
Abstract

Aims/hypothesis. We carried out global transcript
profiling to identify differentially expressed skeletal
muscle genes in insulin resistance, a major risk fac-
tor for Type II (non-insulin-dependent) diabetes
mellitus. This approach also complemented the on-
going genomic linkage analyses to identify genes
linked to insulin resistance and diabetes in Pima In-
dians.
Methods. We compared gene expression profiles of
skeletal muscle tissues from 18 insulin-sensitive ver-
sus 17 insulin-resistant equally obese, non-diabetic 
Pima Indians using oligonucleotide arrays consisting
of about 40,600 transcripts of known genes and ex-
pressed sequence tags, and analysed the results with
the Wilcoxon rank sum test. We verified the mRNA
expression of ten differentially (best-ranked) and ten

similarly (worst-ranked) genes using quantitative Real
Time PCR.
Results. There were 185 differentially expressed tran-
scripts by the rank sum test. The differential expres-
sions of two out of the ten best-ranked genes were
confirmed and the similar expressions of all ten worst-
ranked genes were reproduced.
Conclusion/interpretation. Of the 185 differentially
expressed transcripts, 20 per cent were true positives
and some could generate new hypotheses about the
aetiology or pathophysiology of insulin resistance.
Furthermore, differentially expressed genes in chro-
mosomal regions with linkage to diabetes and insulin
resistance serve as new diabetes susceptibility genes.
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olism by insulin [1]. Insulin resistance, characterized
as decreased insulin action on glucose uptake and me-
tabolism, is a major predictor of Type II diabetes inde-
pendent of obesity in Pima Indians of Arizona [2] who
have a high prevalence of the disease [3]. Under phys-
iological conditions, insulin-stimulated glucose me-
tabolism occurs mainly in skeletal muscle (>80%) and
adipose (~5–10%) tissues [4]. Similar to Type II dia-
betes, insulin resistance clusters in families [5], and is
inherited as a non-Mendelian trait [6]. Since insulin
resistance is a pre-diabetic phenotype, it is thought
that genes influencing this metabolic abnormality
could be fewer than those contributing to the complex
diabetic syndrome. Chromosomal regions harbouring
susceptibility genes for pre-diabetic phenotypes [7]

Type II (non-insulin-dependent) diabetes mellitus is
an increasingly common metabolic disease involving
abnormal regulation of carbohydrate and lipid metab-
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and diabetes [8] have been identified using linkage an-
alyses in the Pima population.

The recent advances in genomic research include
the utilization of microarrays to monitor the expres-
sion of thousands of genes in parallel. Global gene ex-
pression or transcriptional profiling has been used to
identify molecular markers for various pathological
states [9, 10, 11]. In this study we used global gene
expression using oligonucleotide microarrays that in-
cluded transcripts of known genes and Expressed Se-
quence Tags (ESTs) to identify potentially novel genes
in pathways that are dysregulated at the transcript 
level in the skeletal muscle tissue of insulin-resistant
non-diabetic Pima Indians. This approach provides
data that can generate new hypotheses on the metab-
olic impairment that characterizes insulin resistance.
Furthermore, this transcriptional profiling approach
should complement the genomic linkage and position-
al cloning of diabetes susceptibility genes in the Pima
Indian population by potentially identifying differen-
tially expressed genes located on the chromosomal re-
gions with suggestive linkage to diabetes and insulin
resistance.

Subjects and methods

Subjects and clinical procedures. This study was approved by
the Tribal Council of the Gila River Indian Community and the
Institutional Review Board of the National Institutes of Diabe-
tes and Digestive and Kidney Diseases (NIDDK). All subjects
provided written informed consent prior to participation. The
subjects in this study were non-diabetic Pima Indians or 
Tohono O’Odham Indians who were classified as insulin-sen-
sitive (IS, n=18) or insulin-resistant (IR, n=17) based on a two-
step hyperinsulinaemic-euglycaemic clamp and were matched
for per cent body fat to minimize the differences due to obesi-
ty. The anthropometric and metabolic characteristics of the two
groups at the time of the muscle biopsy are summarised in 
Table 1. All subjects were in good health as assessed by medi-

cal history, physical examination and routine blood and urine
tests, and none were taking medication at the time of the study.

Volunteers were admitted to the Clinical Research Unit for
8 to 10 days. They were fed a weight maintaining diet (con-
taining 50% of calories as carbohydrates, 30% as fat, and 20%
as protein) for 2 to 3 days before metabolic testing. Body com-
position was measured by dual energy X-ray absorptiometry
(DXA) using a total body scanner (DPX-L, Lunar Radiation,
Madison, Wis., USA) [12]. Oral glucose tolerance tests using
75 g glucose were carried out after a 12-h overnight fast, and
diabetes was defined according to the World Health Organiza-
tion criteria [13]. Plasma glucose and insulin concentrations
were measured in blood samples drawn before glucose inges-
tion and at 30, 60, 120 and 180 min thereafter. Insulin action
was measured at physiologic and supraphysiologic insulin con-
centrations during a two-step hyperinsulinaemic-euglycaemic
glucose clamp [2]. After an overnight fast, a primed continu-
ous intravenous insulin infusion was administered for 100 min
at a constant rate of 40 mU·m–2 body surface area·minute–1

(low dose), followed by a second insulin infusion for 100 min
at 400 mU·m–2·minute–1 (high dose). These infusions achieved
steady-state plasma insulin concentrations of 840±250 pmol/l
and 13320±3480 pmol/l (Means ± SD), respectively. Plasma
glucose concentrations were maintained at about 5.6 mmol/l
with a variable infusion of a 20% glucose solution. Rates of in-
sulin-stimulated glucose disposal at physiologic and maximal-
ly stimulating insulin concentrations were calculated for the
last 40 min of each phase, and corrected for endogenous glu-
cose output (EGO) [14]. During the low dose and baseline,
EGO was calculated using a primed (1.11×106 Bq), continuous
(1.11×104 Bq·min–1) 3-3H-glucose infusion [2, 15]; during the
high insulin dose, EGO was assumed to be 0. The glucose dis-
posal rates during the clamp served as the selection criteria for
the insulin-sensitive or resistant group. Subjects of a similar
percentage of body fat with the highest or lowest glucose dis-
posal rates were classified into the insulin-sensitive (IS) or in-
sulin-resistant (IR) group, respectively. Indirect calorimetry us-
ing a ventilated hood system was used to calculate the rates of
insulin-stimulated oxidative and non-oxidative glucose dispos-
al [16]. All measurements derived from the glucose clamp
were normalized to estimated metabolic body size (EMBS,
which equals fat-free mass +17.7 kg) [17].

Percutaneous skeletal muscle biopsies of the vastus lateralis
muscle were carried out in the morning after a 12-h overnight

Table 1. Anthropometric and metabolic characteristics of the non-diabetic insulin-resistant (IR) and insulin-sensitive (IS) Pima
Indian subjects

Characteristics IS group IR group p value

Number of subjects (men/women) 11/7 12/5
Age (year) 31±8 30±7 0.7
Height (cm) 167±7 170±10 0.4
Weight (kg) 108±25 106±23 0.9
Body fat (%) 36±6 33±6 0.2
Fasting glucose (mmol/l) 4.9±0.5 4.9±0.6 0.5
2-h glucose (mmol/l) 6.6±1.6 7.9±1.4 0.01
Fasting insulin (pmol/l) 230±50 310±120 0.01
2-h insulin (pmol/l) 745±305 1655±735 <0.0001
M-low (mg·min–1·kg–1 EMBS) 3.11±1.60 1.96±0.29 0.01
M-high (mg·min–1·kg–1 EMBS) 10.64±1.39 6.13±1.24 <0.0001

Data are expressed as means ± SD. M-low glucose disposal
rate at physiological insulin concentration during a two-step
hyperinsulinaemic-euglycaemic clamp, EMBS estimated meta-

bolic body size, M-high glucose disposal rate at supra-physio-
logical insulin concentration during a two-step hyper-
insulinaemic-euglycaemic clamp



fast using Bergstrom needles (Depuy) (Raynham, Mass., USA)
under local anaesthesia with 1% lidocaine. The biopsy was
cleaned of any visible fat, rinsed in sterile 0.9% NaCl solution,
and immediately frozen in liquid nitrogen and stored at –70°C.

RNA preparation. Total RNA was isolated from the frozen 
tissues homogenized in Trizol Reagent (Life Technologies,
Gaithersburg, Md., USA) and mRNA was subsequently isolat-
ed using oligo-dT latex beads (Qiagen, Santa Clarita, Calif.,
USA). The oligonucleotide microarray approach was chosen to
allow comparison of multiple samples in IS and IR groups. 
Arrays that included about 40,600 transcripts of known genes
and ESTs provided a comprehensive method to interrogate as
many muscle transcripts as possible. Due to the high cost of
the Affymetrix GeneChips, we pooled equal amounts mRNA
of two to four subjects from either IS or IR group to make 
1 ug mRNA for each GeneChip. This pooling strategy should
also minimize individual variations. From the 17 IR and 18 IS
subjects, we made 5 IS (IS1–5) and 5 IR (IR1–5) sample pools,
respectively. Hybridization samples for subsequent GeneChip
analysis were prepared as recommended by the manufacturer
(Affymetrix, Santa Clara, Calif., USA). Briefly, double-strand-
ed cDNA was synthesized from the mRNA samples using 
Superscript Choice system (Life Technologies, Gaithersburg,
Md., USA). The cDNA served as a template for in vitro tran-
scription reaction (Megascript kit from Ambion, Austin, Tex.,
USA) to generate biotinylated cRNA that included biotin-11-
CTP and biotin-16-UTP (Enzo Biochemicals, Farmingdale,
N.Y., USA). The cRNA was purified using RNeasy Mini kit
(Qiagen, Santa Clarita, Calif., USA) and randomly fragmented
by heat and alkaline treatment prior to hybridization to 
Affymetrix GeneChips.

For verification using TaqMan Real Time PCR (Q-RT-
PCR), single-stranded oligo-dT primed cDNA were synthe-
sized from either the available total RNA (pre-treated with
DNA-free reagent from Ambion, Austin, Tex., USA) or
mRNA of the majority of subjects using the Advantage RT-for-
PCR kit (Clontech, Palo Alto, Calif., USA).

Hybridization, staining, scanning and analysis of image. The
hybridization solution consisted of the 0.05 µg/µl fragmented
cRNA sample, 50 pmol/l of a control biotinylated oligonucle-
otide for image alignment, biotin-labelled bacterial and phage
cRNAs for hybridization control (1.5 pmol/l bioB, 5 pmol/l
bioC, 25 pmol/l bioD, 100 pmol/l Cre), and 0.1 mg/ml degrad-
ed herring sperm DNA in hybridization buffer. The hybridiza-
tion mixture was heated to 99°C for 5 min and equilibrated at
45°C for 5 min before hybridization in the oligonucleotide ar-
ray chamber at 45°C for 16 to 17 h. Each hybridization sample
was hybridized to the Affymetrix GeneChip Hu6800 Array
(Santa Clara, Calif., USA) and Human 35 K set consisting of
about 5600 unambiguous full-length cDNAs (after masking for
the ambiguous probe set designs using the class AB mask as
per the manufacturer’s instruction that filtered out probe sets
containing less than 10 unambiguous probe pairs in the
Hu6800 array) and about 35,000 clustered human EST tran-
scripts, respectively. After hybridization, the solution was re-
moved and the probe arrays were washed and stained using the
GeneChip Fluidics station protocol EukGE-WS2, as described
previously [18]. The protocol consisted of non-stringent and
stringent washes after hybridization, followed by a staining
procedure using streptavidin-phycoerythrin solution (SAPE),
and a post-stain wash. Signal amplification was achieved using
antibody against streptavidin, after a final wash. The probe ar-
rays were then scanned twice using a scanning confocal micro-
scope (GeneChip scanner, Molecular Dynamics and Affyme-
trix, Santa Clara, Calif., USA). The stored images were aligned

and analysed using the GeneChip software MAS 4.0 (Affyme-
trix) as per manufacturer’s instruction. Signal intensity for
each cDNA or EST entry (represented as “value” in Table 4)
was calculated as the difference of filtered Perfect Match (PM)
probes minus Mismatch (MM) probes. The signal intensities
were normalized to the mean intensity of all the genes repre-
sented on the array, and then scaled to the image intensity of a
randomly chosen sample pool (IS1) for that particular array.
The comprehensive list on signal intensity and present/absent
calling for each cDNA/EST in every sample pool can be 
found on http://www.ncbi.nlm.nih.gov/geo/; accession num-
bers GSE64–73.

GeneChip data analysis. We only considered cDNA or EST
entries that were called “present” by the GeneChip software in
at least three sample pools of one group (either IS or IR) ver-
sus none in the other group. For example, we would exclude an
entry that was present in only two IS sample pools and two IR
pools, but we would include an entry that was present in three
IS pools versus no IR pool. Excluded entries were designated
“below detection threshold.” From the 40600 cDNAs/ESTs
represented on the arrays, there were only 10831 cDNAs/ESTs
that met the inclusion criteria. We then applied the non-para-
metric statistical analysis, Wilcoxon Rank Sum test to the aver-
age difference values of the cDNAs and ESTs in all sample
pools, and listed those with a p value of less than or equal to
0.05 (hereafter called the best-ranked list).

Quantitative Q-RT-PCR. Verification of transcript quantity in
several selected cDNAs/ESTs was carried out using TaqMan
Real Time PCR (Q-RT-PCR) on cDNA from individual sam-
ples that had enough remaining total RNA or mRNA. The
primer pairs and probe for each cDNA/EST were designed 
using Primer Express software (Applied Biosystems, Foster
City, Calif., USA), and are available upon request. The quanti-
fication was carried out using the standard protocol of ABI
PRISM 7700 (Applied Biosystems). For each primer and probe
set, a standard curve was generated by a serial dilution of a
cDNA sample synthesized from muscle RNA of a healthy sub-
ject that was done in triplicate. Each sample was run in dupli-
cate and the mean value of the duplicate was used to calculate
the mRNA expression. The transcript quantity of a particular
cDNA/EST in each cDNA sample was normalized to that of
cyclophilin using the TaqMan Pre-Developed Assay Reagent
for human endogenous controls (Applied Biosystems).

Q-RT-PCR data analysis. Differential gene expression between
the IR and the IS groups as measured using Q-RT-PCR was
analysed using one-tailed Student’s t test, since we hypothe-
sized that the relative abundance of each transcript in the IS
and the IR groups measured by the Q-RT-PCR method would
be the same as that measured by the oligonucleotide array
analysis.

Results

Oligonucleotide microarray analysis. There were 195
differentially expressed transcripts in IS versus IR
groups as assessed by the rank sum test. These tran-
scripts included nine ESTs that contained repetitive el-
ements and one EST that was no longer documented
in the GenBank database (http://www.ncbi.nih.gov/
Genbank/). The remaining 185 transcripts were cate-
gorized based on their (putative) functions as well as
their known chromosomal locations to complement
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Table 2. The best-ranked functionally-known genes with higher expression in the insulin sensitive (IS) group

Gene name (Gene Symbola) Chromosomal location

Insulin signalling
Insulin receptor substrate 1 (IRS1) 2q36
Protein phosphatase 1, regulatory (inhibitor) subunit 11 (PPP1R11) 6p21.3
Protein phosphatase 1, regulatory (inhibitor) subunit 2 (PPP1R2) 3q29

Signal transduction
FK506-binding protein 5 (FKBP5) 6
Disabled (Drosophila) homolog 1 (DAB1) 1p32-p31
Nuclear autoantigen (GS2NA) 14q13-q21
Tumour rejection antigen (gp96) 1 (TRA1) 12q24.2-q24.3
KIAA0382 protein; leukaemia-associated rho guanine nucleotide exchange factor (ARHGEF12) 11q23.3

Cell growth
Insulin-like growth factor binding protein 5 (IGFBP5) 2q33–36
LIM domain only 4 (LMO4) 1p22

Ion transport
ATP-binding cassette, sub-family B, member 10 (ABCB10) 1q42
ATPase, Ca++ transporting, type 2C, member 1 (ATP2C1) 3q21-q24
Potassium inwardly-rectifying channel, subfamily J, member 2 (KCNJ2) 17q23.1-q24.2

Energy metabolism
NADH dehydrogenase (ubiquinone) 1; subcomplex unknown 1 (NDUFC1) 4q28-q31
ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1 (ATP5C1) 10q22-q23

Lipid metabolism
Glyceronephos-phate O-acyl-transferase (GNPAT) 1q42.11–42.3
Vacuolar sorting protein 4 (VPS4) 16

Transcription regulation
General transcription factor IIIA (GTF3A) 13q12.3-q13.1
TATA box binding protein (TBP)-associated factor (TAF2D) 10q24-q25.2
Nuclear transcription factor Y, beta (NFYB) 12q22-q23
Zinc finger protein 161 (ZNF161) 3q26.2
FOXJ2 forkhead factor (LOC55810) 12pter-p13.31
Neural polypyrimidine tract binding protein (PTB) 1
Heat shock transcription factor 4 (HSF4) 16q21
MAX-interacting protein 1 (MXI1) 10q24-q25
Hairy/enhancer-of-split related with YRPW motif 1 (HEY1) 8q21
Cold shock domain protein A (CSDA) 12p13.1

Protein synthesis
Signal recognition particle 9kD (SRP9) 1q41
Ribosomal protein L7 (RPL7) 8q
Nucleolin (NCL) 2q12-qter

Protein degradation
Cathepsin F (CTSF) 11q13
Protective protein for beta-galactosidase (PPGB) 20q13.1
Proteasome activator subunit 3; PA28 gamma; Ki (PSME3) 17q12-q21
Ubiquitin specific protease 14 (tRNA-guanine transglycosylase) (USP14) 18
Ubiquitin C-terminal hydrolase (UCH37) 1q32
Homo sapiens ubiquitin protein ligase (UBE3B) mRNA, partial cds 12
Ariadne (Drosophila) homolog, ubiquitin-conjugating enzyme E2-binding protein, 1 (ARIH1) 15q24
Huntingtin interacting protein 2 (HIP2) 4p14

Cell adhesion
Integrin α chain, alpha 6 (ITGA6) 2
Pinin, desmosome associated protein (PNN) 14
DNA replication
Topoisomerase II binding protein 1 (TOPBP1) 3p13-q26.1

a Whenever possible, the HUGO (Human Genome Organization) nomenclature for each gene product is provided (62)
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the positional cloning strategy for diabetes susceptibil-
ity gene(s). Subsets of functionally known genes with
higher expression in either the IS or the IR group are
listed (Table 2, 3). 

The expression of some candidate genes previously
suggested to be transcriptionally dysregulated in diabe-
tic and/or insulin resistant people are shown in Table 4.

Q-RT-PCR verification. For verification of differential
mRNA expression using a different method (Q-RT-

PCR), we selected ten out of the best-ranked 185 dif-
ferentially expressed transcripts (Table 5). The ten
transcripts were called “present” in all ten sample
pools, and contained sequence regions that allowed
the design of specific primer-probe sets for this assay.
Nine of the ten transcripts were derived from known
cDNAs and the remaining transcript was an EST rep-
resenting a gene with an unknown function. As a com-
parison, we also quantified ten transcripts that were
similarly called “present” in all ten sample pools, but

Table 3. The best-ranked functionally-known genes with higher mRNA expression in the insulin resistant (IR) group

Gene name (Gene Symbol) Chromosomal location

Signal transduction
A kinase (PRKA) anchor protein 11 (AKAP11) 13q12.2–13q14.3
A kinase (PRKA) anchor protein 2 (AKAP2) 9q31-q33
Platelet-derived growth factor receptor, beta polypeptide (PDGFRB) 5q31-q32
Endothelin receptor type B (EDNRB) 13q22

Carbohydrate metabolism
Malic enzyme 1, NADP(+)-dependent, cytosolic (ME1) 6q12

Lipid metabolism
Peroxisomal biogenesis factor 11B (PEX11B) 1p36.13-q24.1

Amino acid metabolism
3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase (HMGCL) 1p36.1-p35

Iron metabolism
Ferritin, light polypeptide (FTL) 19q13.3-q13.4

Transcription regulation
PAI-1 mRNA-binding protein (PAI-RBP1) 1p31-p22
Transcription factor AP-2 alpha; activating enhancer-binding protein 2 alpha (TFAP2A) 6p24
Signal transducer and activator of transcription 5B (STAT5B) 17q11.2
Survival of motor neuron protein interacting protein 1 (SIP1) 14q13

Protein synthesis
Mitochondrial ribosome recycling factor (MRRF) 9q32-q34.1
Diptheria toxin resistance protein (Saccharomyces)-like 2 (DPH2L2) 1p34

Protein degradation
Ubiquitin-conjugating enzyme E2E3 (UBE2E3) 2q32.1
Prenylcysteine lyase (PCL1) 9q34.3
Palmitoyl-protein thioesterase 1 (PPT1) 1p32

Cytoskeletal function
Myosin phosphatase, target subunit 1 (MYPT1) 12q15-q21
Fer-1 (C. elegans)-like 3 (FER1L3) 10q24
Epithelial protein lost in neoplasm beta (EPLIN) 12q13
Actin related protein 2/3 complex, subunit 5 (16 kD) (ARPC5) 1

Cell adhesion
Integrin Beta-3; platelet glyco-protein IIIa, antigen CD61 (ITGB3) 17q21.32

Cell growth
Ornithine decarboxylase antizyme 2 (OAZ2) 15q11.2

Apoptosis
Death associated protein 3 (DAP3) 1q21
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were not differentially expressed as assessed by 
the rank sum test (i.e. worst-ranked) in the same indi-
vidual cDNA samples (Table 5). The ten worst-ranked
transcripts were chosen to be in a similar range of ex-
pression in the GeneChip analysis as the ten best-
ranked ones. We measured the expression of these
transcripts in individual samples (13 IS and 10–12 IR)
that had enough remaining RNA available. The aver-
age values of each transcript in the IS and the IR
groups obtained by the GeneChip analysis and the 
Q-RT-PCR method were compared.

Out of the ten best-ranked transcripts that were dif-
ferentially expressed in the IS and IR groups by Gene-
Chip analysis, two transcripts, Insulin Receptor Sub-
strate 1 (IRS1) and Insulin-like Growth Factor Bind-
ing Protein 5 (IGFBP5), were confirmed to be differ-
entially expressed by Q-RT-PCR (Table 5). None of
the ten worst-ranked transcripts showed a difference
between the IS and IR groups by Q-RT-PCR (Table 5).

Discussion

We have used global microarray analysis to identify
potential candidate genes for insulin resistance in

skeletal muscle tissues of Pima Indians. We analysed
the data above detection threshold using the Rank
Sum Test to select the transcripts that were differen-
tially expressed (the best-ranked transcripts). The re-
sulting number of 195 transcripts was fewer than the
expected 541 transcripts (out of 10,831) that should
have achieved a p value of less than or equal to 0.05.
This could be due, at least partly, to redundancies in
the cDNA/EST representation on the probe arrays re-
sulting in less than 10,831 unique transcripts. Knowl-
edge of new genes that are differentially regulated in
insulin resistance can generate new hypotheses on
molecular mechanisms of the syndrome. Furthermore,
differentially expressed genes in chromosomal regions
with suggestive linkage to diabetes and insulin action
in Pima and other populations would serve as candi-
date susceptibility genes for insulin resistance and dia-
betes.

We also checked the expression of some genes pre-
viously suggested to be transcriptionally dysregulated
in diabetic and insulin-resistant people, which could
be either primary causes or secondary effects of the
insulin resistance state, e.g. modulated by chronically
higher plasma insulin or glucose concentrations.

Table 4. Comparison of several previously suggested differentially expressed human muscle genes at basal level with the micro-
array data

Gene (Gene Symbol) Expression data in the literature Signal intensity (value) in the microarray data

In diabetic subjects In IR subjects Means ± SD Means ± SD Rank sum
in IS group in IR group p value

Phosphoprotein enriched in Increased (45) 335±59 487±146 0.1
diabetes or phosphoprotein 
enriched in astrocytes 15 
(PED/PEA15)
Glucose transporter 1 (GLUT1) No difference (47) Increased (48) 202±76 352±162 0.1
Hexokinase II (HK2) Decreased (49) 258±143 110±201 0.3
Glycogen synthase (GYS1) Decreased (50) No difference (51) 1311±336 1934±812 0.3
Ras associated with diabetes Increased (52) No difference (53) 508 ± 444 338 ± 529 0.7
(RRAD)
Uncoupling protein 3 (UCP3) Increased (54) No difference (54) 541±259 483±159 0.7
calpain10 (CAPN10) Decreased (55) Below detection threshold
Glucose transporter 3 (GLUT3) Decreased (48;53) Below detection threshold
Uncoupling protein 2 (UCP2) Increased (53;54) No difference Below detection threshold

(53;54)
Tumour necrosis factor (TNF) Increased (56) Increased (56) Below detection threshold
Peroxisome proliferator Increased (57) Below detection threshold
activated receptor γ (PPARγ)
Insulin receptor (INSR) Increased Masked probe setsa

isoform B (58)
Glycogen-associated regulatory No difference (59) Decreased (60) Masked probe setsa

subunit of protein phosphatase 1
(PPP1R3)
Glycoprotein plasma cell 1 or Increased (61) Not represented
PC-1 (ENPP1)

a Ambiguous probe set design; taken out from analysis according to manufacturer’s instructions
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There were no statistically significant differences in
the expression of these genes in the microarray data,
which could be due to the small number of samples in
each group and lower sensitivity of microarray tech-
nology compared to RT-PCR [19]. The expression of
some genes are below detection threshold, and deter-
mination of differential expression for such probe sets
is deemed unreliable [20].

The expensive cost of the GeneChips did not allow
experimental replication that would be necessary to
assess the signal intensity variance for each probe set
and the traditional confidence level. As there were
thousands of genes represented on the GeneChips, the
statistical analysis involved multiple testing issues. A
traditional way to test for statistical significance in the
face of such multiple testing is to apply the Bonferroni
correction or a related step-up or step-down procedure
[21], which would result in very small alpha levels.
For example, an experiment-wise alpha level of 0.05
with 10,000 genes would require a p-value of 5×10–6;
this might result in absurdly low power for realistic
sample sizes and would disregard many biologically
significant changes [22]. Thus, we estimated the num-
ber of genes with true expression differences between
the IS and IR groups by empirical testing using a dif-
ferent method (Q-RT-PCR).

We carried out Q-RT-PCR on the ten best-ranked
and ten worst-ranked transcripts in the majority of
subjects individually. This empirical testing confirmed
about 20% of the differentially expressed genes and
100% of the similarly expressed genes. Despite the

confirmation of true negative results in the data set
above detection threshold, the 20% enrichment in true
positive result was low and indicated that the differen-
tial expression of the other best-ranked genes has to
be confirmed with a different method or a larger num-
ber of samples. The high false positive rate could be
due to either type I error in the microarray analysis or
type II error in the RT-PCR analysis. Nevertheless, the
185 potentially differentially expressed genes can be
used to generate new hypotheses on molecular fea-
tures of insulin resistance and to complement the posi-
tional cloning effort on diabetes susceptibility genes.

Insulin receptor substrate 1 (IRS1) was one of the
best-ranked transcripts confirmed to be differentially
expressed between the IR and the IS groups. Consid-
ering that IRS1 mRNA was reduced by a higher plas-
ma insulin concentration during a euglycaemic-hyper-
insulinaemic clamp in healthy subjects [23], our result
can be explained by normal insulin regulation of IRS1
expression in the IR subjects, i.e. the decreased mus-
cle IRS1 expression is secondary to hyperinsulinaemia
induced by insulin resistance. This explanation would
support the hypothesis that muscle IRS1 regulation is
not affected by insulin resistance in diabetic patients
[24]. Alternatively, the reduced IRS1 expression in the
IR subjects could play a role in the development of in-
sulin resistance in non-diabetic subjects and could be
due to genetically determined abnormal regulation of
the IRS1 gene or altered function of transcription fac-
tors regulating IRS1 transcription. This explanation,
together with the gene location on 2q36 in the vicinity

Table 5. Expression of selected ten best-ranked and ten worst-ranked genes as assessed by the oligonucleotide array and Q-RT-
PCR

Probe set Gene description Rank sum t test
p value p value

S62539 Insulin receptor substrate 1 (IRS1) 0.02 0.04
L27559 Insulin-like growth factor binding protein 5 (IGFBP5) 0.01 0.06
AA460511 Ubiquitin-conjugating enzyme E2E3 (UBE2E3) 0.03 0.1
M60858 Nucleolin (NCL) 0.01 0.3
L07648 MAX-interacting protein 1 (MXI1) 0.01 0.3
X57959 Ribosomal protein L7 (RPL7) 0.03 0.3
AA435791 Speckle-type POZ protein (SPOP) 0.02 0.4
D57916 Clone 24775 mRNA 0.01 0.5
U20998 Signal recognition particle 9kD (SRP9) 0.03 0.5
L07033 3-hydroxymethyl-3-methylglutaryl-Coenzyme A lyase (HMGCL) 0.01 0.5
D21235 RAD23 (S. cerevisiae) homolog A (RAD23A) 1.0 0.2
U36764 Eukaryotic translation initiation factor 3, subunit 2 (beta, 36kD) (EIF3S2) 1.0 0.3
L49054 Myeloid leukaemia factor 1 (MLF1) 1.0 0.3
U58089 Cullin 3 (CUL3) 1.0 0.3
V00599 Tubulin, beta 5 (Tubb5) 1.0 0.4
AA417126 Translocase of inner mitochondrial membrane 10 (yeast) homolog (TIMM10) 1.0 0.4
D13900 Enoyl Coenzyme A hydratase, short chain, 1, mitochondrial (ECHS1) 1.0 0.4
AA448347 Prefoldin 2 (PFDN2) 1.0 0.5
D21853 KIAA0111 gene product (KIAA0111) 1.0 0.5
U28963 G protein pathway suppressor 2 (GPS2) 1.0 0.5

The first ten probe sets or gene entries (in bold font) are in the best-ranked list; the last ten entries are in the worst-ranked list. For
GeneChip analysis, n=17 IR and 18 IS. For Q-RT-PCR analysis, n=10–12 IR and 13 IS



of a suggestive linkage to insulin action in Pima Indi-
ans [7], lead to the possibility of a polymorphism(s) in
the IRS1 gene that regulates its expression. The fre-
quency of the Gly972Arg polymorphism in the IRS1
gene is higher in Type II diabetic patients of some, but
not all, studied ethnic groups [25, 26, 27, 28]. This
polymorphism is absent, or at least very rare, in Pima
Indians [29]; thus, the differentially regulated IRS1
expression in the subjects of our study was not associ-
ated with Gly972Arg polymorphism. The IRS1 gene
has been screened for single nucleotide polymor-
phisms (SNPs), and preliminary data indicate that
SNPs in the gene are associated with diabetes in Pima
Indians [30].

IRS1 was one of the transcripts in insulin signaling
pathway with higher expression in the IS group. The
other transcripts encode PPP1R11 and PPP1R2, regu-
latory subunits of protein phosphatase-1 (PP1), a key
enzyme that regulates the activity of glycogen syn-
thase. PPP1R2 has been proposed to act as a molecu-
lar “chaperone” that aids the folding of newly synthe-
sized PP1 into a biologically active conformation [31,
32] and it has been shown to translocate to the nucleus
during the S-phase of cell cycle [33]. There were no
polymorphisms in the exons and exon-intron splice
junctions of the PPP1R2 gene in selected Pima Indian
subjects [34] but potential polymorphisms in the regu-
latory region of the gene might account for the differ-
ential gene expression. PPP1R11 is a heat-stable in-
hibitor of PP1 encoded by a gene on chromosome
6p21 that was previously known as the Hemochroma-
tosis Candidate Gene V [35]. Of interest, an apparent
pseudogene of PPP1R2 is also located on chromo-
some 6p21 [36, 37]. Both PPP1R11 and PPP1R2 serve
as candidate genes for insulin resistance.

Apart from IRS1, the other gene in the ten selected
best-ranked list with confirmed lower mRNA expres-
sions in the IR subjects was IGFBP5 (on chromosome
2q33–36), a modulator of insulin growth factor 1 in
inducing muscle differentiation [38, 39, 40]. The se-
rum protein concentration of IGFBP5 was lower in di-
abetic patients compared to the control subjects [41],
and diabetic rat kidney contains reduced IGFBP5
mRNA concentrations [42]. Nevertheless, the expres-
sion of IGFBP5 in skeletal muscle is not altered acute-
ly by nutrients and insulin [43]. Note that a transcrip-
tional regulator of myogenesis, LIM domain Only 4
(LMO4), was assessed to be lower in the IR group by
the GeneChip analysis. These findings lead to a hy-
pothesis that insulin resistance is associated with dys-
regulation of myogenic development.

One of the objectives of this study is to comple-
ment the positional cloning effort currently ongoing in
the Pima population. The genes encoding many of
these transcripts had been localized to particular chro-
mosomal regions, and a few are in regions with sug-
gestive linkage to diabetes and insulin action in 
Pima Indians. One such gene on chromosome 11q23 

encodes a rho guanine nucleotide exchange factor
(ARHGEF12). Preliminary findings indicate an asso-
ciation between several SNPs in the gene with insulin
sensitivity in Pima Indians [44]. This result provides
evidence for the utility of transcriptional profiling to
identify new candidate genes as a complementary ap-
proach to positional cloning.

Another chromosomal region with suggestive link-
age to diabetes in the Pima population is 1q21 that
harbours many genes, including phosphoprotein en-
riched in diabetes or phosphoprotein enriched in astro-
cytes 15 (PED/PEA15). The mRNA concentration of
PED/PEA15 is increased in fibroblasts, skeletal mus-
cle and adipose tissue of Type II diabetic subjects
[45]. In line with this finding, our GeneChip analysis
indicated that the PED/PEA15 was expressed margin-
ally higher in the IR versus IS groups. Despite the re-
cent finding that several SNPs in the non-coding re-
gion of the PEA15 gene were not associated with dia-
betes in 50 affected and 50 control Pimas [46], this
could still be a good candidate gene for insulin resis-
tance.

In summary, we have carried out a global transcrip-
tional profiling of insulin-resistant and insulin-sensi-
tive skeletal muscle tissue. This approach, coupled
with the current metabolic knowledge and the posi-
tional cloning efforts, provides several novel candi-
date genes that can generate new hypotheses on the
pathophysiology of insulin resistance and the develop-
ment of Type II diabetes.
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