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A Common Variant in P P P 1 R 3 Associated Wi t h
Insulin Resistance and Type 2 Diabetes
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Selected candidate genes have been analyzed in the
Pima Indians of Arizona based on evidence that insulin
resistance and type 2 diabetes have significant genetic
determinants. An amino acid substitution at codon 905
of the glycogen-targeting subunit of type 1 protein
phosphatase that regulates skeletal muscle glycogene-
sis was recently reported to be associated with changes
in insulin action in Danish subjects. In addition to the
variant at 905, we report here a novel substitution at
codon 883 and common variant of an “AT T TA” element
in the 3 -untranslated region (UTR) of the correspond-
ing gene (P P P 1 R 3). The 3 -UTR variant resembled the
mRNA-destabilizing AT(AU)-rich elements (AREs) and
resulted in a 10-fold difference in reporter mRNA half-
life, was correlated with P P P 1 R 3 transcript and protein
concentrations in vivo, and was associated with insulin
resistance and type 2 diabetes in the Pimas. The variant
is more common in Pimas (0.56) than in Caucasians
(0.40). Because of its apparent effect on expression of
P P P 1 R 3, it may, in part, contribute to the higher preva-
lence of type 2 diabetes in this Native American popu-
lation. D i a b e t e s 47:1519–1524, 1998

I
nsulin resistance (IR) is characterized by a reduced
ability of insulin to mediate the uptake and metabolism
of glucose by responsive tissues (1,2). IR is a risk fac-
tor for type 2 diabetes, and there is strong evidence that

compensatory hyperinsulinemia contributes to the patho-
genesis of hypertension and dyslipidemia, predisposing to ath-
erosclerosis, coronary heart disease, and stroke (3–6). Stud-
ies in various populations—including the Pima Indians of
Arizona, who have the world’s highest reported prevalence of
type 2 diabetes—demonstrate that type 2 diabetes and IR have

s i g n i ficant heritable components (7–10). To identify the pre-
disposing genes in the Pima Indians, we have analyzed
selected candidate genes that regulate glucose storage as
glycogen in skeletal muscle, because it is the main pathway
of insulin-mediated glucose disposal in vivo (11,12). Insulin-
resistant Pima Indians are characterized by decreased activ-
ity of skeletal muscle glycogen synthase as well as its regu-
latory enzyme, the glycogen-bound type 1 protein phos-
phatase (PP1G) (13–15). However, structural abnormalities
have not been found in the gene encoding glycogen synthase
(G Y S 1) (16) or the PP1 catalytic -subunit (P P P 1 C B) (17). An
amino acid polymorphism involving codon 905 (Asp905Ty r )
of the glycogen-targeting subunit (G-subunit) of type 1 pro-
tein phosphatase was recently described to be associated with
changes in insulin action in nondiabetic Danish Caucasians
(18,19). We have now investigated the corresponding gene
(P P P 1 R 3) in the Pima Indians.

RESEARCH DESIGN AND METHODS

S u b j e c t s . The participants were full-blooded Pima/Papago Indians of the Gila
River Indian Community in Arizona who have been participating in a longitudi-
nal study of the development of type 2 diabetes. A subset of nondiabetic subjects
was recruited for inpatient studies to determine their insulin action and secretion.
B r i e fly, these subjects were admitted to the clinical research center for 10–12 days
and fed a weight-maintaining diet (50% carbohydrates; 30% fat; 20% proteins). Three
or more days after admission, fasting plasma insulin and insulin-mediated glucose
uptake (IMGU) rates were determined in response to low-dose (plasma insulin
concentration 845 ± 10 pmol/l) and high-dose (plasma insulin concentration
12,210 ± 185 pmol/l) insulin by the two-step hyperinsulinemic-euglycemic clamp,
as described (20). Insulin secretory function was assessed by an intravenous
glucose tolerance test after an injection of 25 g glucose and in response to a 75-
g oral glucose tolerance test. All parameters were adjusted for age, sex, and per-
cent body fat determined by underwater weighing (20). For analysis, the person
with the lowest BMI was selected from each nuclear family. If a person was
examined more than once, data from his or her first visit was used. Characteris-
tics of the subjects are summarized in Table 1. All studies were approved by the
Institutional Review Board of the National Institute of Diabetes and Digestive and
Kidney Diseases and the Tribal Council of the Gila River Community, and each
individual signed an informed consent form.
Chromosomal localization of P P P 1 R 3. The position of P P P 1 R 3 was initially
determined by typing of somatic cell hybrids and subsequently refined by analy-
sis of the radiation hybrid mapping set RH G3. Clones 701A8, 742F8, and 772H4
containing P P P 1 R 3 as identified by polymerase chain reaction (PCR) screening
of the CEPH YAC human genomic library were used to determine its organization.
Transcript analysis. Transcript sizes and tissue distribution were determined
with a human Multiple Tissue Northern blot from Clontech (Palo Alto, CA)
hybridized with 3 2P-labeled probe spanning P P P 1 R 3 coding sequence amplifie d
by PCR from skeletal muscle cDNA. The alternatively spliced cDNA missing cen-
tral part of exon 1 was PCR-amplified and sequenced in skeletal muscle cDNA from
24 Pima Indians and 1 Caucasian. The 3 -RACE experiment was performed using
Marathon-Ready cDNA (Clontech) prepared from skeletal muscle poly-A+ R N A .
PCR products obtained by amplification with a P P P 1 R 3- s p e c i fic reverse primer
and the AP1 primer provided with the Marathon-Ready cDNA were cloned into
the pCR2.1 vector using the TA cloning kit from Invitrogen (Carlsbad, CA) for sub-
sequent sequencing.
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Genomic DNA analysis. Genomic DNA was prepared from white blood cells or
transformed lymphoblasts after signed informed consent was obtained from the par-
ticipants. Southern blot analysis was performed with E c oRI-digested genomic
DNA. Coding sequences, splicing sites, and the 5 - and 3 -untranslated regions
(UTRs) were screened for mutations in 30 nondiabetic Pima Indians by PCR, and
the products were sequenced with nested primers using the Dye terminator cycle
sequencing FS kit and the ABI automated sequencer model 373A from ABI Division
of Perkin Elmer (Foster City, CA). Primer information is available upon request.
Genotyping of polymorphisms at codon 883, 905, and ARE. The D d eI vari-
ant at codon 905 was genotyped on PCR products amplified with the forward
primer 5 - TA G G TAT T T G TA AT G TA C G T G TA - 3 and the reverse primer 5 -
G TA A C T G C AT T C T C TA C A G C A A - 3 . The ARE variant was genotyped using
primers 5 - C A G ATA A A A C AT G G A C A AT G G C - 3 and 5 - T T G A A ATAT T T G AT-
C A AT G A AT C C - 3 . The variant at codon 883 was genotyped using the mismatch-
PCR/RFLP assay (21). We designed a reverse primer that lies immediately adja-
cent to the variant site and incorporates a single base mismatch (indicated in lower
case “g” instead of “T”) at the second base preceding its 3 end (5 -
T T T C T T T G ATA AT T C T T G A A C C g G - 3 ). PCR was performed in combination with
a perfectly matched upstream forward primer (5 - TA G G TAT T T G TA AT G TA C G T-
G TA - 3 ) to produce a 254-bp fragment. In the presence of a “C” at the polymor-
phic site immediately adjacent to the 3 end of the mismatched primer, the PCR
product gained an artificial H a eIII restriction site (gGCC), whereas DNA ampli-
fied from an allele containing an “A” at this position (gGAC) remained uncleaved.
All polymorphisms were resolved by electrophoresis on a 4% agarose gel.
Analysis of RNA and protein from skeletal muscle biopsies. Collection of
skeletal muscle biopsies and preparation of RNA and protein extracts were
described previously (16). In Northern analysis, 20 mg total RNA was fractionated
by electrophoresis through a 1.2% formaldehyde-agarose gel, transferred to a
nitrocellulose membrane, and hybridized with radiolabeled cDNA probes. Oligo-
dT primed cDNA was synthesized from 2 µg of total RNA using the Superscript
cDNA Synthesis Kit from GIBCO BRL (Gaithersburg, MD). All primer combina-
tions for mRNA/cDNA quantification were designed to span at least one intron in
the gene to avoid co-amplification of genomic DNA that may contaminate RNA
p r e p a r a t i o n s . -Actin served as an internal control, as described (16). Differ-
ences in expression between transcripts containing ARE alleles 1 and 2 in het-
erozygotes were assessed by simultaneously comparing the relative allelic ratio
in genomic DNA and skeletal muscle cDNA from each individual. PCR was per-
formed using 3 2P-labeled forward primer (5 - C A G ATA A A A C AT G G A C A AT G G C - 3 )
and unlabeled reverse primer (5 - T T G A A ATAT T T G AT C A AT G A AT C C - 3 ), and
products were resolved on a 6% sequencing gel. After 24 cycles, aliquots were col-
lected every two to three subsequent cycles to determine when the amplific a t i o n
was in an exponential phase. G-Subunit protein was detected by Western blotting
using a polyclonal rabbit antibody (diluted 1:400) developed against a synthetic

peptide encompassing amino acids 391–407 from Research Genetics (Huntsville,
AL), followed by treatment with a secondary anti-rabbit Ig heavy chain antibody
(diluted 1:15,000) from Pierce (Rockford, IL). Variation in loading between lanes
was normalized by immunostaining of the blots with a mouse monoclonal anti-
body against human -actin (diluted 1:500) from Sigma (St. Louis, MO), followed
by a secondary anti-mouse antibody (diluted 1:15,000; Pierce). The blots were
stained with the SuperSignal chemiluminescent substrate (Pierce), and fil m s
were exposed for different time periods.
Analysis of reporter mRNA. The reporter constructs were created by insert-
ing a 860-bp fragment of P P P 1 R 3 3 -UTR encompassing ARE allele 1 or allele 2
between the stop codon and the first polyadenylation site of the rabbit - g l o b i n
gene in vector pNEOR GG C (22). The allelic fragments were PCR-amplified with
primers introducing an artificial X b aI site at both ends, and the products were lig-
ated into a unique X b aI site within the 3 -UTR of the -globin reporter gene. Con-
structs containing allele ARE 1 and ARE 2 in the forward (F) and reverse (R) ori-
entations designated pR3ARE1F, pR3ARE2F, pR3ARE1R, and pR3ARE2R, respec-
t i v e l y, were identified by PCR and verified by sequencing. NIH3T3 cells were
grown in Dulbecco’s modified eagle medium (GIBCO BRL) supplemented with 10%
fetal bovine serum, 50 U/ml penicillin G and 50 µg/ml streptomycin. Cells were
seeded at density 2 1 06 into 60 mm Petri dishes and incubated for 24 h, reach-
ing approximately 50% conflu e n c y. Transfections were performed using 4-µg plas-
mid DNA and CalPhos Maximizer Transfection Kit (Clontech), and poly-A+ R N A
was isolated with Oligotex Direct mRNA Kit from QIAGEN (Valencia, CA) after
24 and 48 h. To determine the half-life of the reporter RNA, cells were treated with
actinomycin D (5 µg/ml), and RNA was extracted at different time points over the
24-h period after transfection. Reporter transcripts were quantified by reverse tran-
scription (RT)-PCR using n e o mRNA/cDNA as an internal control.

All measurements of P P P 1 R 3 transcript, G-subunit protein, and reporter
mRNA were performed in triplicate. The coefficients of variation were 15, 11, and
6%, respectively.
Statistical analysis. Statistical comparison of quantitative traits were per-
formed using the general linear modeling program of the SAS Institute (Cary, NC).
In these analyses, genotype was treated as a class variable. Plasma insulin con-
centrations were log1 0 transformed before analysis to approximate a normal dis-
tribution. Repeated measures of analysis of variance and t tests were also per-
formed for quantitative comparisons of P P P 1 R 3 and reporter mRNA levels.

R E S U LT S

We have determined that P P P 1 R 3 is located on chromo-
some 7q31.1-q31.2 and consists of four exons (Fig. 1A) .
Northern blot hybridization revealed two transcripts (~5 kb
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TABLE 1
Association of P P P 1 R 3 polymorphisms with insulin action and diabetes

AT T TA A d j u s t e d 8 8 3 A d j u s t e d 9 0 5 A d j u s t e d

G e n o t y p e s 1 1 1 2 2 2 P P S e r / S e r S e r / A r g A r g / A r g P P Ty r / Ty r A s p / Ty r A s p / A s p P P

Insulin action

M / W 1 4 / 6 4 4 / 1 7 2 2 / 1 1 — — 6 / 1 3 5 / 1 5 3 8 / 1 9 — — 1 3 / 6 4 6 / 1 8 2 2 / 1 0 — —

Age (years) 29 ± 8 27 ± 6 27 ± 6 N S N S 30 ± 7 28 ± 6 27 ± 6 N S N S 28 ± 8 28 ± 6 27 ± 6 N S N S

Body fat (%) 30 ± 9 30 ± 9 31 ± 9 N S N S 30 ± 10 30 ± 9 30 ± 8 N S N S 30 ± 9 30 ± 8 31 ± 9 N S N S

L o g1 0f a s t i n g 1.4 ± 0.2 1.5 ± 0.2 1.5 ± 0.2 0 . 0 7 < 0 . 0 1 1.3 ± 0.2 1.5 ± 0.2 1.5 ± 0.2 0 . 0 5 < 0 . 0 1 1.4 ± 0.2 1.5 ± 0.2 1.5 ± 0.2 0 . 0 5 < 0 . 0 2

( p m o l / l )

IMGU to 3.46 ± 1.49 2.65 ± 0.99 2.60 ± 0.88 0 . 0 1 < 0 . 0 1 4.24 ± 1.74 2.64 ± 0.89 2.72 ± 1.05 < 0 . 0 1 < 0 . 0 1 3.43 ± 1.47 2.61 ± 0.93 2.69 ± 0.98 < 0 . 0 2 < 0 . 0 1

low-dose insulin

(mg/kg E M B S · min)

IMGU to 9.71 ± 2.14 8.20 ± 2.27 8.65 ± 2.11 < 0 . 0 4 0 . 0 1 11.01 ± 1.64 8.27 ± 2.24 8.52 ± 2.22 0 . 0 1 < 0 . 0 1 9.60 ± 2.40 8.19 ± 2.13 8.85 ± 2.21 < 0 . 0 4 < 0 . 0 3

high-dose insulin

(mg/kg E M B S · min)

D i a b e t e s

M / W 8 4 / 9 8 1 8 9 / 2 6 1 1 2 3 / 1 7 5 — — 2 9 / 4 0 1 7 0 / 2 1 2 1 9 7 / 2 8 2 — — 8 7 / 1 0 2 1 8 9 / 2 5 9 1 2 0 / 1 7 3 — —

Age (years) 44 ± 14 43 ± 14 46 ± 15 N S N S 45 ± 14 43 ± 15 45 ± 15 N S N S 44 ± 14 43 ± 14 46 ± 15 N S N S

BMI (kg/m2) 33.9 ± 8.4 34.1 ± 8.1 33.3 ± 7.7 N S N S 33.9 ± 8.7 34.1 ± 8.2 33.6 ± 7.8 N S N S 34.3 ± 8.5 33.9 ± 8.1 33.3 ± 7.7 N S N S

Prevalance (%) 5 6 6 4 6 9 < 0 . 0 2 < 0 . 0 4 5 7 6 0 6 8 < 0 . 0 2 < 0 . 0 5 5 6 6 4 6 9 < 0 . 0 1 < 0 . 0 4

The data (means ± SD) of fasting insulin and of low-dose and high-dose IMGU rates were analyzed by multiple regression analysis.
Differences in prevalence of type 2 diabetes with onset age <45 years in 930 people were analyzed by the 2 method. P = P v a l u e s
for statistical comparison of unadjusted parameters. Adjusted P = P values for comparison of parameters adjusted for sex, age, per-
cent body fat, or BMI. EMBS, estimated metabolic body size (33).



and ~7.5 kb) in human skeletal muscle and heart that differ
by the length of the 3 -UTR as detected by 3 -RACE. In skele-
tal muscle, the 5-kb transcript was about 2.5-fold more abun-
dant than the 7.5-kb transcript. We also found a shorter tran-
script missing 521 bp of the coding sequence between bases
179 and 699 of the published cDNA (23). The beginning and
end of the excluded segment are demarcated by the char-
acteristic splice donor (GT) and splice acceptor (AG) sites,
r e s p e c t i v e l y, and we conclude that the shorter mRNA is pro-
duced by alternative splicing. This form, representing 8–24%
of the full-length transcript, has a change in reading frame and
predicts a truncated protein consisting of 74 amino acids.
H o w e v e r, it is not yet known whether this shorter transcript
is translated.

Southern blot analysis of E c oRI-digested DNA from 52
nondiabetic Pimas did not show any major structural alter-
ations in PPP1R3, regardless of whether the subjects were
insulin sensitive or insulin resistant. Screening of the gene by
PCR and sequencing in 30 nondiabetic individuals revealed
two single-base substitutions within the last exon that predict
an aspartic acid–to–tyrosine variant at codon 905
( A s p 9 0 5 Tyr), as previously described in Caucasians (18), and
a novel arginine-to-serine variant at codon 883 (Arg883Ser).
Four single-base substitutions were identified in noncoding
regions, including one approximately 1.6 kb upstream from
the starting methionine codon, and three variants within a 600-
bp region downstream from the first polyadenylation signal
(Fig. 1A). There was also a 5-bp length polymorphism in 3 -
UTR affecting the distance between two AT T TA pentanu-
cleotides (alleles ARE1 and ARE2; Fig. 1B) that are the small-
est consensus motifs of mRNA-destabilizing AREs (24). All
polymorphisms were in linkage disequilibrium, and we have
genotyped the di-allelic variants at codons 883 and 905, as well
as ARE, in 930 Pima Indians. The frequencies of Ser883,
Tyr905, and ARE1 were 0.27, 0.44, and 0.44, respectively;
each was associated with a lower fasting plasma insulin,
higher IMGU in response to low-dose and high-dose insulin
infusions, and lower prevalence of type 2 diabetes than alle-
les Arg883, Asp905, and ARE2 (Table 1). The differences

remained statistically significant (<0.05) after adjusting for
sex, age, and BMI or percent body fat individually, as well as
for all covariates combined.

By analysis of DNA from 56 CEPH Caucasians, we found
that the ARE polymorphism was also common in this popu-
lation. However, the frequency of the ARE2 allele (0.4) was
s i g n i ficantly lower than in the Pimas (P < 0.001). Further-
more, codon 883 polymorphism was not observed in this
Caucasian sample.

In skeletal muscle biopsies from 20 nondiabetic Pima Indi-
ans, there was a sixfold interindividual variation of P P P 1 R 3

mRNA concentration that positively correlated with differ-
ences in G-subunit protein concentration (r = 0.73; P < 0.01;
Fig. 2A). Moreover, the mRNA and protein correlated posi-
tively with IMGU in response to high-dose insulin (r = 0.51,
P = 0.02; Fig. 2B and C). ARE motifs have been implicated in
posttranscriptional regulation of mRNA stability in some
genes (24); and the mean P P P 1 R 3 mRNA concentration in
skeletal muscle from nine ARE2/ARE2 homozygous individ-
uals was 44% lower compared with that from four
ARE1/ARE1 homozygotes (P = 0.01; Fig. 2D). The quantita-
tive differences between the ARE1- and ARE2-containing
P P P 1 R 3 mRNA were further confirmed in 12 ARE1/ARE2 het-
erozygotes in whom the ARE2-containing mRNA had an
approximately 20% lower concentration relative to the ARE1-
containing mRNA (P < 0.001; not shown).

To determine whether the P P P 1 R 3 mRNA differences
observed in skeletal muscle biopsies could be attributed to the
polymorphic 3 -UTR, we constructed plasmids in which 860
bp between the stop codon and the first polyadenylation site
of P P P 1 R 3 (encompassing ARE1 and ARE2 alleles, respec-
tively) were inserted in either orientation downstream of the
stop codon in the 3 -UTR of rabbit -globin reporter gene in
the vector pNEOR GGC (22) (Fig. 3A). The abundance of the
chimeric -globin transcript was measured 24 h and 48 h
after transfection, and no significant differences in - g l o b i n
mRNA levels were observed between cells transfected with
p N E O R GG C vector alone and those transfected with con-
structs containing the 860-bp PPP1R3 fragment in reverse ori-
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FIG. 1. Genomic structure of P P P 1 R 3. A: Coding sequences are shown as solid boxes, 5 - and 3 -UTR as open boxes, and introns as thin lines.

Two polyadenylation sites (each preceded by the characteristic AATAAA signal) are marked by (a), and ARE motifs in 3 -UTR by vertical tick

marks. All variants are indicated by arrows. The Arg883Ser and Asp905Tyr variants are determined by an AGG→AGT and GAC→TAC substi-

tution, respectively. The polymorphic ARE is indicated by b. B: Alignment of ARE allele 1 and 2 encompassing the third and fourth AT T TA ele-

ment (double underlined) in 3 -UTR. Due to a small rearrangement, the distance between both elements is 10 bp in allele 1 and 2 bp in allele

2. GenBank accession numbers: AF024576-AF024579.



entation (pR3ARE1R and pR3ARE2R; Fig. 3B). However, the
relative abundance of reporter mRNA encoded by constructs
containing the 860-bp fragment in forward orientation
(pR3ARE1F and pR3ARE2F) was approximately sevenfold
lower than that observed with pR3ARE1R, pR3ARE2R, and
p N E O R GG C alone. Furthermore, the reporter mRNA
encoded by pR3ARE2F was 20–40% lower than that observed
for pR3ARE1F 24 h and 48 h after transfection (P < 0.01; Fig.
3B). The decay rates of all transcripts were also measured dur-
ing a 24-h period after treatment with the transcription
inhibitor actinomycin D. No significant differences in - g l o-
bin mRNA were observed with pR3ARE1R, pR3ARE2R, and
p N E O R GG C, whereas a 47 and 84% decrease was observed
with pR3ARE1F and pR3ARE2F, respectively (P < 0.001; Fig.
3B). The estimated apparent half-life of the chimeric - g l o b i n
mRNA containing ARE2 was at least 10-fold shorter than
that observed for mRNA with ARE1 (~2 h vs. >24 h, respec-
tively; P < 0.001; Fig. 3C) .

D I S C U S S I O N

We have investigated P P P 1 R 3 as a functional candidate gene
that could contribute to IR and type 2 diabetes in the Pima Indi-
ans. We describe here several variants in this gene that are
associated with parameters of insulin action and with differ-
ences in diabetes prevalence. During the progress of this

s t u d y, we have completed a genome-wide linkage scan of
microsatellite markers in this population. Analysis of affected
sib-pairs revealed that the location of markers showing an evi-
dence for potential linkage with type 2 diabetes on chromo-
some 7 coincides with the genetic location of P P P 1 R 3 ( 2 5 , 2 6 ) .
The finding of linkage with diabetes in this region lends addi-
tional support to the hypothesis that variants in the P P P 1 R 3

gene contribute to the etiology of type 2 diabetes.
The associated polymorphisms we detected in P P P 1 R 3

include a potential mRNA destabilizing ARE motif in the 3 -
UTR. ARE motifs in 3 -UTR have been implicated in mRNA
degradation (22,24,27,28). The 7.5-kb transcript of P P P 1 R 3

contains 21 ARE motifs that may explain the ~2.5-fold lower
abundance in muscle compared with the 5-kb mRNA, which
has 5 motifs. In addition to their number, the relative spacing
of AREs and base composition of the surrounding sequences
play an important role in establishing their function as desta-
bilizing elements (24). For example, it has been demon-
strated that a transcript containing four clustered ATTTA
elements was rapidly degraded, whereas an analogous tran-
script with four scattered AREs was stable (29). The ARE
polymorphism of P P P 1 R 3 changes spacing between the
third and fourth motif and may affect mRNA stability. The half-
life of the natural P P P 1 R 3 mRNA has not been reported yet,
and we attempted to measure it in skeletal muscle–derived
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FIG. 2. P P P 1 R 3 mRNA and G-subunit protein levels in skeletal muscle. A: Correlation between levels of P P P 1 R 3 mRNA and G-subunit protein

(r = 0.73, P < 0.01). Correlation between P P P 1 R 3 mRNA (B) (r = 0.51, P = 0.02) or G-subunit protein (C) (r = 0.51, P = 0.02) and IMGU in

response to a high dose of insulin (15,744 ± 1,482 pmol/l) measured by the hyperinsulinemic-euglycemic clamp (20). D: Concentration of mRNA

in homozygotes for ARE allele 1 versus allele 2 (P = 0.01). The relative mRNA concentration (P P P 1 R 3 / -actin mRNA ratio) determined by RT-

PCR is the mean of triplicate measurements, and protein levels were measured by Western blots.



human cell lines. However, we were unable to detect the
transcript by RT-PCR in RNA extracted from three different
primary myoblast cell cultures derived from nondiabetic
Pima Indians (30) or in the rhabdomyosarcoma cell line
A204. In contrast, the control -actin transcript was abun-
dantly expressed in these cells (not shown). Nevertheless, our
data obtained with the chimeric -globin constructs demon-
strate that the 3 -UTR segment encompasses mRNA desta-
bilizing signals, which act in an orientation-dependent man-
n e r, and that the polymorphic ARE further modulates the
steady-state level of chimeric -globin reporter transcripts.
The 20–44% reduction in the abundance of ARE2-containing
mRNA found in skeletal muscle of both homozygotes and het-
erozygotes for ARE1 and ARE2 alleles is consistent with the
differences in the steady-state reporter mRNA concentra-
tion observed between pR3ARE1F and pR3ARE2F.

Chen et al. (23) also reported up to fivefold variation in the
abundance of P P P 1 R 3 mRNA in Danish Caucasians, but
no significant differences were found between 15 diabetic
and 14 control subjects. We have found that the frequency
of the ARE1 and ARE2 alleles in a group of 56 CEPH Cau-
casians was 0.60 and 0.40, respectively, which demonstrates
that this ARE polymorphism is not unique to the Pima
Indian population. Genotyping of this polymorphism in a
large number of subjects will be necessary to assess its cor-

relation with mRNA differences and with type 2 diabetes in
the Danish and in other populations. In our study, we lim-
ited the quantitative analysis of PPP1R3 mRNA to nondia-
betic subjects to avoid potentially misleading secondary
changes in the expression in skeletal muscle of diabetic
subjects. Furthermore, based on our data, we do not believe
that the large interindividual variability of the transcript
concentration is attributable only to the ARE variant.
Rather, this polymorphism modulates the mRNA level, and
other genetic as well as nongenetic factors are likely to
contribute to the variation between subjects.

Similar to our findings of differences in insulin action in vivo
second to changes in PP1G levels, Ragolia and Begum (31)
recently reported that the overexpression of this subunit in
rat skeletal muscle cells resulted in increased insulin-stimu-
lated glucose uptake rates, glycogen synthase activation, and
rates of glycogen synthesis. Also, the Tyr905 encoding allele
has been recently associated with an increased insulin sen-
sitivity in obese Caucasian males, although no effect on type
2 diabetes prevalence was observed (19). From our current
data, we cannot determine whether the ARE polymorphism
alone accounts for the observed associations in the Pimas.
The functional consequences of the Asp905Tyr and
Arg883Ser substitutions, if any, are yet unknown, and relevant
studies are still in progress to investigate their biological
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FIG. 3. Expression of ARE-containing reporter constructs in NIH3T3 cells. A: Reporter constructs were created by inserting 860 bp of 3 - U T R

segments encompassing P P P 1 R 3 ARE allele 1 or allele 2 in either the forward (F) or reverse (R) orientation in the 3 -UTR of rabbit - g l o b i n

reporter gene in pNEOR GG C. The constructs were designated pR3ARE1F, pR3ARE1R, pR3ARE2F, and pR3ARE2R, respectively. B: Reporter

mRNA expression in NIH3T3 cells was measured 24 and 48 h after transfection without or with actinomycin D (Act-D) added 24 h after trans-

fection. Statistically significant differences of the measurements (mean ± SD) between pR3ARE1F and pR3ARE2F determined by the t t e s t

are indicated (*P < 0.01, **P < 0.001). C: Time-dependent degradation of reporter mRNA in cells treated with actinomycin D 24 h after trans-

fection. Data (mean ± SD) from three different experiments were used to test differences between ARE1- and ARE2-containing reporter tran-

scripts by repeated measures of analysis of variance (P < 0.001).
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effects. Because we found an association of insulin resis-
tance and diabetes with a polymorphism of an mRNA-desta-
bilizing element that genetically and functionally correlates
with quantitative differences in P P P 1 R 3 expression, it
appears more likely that this variant largely contributes to the
association of P P P 1 R 3 with insulin resistance and diabetes.
Nevertheless, it is also formally possible that the polymor-
phisms in P P P 1 R 3 represent markers for yet another sus-
ceptibility gene in this region that could be the basis for the
observed associations.

Insulin-mediated glucose disposal rate varies consider-
a b l y, even among subjects with normal glucose tolerance
(1,3). It has been estimated that 38–49% of the variance in
insulin action in the Pima Indians is heritable (32), and the
polymorphisms at P P P 1 R 3 therefore do not account for all
of the heritability in this population. We anticipate that addi-
tional genes contribute to the manifestation of IR that pre-
disposes to type 2 diabetes in the Pima Indians. The discov-
ery that the ARE2 allele contributes to impaired insulin
action and hyperinsulinemia, and the high frequency of this
allele in Caucasians, indicates that this common variant may
have a broader significance, contributing to IR and type 2 dia-
betes in various populations.
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