1,540 ± 178 (46) 1,544 ± 134 (86) 1,543 ± 150 (132)
R Q 0.85 ± 0.04 (47) 0.84 ± 0.04 (85) 0.84 ± 0.04 (132)

Data are means ± SD (n). FFM, fat-free mass; FM, fat mass; RMR, resting metabolic rate.

FIG. 2. Ribonuclease protection assays for UCP3 and UCP2 in skele-

tal muscle. This figure shows UCP3 ribonuclease protection assay of

skeletal muscle from two patients who are heterozygous for the UCP3

exon 6 splice variant and four wild-type control subjects. The splice

variant is predicted to result in production of only UCP3S from such

an allele, since the splice donor site is destroyed by the mutation. Het-

erozygous splice site mutation subjects both have a ratio of UCP3S:

UCP3L of 5.15:1, rather than the 0.093:1 ratio observed in subjects

without splice donor site alteration.
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RESEARCH DESIGN AND METHODS

Information on detection of sequence variants in U C P 3 can be found in Table 1 (4).
Details on mutation detection in U C P 3 by single-strand conformation polymor-
phism and direct sequencing can be found in Table A1 of the on-line appendix at
w w w.diabetes.org/diabetes/appendix.asp (4).
Genotyping of African-Americans. Polymerase chain reaction (PCR) was
performed using fluorescent-labeled sense primers, and the product of digestion
was analyzed by electrophoresis in an ABI 377 DNA sequencer using Genescan
202 and Genotyper programs. (Further details can be found in Tables A4 and A5
of the on-line appendix at www. d i a b e t e s . o r g / d i a b e t e s / a p p e n d i x . a s p . )
Ribonuclease protection assay for UCP3 and UCP2 in skeletal muscle. To t a l
RNA was obtained from muscle biopsy samples by guanidium thiocyanate-phe-
nol chloroform extraction. Partial human cDNA probes for UCP2 and U C P 3

were generated as previously described by reverse transcriptase–PCR using total
RNA from muscle (3,6). The PCR products were subcloned into PGMT easy TA
cloning vector (Promega, Madison, WI). A linearized template for the anti-sense
and sense probes were prepared using S p eI and N c oI. Anti-sense probe in the
RNAse protection assay (17), made as previously described (3,6), protects U C P 2

mRNA of 210 bp, a U C P 3 L mRNA of 293 bp, and a U C P 3 S mRNA of 193 bp. A 
75-bp cDNA corresponding to 18S ribosomal RNA (gift of M. Jakubowski, Beth
Israel-Deaconess Hospital, Boston, MA) was used as an internal control (17). RNA
transcripts for U C P 2, U C P 3, and 18S were quantified by solution hybridization
RNAse protection and phosphorimager analysis (3,6). Protected bands were

visualized by autoradiographs and quantified by phosphorimager analysis (Image-
Quant software; Molecular Dynamics, Sunnyvale, CA). U P C 2 is expressed in
arbitrary phosphorimager units, UPC3 in atomoles (Table 3).
Indirect calorimetry, bicycle ergometry, and body composition ( C o l u m b i a

University). Resting energy expenditure (REE) was measured by indirect
calorimetry performed in the Clinical Research Center at Columbia Presbyterian
Medical Center with a Delta Trac II MBM-200 Metabolic Monitor (Sensor Medics,
Yorba Linda, CA) fitted with a ventilated hood. Body composition was measured
by dual plateau beam absorptiometry. Oxygen consumption (metabolic efficiency)
during exercise was assessed by an incremental exercise efficiency test on an elec-
tronically braked bicycle ergometer (Ergo-metrics 800S; Ergoline, Frankfurt, Ger-
many), on which the work rate was increased by 25 W every 4 min until 16 min of
exercise (range 0–75 W) were completed. Subjects were encouraged to pedal at
a cadence of 50–60 rpm during the test. Expired gas analysis was performed con-
tinuously during the test with a commercially available Sensormedic 2900 meta-
bolic cart (Yorba Linda, CA) in the mixing chamber mode. Results are expressed
as on minute averages during the final minutes of each workload (Table 3). Body
composition was determined as previously described (Table 3) (18).

Quantitation of skeletal muscle enzymes and mitochondrial coupling

(Columbia University) 

Quantitation of skeletal muscle enzymes. Biochemical analysis of respira-
tory chain enzyme activities and citrate synthase in skeletal muscle homogenate

TABLE 3
Phenotypes of African-Americans with exon 6 splice site mutation

Subject 1 Subject 2 Subject 3

Age (years) 4 0 4 0 4 1
U C P 3 splice site genotype – / – – / – + / +
S e x F F F
Ethnic group A f r i c a n - A m e r i c a n A f r i c a n - A m e r i c a n A f r i c a n - A m e r i c a n
D i a b e t e s Type 2 N o n e N o n e
Height (cm) 1 6 2 . 5 1 5 2 1 6 1
Weight (kg) 1 1 3 . 6 5 2 . 2 6 4
BMI (kg/m2) 4 3 . 0 2 2 . 4 2 4 . 6
FFM (kg) 6 7 . 1 3 6 . 6 4 6 . 1
FM (kg) 4 6 . 5 1 5 . 6 1 7 . 9
REE (kcal/day) 1 , 8 7 6 9 4 0 1 , 3 3 0
REE (kcal · m– 2 · day– 1) 8 7 2 6 3 8 7 9 4
REE (kcal · kg– 1 FFM · day– 1) (normal) 27.9 (29.5 ± 5.0) 25.7 (27.5 ± 5.0) 28.2 (27.5 ± 5.0)
R Q 0 . 7 2 1 . 0 9 * 0 . 8 2
Exercise (VO2 l– 1 · min– 1 · kg– 1 FFM and RQ) (VO2/ R Q )

0 W 9 . 6 0 / 0 . 7 7 9 . 2 4 / 0 . 8 0 1 1 . 6 / 0 . 9 8 *
25 W 1 2 . 3 5 / 0 . 8 2 1 3 . 6 / 0 . 8 2 1 3 . 9 / 0 . 8 4
50 W 1 6 . 3 / 0 . 8 9 2 0 . 8 / 0 . 8 7 1 9 . 0 / 0 . 8 5
75 W Unable to do/— 2 9 . 5 / 0 . 9 7 2 6 . 2 / 0 . 9 8

Cyctochrome c oxidase (IV) (control ± SD) 6.235 (6.44 ± 0.44) 2.861 (2.915) 3.878 (2.915)
Succinate cytochrome C reductase (II+III) (control) 0.531 (0.701 ± 0.228) 0.435 (0.491) 0.505 (0.491)
NADH-cytochrome reductase (I+III) (control) 0.880 (1.020 ± 0.377) 1.703 (0.715) 0.52 (0.715)
NADH dehydrogenase (I) (control) 24.26 (35.48 ± 7.07) 20.14 (25.50) 23.33 (25.50)
Succinate dehydrogenase (II) (control) 1.132 (1.00 ± 0.526) 2.253 (1.513) 1.291 (1.513)
Normal coupling of mitochondria† Ye s Not done Not done
U C P 3 S mRNA (amol/µg RNA) 6 5 . 7 5 6 . 9 1 2 . 1
U C P 3 L mRNA (amol/µg RNA) 0 0 3 4 . 8
U C P 2 mRNA (phospho units/µg RNA ) 1 9 . 0 2 4 . 8 2 2 . 1

Units for enzymes are µmol · l– 1 · min– 1 · g– 1. Normal values refer to range over many control subjects. Control values for subjects 2
and 3 refer to a control sample of healthy frozen muscle run in the same assay. Two African-American women, homozygous for the
exon 6 splice variant (–/–) and an age-, sex-, and race-matched control underwent phenotypic measures of body composition, energy
expenditure, and skeletal muscle oxidative phosphorylation (see M E T H O D S). Subject 1 had early-onset obesity beginning at the age
of 5 years and had gastric stapling performed at age 36 years. Her medical conditions include adolescent-onset type 2 diabetes, sleep
apnea, dilated cardiomyopathy, and congestive heart failure and hypertension. Subjects 2 and 3 had never been overweight and had
no significant past medical history. Additionally, subject 2 is a monozygotic twin. Her co-twin was phenotypically normal by both
BMI and body fat measurements, but was unavailable for further study. The three subjects were studied in the postabsorptive state.
Vastus lateralis muscle was obtained by Bergstrom needle biopsy (subjects 2 and 3) (3) or by open surgical biopsy (subject 1). Mus-
cle fragments from subjects 2 and 3 were immediately frozen in liquid nitrogen and held at –80oC until being processed for RNA.
Muscle tissue from subject 1 was studied fresh. *Subject was hyperventilating at 0 W. †Mitochondrial coupling was assayed as described
in M E T H O D S.
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was performed as described (19). In particular, cytochrome c oxidase was deter-
mined spectrophotometrically by decrease in absorbance at 550 µm of reduced
cytochrome c (20). Reduced cytochrome c was prepared fresh before each exper-
iment by adding a few grains of sodium hydrosulfide (dithionite) to a 1% solution
in 10 mmol/l K-phosphate buffer, pH 7.0.
Mitochondrial coupling. Mitochondria were isolated from 200 mg of freshly
obtained vastus lateralis muscle (21). Mitochondrial oxygen uptake was deter-
mined polarographically (22) with a Clark oxygen electrode at 30°C. Freshly iso-
lated mitochondria were added to respiratory buffer consisting of 10 mmol/l 
succinate, 0.3 mol/l mannitol, 0.2 mol/l EDTA, 5 mmol/l MgCl2 , 10 mmol/l KCl, 
1 mg/ml bovine serum albumin, and 10 mmol/l potassium phosphate (pH 7.4). ADP
was added to a final concentration of 0.2 mmol/l, followed by addition of the uncou-
pling agent, dinitrophenol (carbonyl cyanide p-(tri-fluoromethoxy) phenyl hydra-
zone [FCCP]), to a final concentration of 10 µmol/l (Table 3, subject 1).
Indirect calorimetry and body composition (Maywood, IL). Blood was
drawn for determination of leptin (23) and blood glucose. The number of hours
postprandial was not consistent for all participants, i.e., not all bloods were fast-
ing samples. Blood was drawn into EDTA-containing vacutainers, and plasma was
separated and stored at –80°C. Plasma glucose was assessed in duplicate using
the glucose oxidase method (YSI 2300 Glucometer; YSI Yellow Springs, OH).
A n t h r o p o m e t r y, body composition, and calorimetry were performed as previously
described (24,25). (Further details can be found in Tables A4 and A5 of the on-line
appendix at www. d i a b e t e s . o r g / d i a b e t e s / a p p e n d i x . a s p . ) .
Association, TDT, and Haseman-Elston regression linkage testing. For
each type of analysis, we conducted univariate tests for each variable and for
each polymorphism (exons 2 and 6), and followed these with multivariate ana-
logues of the univariate tests, where possible. In the classical association test,
only association was tested by regressing the respective phenotype on the
number of alleles of the rarer type (0, 1, or 2) for the polymorphisms under con-
sideration, and the number of alleles was squared to allow for dominance
effects while controlling for sex and age, (age)2, and (age)3. When necessary, data
were transformed to achieve approximate normality and homoscedasticity via
a Box-Cox-type transformation (26). Because ordinary least squares regres-
sion analysis requires that the residuals be independent, some strategy was
needed to deal with the presumably correlated residuals due to having related
individuals in the data set. Therefore, an association test proposed by George
and Elston (8), and applied and implemented in the ASSOC program of the SAGE
software (27), was used. There was a weakly significant association of blood glu-
cose concentrations with the exon 2 Val9Met polymorphism, such that indi-
viduals homozygous for the more common (Val9) allele had higher fasting glu-
cose concentrations. This result persisted after controlling for BMI. There was
also a marginally significant association (P = 0.052) for exon 2 Val9Met with BMI.
(Further details can be found in Tables A6–A8 of the on-line appendix at
www.diabetes.org/diabetes/appendix.asp.)

Two types of sibling-based TDTs were used (28). In these tests, only individ-
uals within sibships in which there are two or more siblings with different geno-
types are used. The first of these sib-TDTs is a mixed-model analysis of variance
( A N O VA) in which genotype is the fixed effect and sibship is the random effect.
Covariates were sex and polynomials of age.

For the sibling-based TDT, the polymorphism in exon 6 had marginally signi-
ficant linkages/associations with many of the variables relating to body com-
position, such that individuals inheriting the rarer (splice mutation) of the two
exon 6 alleles tended to be less obese (BMI P = 0.05, percent fat P = 0.015, fat
mass P = 0.013). There were no significant results with the Val9Met polymor-
phism in the TDT analysis. Nonsignificant results were also replicated by
another type of permutation-based sib-TDT (29). The results of Fisher combi-
nation in Table A7 (in on-line appendix) were obtained from the mixed model
ANOVA sib-TDT and parent-based TDT.

For linkage analyses, all phenotypes were residualized for sex and polynomi-
als of age, and the residuals were then transformed to approximate normality via
a Box-Cox transformation (26) using the Unicorn software (11). Subjects were
placed into sib-pair units, and the maximum likelihood estimate of the probabil-
ity of sharing 0, 1, and 2 alleles identical by descent (IBD) at each polymorphism
was calculated using Mapmaker Sibs software (30).

Using these IBD probabilities, a Haseman-Elston (10) test was conducted. All
sibling pairs were treated as independent. However, alternative versions of the
Haseman-Elston test that differentially weight dependent sibling pairs, or only use
one pair from each sibship, yielded virtually identical results. Allele frequencies
were calculated using the PedManager software, which estimates allele fre-
quencies based on the genotypes of the founders in the pedigree (31). Specific a l l y,
extended pedigrees were decomposed into nuclear families using the “nuclear fam-
ilies” option in the PedManager software. Only pedigrees consisting of more
than one sibling were included.

Several other tests of linkage were conducted but not reported here in detail.
In brief, a nonparametric analogue of the Haseman-Elston test using ranks of
squared intrapair differences (32,33) was conducted. Additionally, these tests

were conducted using the number of alleles (0, 1, or 2) IBD as the predictor vari-
able (rather than the estimated proportion of alleles IBD), and weighting by the
maximum likelihood estimates of the probability that the pair shared 0, 1, or 2 alle-
les IBD (33). We also used a modified version of a multivariate Haseman-Elston
test described elsewhere (29,34), and a new variance components version
described by Elston et al. ( 3 5 ) .

All results are based on Haseman-Elston regression of estimated IBD pro-
portion on intra-sibling-pair squared differences of phenotypes adjusted for age
and sex. Based on the Haseman-Elston test, none of the linkage results were sta-
tistically signific a n t .
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