This information has not been peer-reviewed. Responsibility for the findings rests solely with the author(s).

Deposited research article

Gene expression profiles of peripheral blood cells in type 2
diabetes and nephropathy in Asian Indians

Paturi V Rao*, Xinfang Lu', Patrick Pattee’, Mark Turner’, Nandgaonkar
Suguna® and Srinivasa R Nagalla®

Addresses: *Department of Endocrinology and Metabolism, Nizam's Institute of Medical Sciences, Hyderabad 500 082, India. "Center for
Biomarker Discovery, Clinical Genomics & Proteomics Program, Department of Pediatrics, Oregon Health and Science University, 3181 SW
Sam Jackson Park Road, Portland, OR 97201, USA.

Correspondence: Srinivasa R Nagalla. E-mail: nagallas@ohsu.edu. Paturi V Rao. E-mail: diabetology@eth.net

Posted: 9 March 2004 Received: 4 March 2004
Genome Biology 2004, 5:P9

The electronic version of this article is the complete one and can be This is the first version of this article to be made available publicly.
found online at http://genomebiology.com/2004/5/4/P9

© 2004 BioMed Central Ltd

.deposited research

AS A SERVICE TO THE RESEARCH COMMUNITY, GENOME BIOLOGY PROVIDES A 'PREPRINT' DEPOSITORY

TO WHICH ANY ORIGINAL RESEARCH CAN BE SUBMITTED AND WHICH ALL INDIVIDUALS CAN ACCESS
FREE OF CHARGE. ANY ARTICLE CAN BE SUBMITTED BY AUTHORS, WHO HAVE SOLE RESPONSIBILITY FOR GB .
THE ARTICLE'S CONTENT. THE ONLY SCREENING IS TO ENSURE RELEVANCE OF THE PREPRINT TO -

GENOME BIOLOGY'S SCOPE AND TO AVOID ABUSIVE, LIBELLOUS OR INDECENT ARTICLES. ARTICLES IN THIS SECTION OF
THE JOURNAL HAVE NOT BEEN PEER-REVIEWED. EACH PREPRINT HAS A PERMANENT URL, BY WHICH IT CAN BE CITED.
RESEARCH SUBMITTED TO THE PREPRINT DEPOSITORY MAY BE SIMULTANEOUSLY OR SUBSEQUENTLY SUBMITTED TO
GENOME BIOLOGY OR ANY OTHER PUBLICATION FOR PEER REVIEW; THE ONLY REQUIREMENT IS AN EXPLICIT CITATION
OF, AND LINK TO, THE PREPRINT IN ANY VERSION OF THE ARTICLE THAT IS EVENTUALLY PUBLISHED. IF POSSIBLE, GENOME

BIOLOGY WILL PROVIDE A RECIPROCAL LINK FROM THE PREPRINT TO THE PUBLISHED ARTICLE.

Genome Biology 2004, 5:P9

Q.
o
T
o
2,
=
o
Q.
3
[}
173
o
)
5
o
>




Research

Gene expression profiles of peripheral blood cells in type 2

diabetes and nephropathy in Asian Indians

Paturi V Rao!, Xinfang Lu?, Patrick Pattee?, Mark Turner?, Nandgaonkar Suguna*

and Srinivasa R Nagalla?

!Department of Endocrinology and Metabolism, Nizam's Institute of Medical Sciences, Hyderabad

500 082, India

2Center for Biomarker Discovery, Clinical Genomics & Proteomics Program, Department of
Pediatrics, Oregon Health and Science University, 3181 SW Sam Jackson Park Road, Portland, OR

97201, USA

Correspondence: Srinivasa R Nagalla. E-mail: nagallas@ohsu.edu. Paturi V Rao. E-mail:

diabetology@eth.net.

Xinfang Lu. E-mail: lux@ohsu.edu. Patrick Pattee. E-mail: patteep@ohsu.edu. Mark Turner. E-

mail: turnerma@ohsu.edu. Nandgaonkar Suguna. E-mail: suguna_nand@yahoo.com

Subject areas: Genome (wide scan), (gene) expression, (gene) profile, microarray, phenotype,

(type 2) diabetes, nephropathy and (Asian) Indians


mailto:turnerma@ohsu.edu
mailto:pattep@ohsu.edu
mailto:lux@ohsu.edu
mailto:nagallas@ohsu.edu

Abstract

Background

Asian Indians with type 2 diabetes mellitus (T2D) have higher susceptibility to diabetic
nephropathy (T2DN), the leading cause of end-stage renal disease and morbidity in
diabetes. Peripheral blood cells (PBCs) play an important role in diabetes, yet very little
is known about the molecular mechanisms of PBCs regulated in insulin homeostasis. In
this study we explored the global gene expression changes in PBCs in diabetes and
diabetic nephropathy to identify the potential candidate genes and molecular networks

regulated in diabetes and nephropathy.

Results

Gene expression profiling of mRNA from PBCs from 6 diabetics with nephropathy (T2DN),
6 diabetics without nephropathy (T2D) and 6 non-diabetic subjects (C), using 13,824
human sequence verified cDNA clones revealed significant differential expression of 420
genes. Hierarchical clustering of significant genes revealed distinct gene expression
signatures for diabetes and diabetic nephropathy. Functional categories distinctly
regulated in T2D vs. T2DN included, cell growth and maintenance (27 vs. 7%), enzymes
(10 vs. 7%) and protein synthesis (13 vs. 18%). Pathway analysis of genes in glucose
and fat metabolism were unremarkable, in contrast proteasome pathway involved in

protein degradation is significantly regulated in T2D vs. T2DN.

Conclusion

Gene expression changes in PBCs could distinguish variable diabetic states. The data
provides the opportunity to explore cellular processes in PBCs that may play a role in
insulin homeostasis and insulin resistance that are distinct from target tissue such as
skeletal muscle and pancreas. Identification of candidate genes in peripheral blood could

provide easily accessible biomarkers to monitor diabetic nephropathy.



Background

In 2001, an estimated 177 million adults (20-79 years) worldwide have diabetes. Type 2
diabetes (T2D) constitutes 85-95% of all diabetics in developed countries and accounts
for an even higher percentage in the developing countries [1] like India. Asian Indians
with T2D, in particular, are more prone to develop diabetic nephropathy [2]. Type 2
diabetes has become the single most common cause of end-stage renal disease (ESRD),
accounting for 40% of new cases of ESRD with an estimated cost in excess of US$15.6

billion [3] for treatment.

The role of greater glycemic exposure resulting in overt nephropathy in T2D is poorly
understood. Genetic factors, which may increase the susceptibility to nephropathy in
patients with diabetes, have been proposed. A range of linkage studies of familial
aggregation of diabetic nephropathy in type 1 or 2 diabetes indicates that potential
genetic determinants have larger effects not amenable for detection by conventional
genetic techniques [4]. Major breakthroughs in finding genetic susceptibility factors in

diabetic nephropathy remain elusive.

Type 2 diabetes is a polygenic and complex disease. Earlier studies to examine the
molecular mechanisms that underlie the origin and progression of diabetic nephropathy
have been limited, in part because conventional research tools have restricted
investigators to focus on single genes or isolated pathways [5]. Several genes such as,
nephrin [6], NAD(P)H oxidase and RAGE (receptor for advanced glycation end product)
[7], toll-like receptor TLR4 gene [8], ACE (Angiotensin converting enzyme) [9], PPAR
(peroxisome proliferator-activated receptor) gammaZ2 [10], AKR1B1 (aldo-keto
reductase) [11], solute carrier family 12 (sodium/chloride) member 3 [12], MTHFR

(methylenetetrahydrofolate reductase gene) [13], co-inheritence of HSPG (heparan



sulfate proteoglycan) and ApoE genes [14], ecNOS (endothelial nitric oxide synthase),
PRKCB1 (protein kinase C-betal) [15], adrenomedullin (AM) gene [16] and antioxidant
genes [17] have been proposed as candidate genes in diabetic nephropathy in type 2
diabetes through these studies. Some of these genes were also identified in the present

study.

Genomic approaches to determine differential expression profiles utilizing serial analysis
of gene expression (SAGE) [18] and DNA microarrays [19] are now providing global
views of the potential genes and pathways that are associated with diabetes. Utilizing
these approaches, tissue-specific gene expressions in human pancreas, muscle and fat
demonstrated differential regulation of approximately 800 genes in diabetes [19]. Gene
expression profiling in diabetic nephropathy has previously been performed only in

animal models [20, 21].

The relationship between white blood cells (WBCs) and diabetic vasculopathy is well
described and elevated WBC count, even within the normal range, is strongly associated
with both macro- and microvascular complications in type 2 diabetes. Immunological
changes mediated by WBCs, such as chronic inflammation [22, 23], infiltration of
lymphocytes and macrophages by advanced glycation endproducts (AGEs) [24] and
autoantibodies [25, 26] were demonstrated to play a role in the pathogenesis of diabetic
nephropathy. Peripheral blood mononuclear cells express enzymes such as manganese
superoxide dismutase, CuZn superoxide-dismutase and glutathione peroxidase which can
protect against oxidant damage. Dysregulation of antioxidant enzyme activity in blood
cells was demonstrated to increase the flux of glucose through the polyol pathway and
generation of excess reactive oxygen species (ROS), leading to tissue damage and

contributing to early diabetic renal disease [17].

Even though extensive literature exists relating peripheral blood cells to diabetic

complications, the association of gene expression changes in PBCs in insulin homeostasis



compared to target tissue such as pancreas is largely unknown. In this study, we
examined gene expression profiles of peripheral blood cells in type 2 diabetes with and
without nephropathy to identify potential gene signatures that could detect nephropathy.
We compared the changes in PBCs with previous studies of global gene expression
changes in endocrine pancreas and skeletal muscle to provide new insights into

molecular mechanisms underlying diabetic nephropathy.

Results and discussion

Global gene expression changes in type 2 diabetes

Profiling of 13,824 human cDNAs using RNA extracted from peripheral blood cells of
subjects with type 2 diabetes and nephropathy showed statistically significant changes in
420 genes (complete list in additional data file 1), less than 2% of the cDNAs profiled.
Comparison of T2D and T2DN with control subjects revealed a similar magnitude of
regulatory response with number of genes perturbed in each disease state, 142 genes in
T2D vs. 158 genes in T2DN (table 1). As shown in figure 1a, 109 and 125 genes were
uniquely regulated in type T2D and T2DN, respectively. Thirty three genes were
commonly regulated in T2D and T2DN when compared to control subjects. The detection
of significant number of genes uniquely changed in T2D or T2DN suggests that distinct
subsets of genes are involved in these two variable states in diabetes. Hierarchical
clustering [27] of the genes significantly regulated in diabetes (420 genes) showed
distinct gene clusters that are unique to T2D and T2DN (figure 1b). This demonstrates
that gene expression signatures in PBCs could potentially provide a mechanism to

distinguish diabetic nephropathy state.



Functional analysis of genes regulated in diabetes

Two thirds of the 420 genes with significant changes in expression in type 2 diabetes and
nephropathy in the present study were ESTs (expression sequence tags) or genes with
unknown function (complete list in additional data file 1). All named genes with
functional annotations in the Unigene database [28] as of January 14, 2004 were
categorized by broad functions as shown in figures 2a and 2b. The cell growth and
maintenance category was the largest functional category (27%) that was regulated in
T2D. This functional category also showed distinct differences between T2D and T2DN,
with a smaller number of changes in nephropathy (7% in T2DN compared to 27% in
T2D). Other functional categories that showed significant differences between T2D and
T2DN are nucleic acid binding (13 vs. 22%), protein biosynthesis (13 vs. 18%) and
signal transduction (10 vs.16%). For descriptive purposes, enzymes involved in various
cellular processes such as cell cycle, growth and others are represented under the

enzymes and metabolism category (table 2).

Changes in genes regulating energy metabolism/enzymes

Metabolic homeostasis is long considered a major component in pathophysiology of
diabetes. In PBCs, of the 99 genes encoding for enzymes regulating carbohydrate and fat
metabolism, surprisingly only 3 enzymes showed significant differential expression
greater than 2 fold change in diabetes or diabetic nephropathy (additional data files 2
and 3). This shows that insulin regulation of energy homeostasis in PBCs is distinctly
different from target tissue such as skeletal muscle and pancreas. The genes encoding
metabolic enzymes (i.e., protein phosphatase 2A, glutamic-oxaloacetic transaminase and
calmodulin 3) that showed significant differential expression (table 2) are well known to
play a role in insulin homeostasis. The serine/threonine-specific protein phosphatase

type 2A (PP2A) that is upregulated in T2DN is one of the most abundant of the



phosphatases that globally regulates several enzymes associated with insulin regulation
of glucose uptake and glycogen synthesis. Insulin downregulates PP2A for its normal
action on glucose metabolism and homeostasis. Impaired PP2A regulation is shown to be
associated with insulin resistance which is a contributing factor in the pathogenesis of
type 2 diabetes [29]. Calcium/calmodulin-dependent protein kinase II (CaMKII)/ the
delta subunit of phosphorylase kinase upregulated in T2D is known to mediate insulin
release and was implicated in diabetic vascular dysfunction and weight loss during
diabetes [30]. Other protein kinases that were downregulated in T2DN were, dual-
specificity tyrosine-(Y)-phosphorylation regulated kinase 1A, AMP-activated protein
kinase (AMPK) and guanylate kinase 1, but their association with pathogenesis of

diabetes is unknown.

As shown in table 2, a number of important enzymes involved in general metabolic
functions that maintain normal cell growth were regulated in T2D and T2DN. Genes such
as, methylenetetrahydrofolate reductase (MTHFR) gene upregulated in T2DN, has been
shown to be associated with diabetic nephropathy in specific populations [13] with a
predisposition to ESRD. Cytochrome P450 that is significantly downregulated in T2DN, is
an important member in the steroidogenic pathway that produces progestins,
mineralocorticoids, glucocorticoids, androgens and estrogens with important implications

in metabolic regulation of insulin homeostasis.

Genes related to signal transducer and cell cycle

Immunoregulation plays a significant role in diabetes and pathogenesis of nephropathy.
Regulation of interleukin 2 (IL2) receptor gamma chain (IL2RG), interleukin 17 receptor
B (IL-17BR) and chemokine (C-X-C motif) ligand 13 (B-cell chemoattractant) detected in
PBCs correlates well with previous studies on their role in T2D and particularly T2DN.
Interleukin 2 (IL2) receptor gamma chain (IL2ZRG) in T2DN, is an important signaling

component of interleukin receptors (IL2, IL4, IL7, IL9 and IL15) and a target for



therapeutics in ESRD [31]. Similarly, interleukin 17 receptor B (IL-17BR) gene encodes a
proinflammatory cytokine receptor on a restricted set of target cell types including
human kidney and pancreas [32]. Increased excretion of urinary IL-17 was shown to be
associated with minimal-change nephrotic syndrome [33]. Regulation of chemokine (C-
X-C motif) ligand 13 (B-cell chemoattractant) causes glomerular immune complex
deposition in prolonged hyperglycemia and macrophage accumulation in diabetic db/db
kidneys [34]. Other important signal transducers, tumor necrosis factor (ligand), brain-
derived neurotrophic factor and ephrin-B2 regulated in T2DN play an important role in
cell proliferation and apoptosis. Dysregulation of these factors have been implicated in

the etiopathogenesis of diabetic nephropathy [35].

Genes related to transporter/ligand binding or carrier

In this class, important molecules (table 2) mediating growth and cell maintenance such
as insulin-like growth factor binding protein 2 (IGFBP-2) gene (upregulated) that is
linked to potential nephromegaly and microalbuminuria in diabetic nephropathy [36] was
detected. Interestingly, low serum IGFBP-2 concentration was also shown as a good
indicator for overall good physical functional status, inversely reflecting the integrated
sum of nutrition and the biological effects of growth hormone, IGF-I and insulin [37].
Galactoside-binding lectin soluble 3 (galectin 3, gal-3) gene upregulated in diabetic
nephropathy, a multifunctional lectin with (anti)adhesive and growth-regulating
properties, is an advanced glycation end product (AGE) receptor (AGER, RAGE) and
contributes to the development of diabetic glomerular disease [38]. Solute carrier family
11 (proton-coupled divalent metal ion transporters) gene downregulated in diabetic
nephropathy is a member in solute carrier (SLC) family (sodium/chloride transporters).
SLC12A3 gene was recently identified by genome-wide analyses of 56,648 single
nucleotide polymorphisms as a good candidate for the susceptibility to diabetic

nephropathy [12].



Regulation of cell adhesion molecules plays an important role in vascular complications
in diabetes. Vascular cell adhesion molecule 1 gene downregulated in diabetic
nephropathy is a member of the Ig superfamily and encodes a cell surface
sialoglycoprotein expressed by cytokine-activated endothelium. This type I membrane
protein mediates leukocyte-endothelial cell adhesion and signal transduction, and may
play a role in the development of atherosclerosis. Plasma concentrations of vascular cell
adhesion molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1), in
patients with type 2 diabetes were more reflective of hyperglycemia than

hyperinsulinemia or insulin resistance [39].

Other genes related to cell cycle regulation with significant differential expression in
diabetes in the present study were, activated leukocyte cell adhesion molecule,
chaperonin containing TCP1 subunit 4 (delta), chromosome 1 open reading frame 38,
cyclin G1, cyclin T1 and telomeric repeat binding factor 2. Two genes, cadherin 8 type 2
gene and E2F transcription factor 4 p107/p130-binding gene, associated with cell
proliferation, oncogenesis and kidney morphogenesis [40] were downregulated in

diabetes.

Genes regulated in protein catabolism, ubiquitin-proteasome pathway

Ubiquitin-proteasome regulating protein degradation mediates several biological
processes such as transcriptional regulation, cell cycle control, antigen processing,
apoptosis and DNA repair. Insulin is known to influence many of these mechanisms
potentially through proteasome inhibition or activation. Insulin and IGF-1 promote
ubiquitin-proteasome mediated degradation of insulin receptor substrates-1 and 2, an
important complex system involved in insulin action and B-cell survival [41, 42]. Direct
interaction of the glucose transporters (Glut) 1 and 4 and Glut4 with members of

ubiquitin family, has been shown to play an important role in the control of glucose



uptake [43]. Ubiquitin-proteasome also plays a major role in diabetes induced protein

wasting and skeletal muscle loss [19].

In this study, significant number (8) of ubiquitin-proteasome genes were regulated in
T2D and T2DN. The related components of the ubiquitin-proteasome degradation
pathway in type 2 diabetes with or without nephropathy are mapped in GeneMAPP-
derived proteasome pathway [44] modified by Glickman and Ciechanover [45] with
updated gene symbols from Locuslink [46], as represented in figure 3. In the present
study, the expression level of 2 mRNAs of the ubiquitin-conjugating enzymes increased
and 6 mRNAs of the proteasome components decreased in diabetic nephropathy
(additional data file 4). The ubiquitin-conjugating enzyme E2H (UBC8 homolog, yeast)
gene known to catalyze the ubiquitination of histones, plays a major role in transcription
regulation. In chronic renal failure (CRF), the ATP-dependent, ubiquitin-proteasome
proteolytic pathway is activated with increases in the transcription of genes encoding
proteins of this pathway. Endocrine abnormalities in CRF (e.g., insulin resistance) could
also upregulate proteasome activity and contribute to muscle protein wasting in CRF
[47]. Ubiquitin-proteasome pathway was also shown to be significantly regulated in gene

profiling study of human skeletal muscle [19].

Genes with significant regulation in diabetic nephropathy

Diabetic nephropathy is the leading cause of ESRD, yet the molecular mechanisms
underlying this diabetic complication are poorly understood. To identify potential genes
reflective of diabetic nephropathy state, first we compared expression profiles of T2DN
with control normal subjects. This direct comparison revealed significant differential
expression of a set of 158 genes (table 1). In order to subset genes that are associated
with diabetes and shared in T2DN, we compared diabetics with nephropathy and
diabetics without nephropathy and identified that 262 genes were regulated in this

comparison (table 1 and figure 1a). As shown in figure 1a, 48 genes were commonly



regulated in both comparisons (T2DN vs. C and T2DN vs. T2D) suggesting that they were
uniquely regulated in nephropathy. Among these 48 genes, 16 were ESTs with unknown
functions; others with known function are listed in table 3. Of the 32 known genes, 9

were described in literature as associated with diabetes or related kidney disease.

Two of the potential genes upregulated in T2DN, endosulfine alpha and
dipeptidylpeptidase IV (DPPIV) are known to modulate insulin secretion. Endosulfine
alpha gene is known to express in a wide range of tissues including muscle, brain and
endocrine tissues. Its recombinant protein displaces binding of the sulfonylurea to beta
cell membranes, inhibits cloned KATP channel currents and stimulates insulin secretion
[48]. DPPIV gene encodes a cell surface serine protease that modulates biological
activity of glucose-dependent insulinotropic polypeptide (GIP) by removing the N-
terminal tyr(1)-ala(2) dipeptide from GIP [49]. This could potentially explain the

glycemic differences and insulin resistance often noted in nephropathy.

UDP-GIcNAc:betaGal beta-1 3-N-acetylglucosaminyltransferase 5 gene located at 3q28
encodes an enzyme that is a member of the beta-1 3-N-acetylglucosaminyltransferase
family, which is another target that is dysregulated in T2DN. It has been demonstrated
that acetylglucosaminyltransferases induced in the heart by diabetes or hyperglycemia,
were responsible for the increase in the deposition of glycoconjugates and the abnormal
functions found in the hearts of diabetic rats [50]. Elevated glucose increased the activity
of core 2 GIcNAc-T and adhesion of human leukocytes to retinal capillary endothelial
cells, in a dose-dependent manner, through diabetes-activated serine/threonine protein
kinase C beta2 (PKCbeta2)-dependent phosphorylation. This regulatory mechanism,
involving phosphorylation of core 2 GIcNAc-T, is also present in polymorphonuclear

leukocytes isolated from type 1 and type 2 diabetic patients [51].

Lipid abnormalities are known to contribute to the development and progression of

diabetic nephropathy. Increased expression of apolipoprotein C-III (apo C3) gene



observed in this study is closely associated with hypertriglyceridemia phenotype.
Recently a rare S2 allele of this gene was reported twice more prevalent in Asian Indians
with hypertriglyceridemia [52]. Polymorphisms in apo E were documented in the

development of nephropathy in type 2 diabetes in Asians [53].

Other genes that are regulated in T2DN such as fucosyltransferase 8 (alpha 1,6) gene, T
cell receptor (TCR) alpha, adenylosuccinate lyase gene, peripheral myelin protein 22
gene and glutathione S-transferase A2 gene were implicated in mechanisms of
glycosylation of specific urinary proteins [54], immune damage to renal basement
membrane [55], AMP catabolism [56] and production of reactive metabolites [57], which
could mediate renal damage. Known phenotypes associated with regulated genes in PBCs

in diabetic nephropathy, are listed in additional data file 5.

Of importance, genes with known function that are not attributed to T2D are novel
candidate genes that may provide new mechanistic insights into diabetes. Nuclear
receptor co-repressor 2 in this category is known to have a significant role in modulating
androgen receptor transcriptional activity, as a coactivator for thyroid hormone receptor
and interacts strongly with peroxisome proliferator-activated receptor alpha (PPARalpha)
[58]. Differential expression of this gene was also reported significant in insulin induced
human skeletal muscle and human pancreas [18, 19] profiling studies. Regulation of
zinc finger protein subfamily 1A 1 (Ikaros) detected in this study is a key member of the
Ikaros (ZNFN1A1) family of transcription factors that are implicated in the control of
lymphoid development. Another regulated gene, ubiquitin-conjugating enzyme E2H
(UBC8 homolog, yeast), a member of the ubiquitin-conjugating enzyme family that
catalyzes the ubiquitination of histones was also known as an important regulator of
several key transcriptional factors. Similarly, HT002 protein (hypertension-related
calcium-regulated) gene, a novel gene that is negatively regulated by extracellular
calcium concentration with higher levels of transcripts in hypertensive animals [59] is

also a likely candidate gene for diabetic nephropathy.



Among the ESTs, hypothetical protein FLJ21820 gene on chromosome 2p24.2 expressed
in kidney and islets of Langerhans, was significantly elevated in both T2DN vs. C (3.7

fold change) and T2DN vs. T2D (6.7 fold change).

Comparison with other insulin gene expression profiling studies of muscle and

pancreas

Insulin was shown to modulate mRNA levels of 757 genes in normal human skeletal
muscle [19]. Present microarray analysis included 183 of these genes and 171 of them
were detectable (by decile rank of normalized mean signal intensity of a gene equaling
or greater than 3 in at least one of the two groups of diabetes or diabetic nephropathy
vs. controls) in peripheral blood cells. The direction of mMRNA expression matched in 106
genes in peripheral blood cells and normal human skeletal tissue, of which 85 were
upregulated and 21 downregulated. In this subset of genes, 10 had significant

differential mRNA expression in diabetes in peripheral blood cells (additional data file 6).

SAGE analysis for human pancreatic islet mRNAs revealed 253 genes with significant
expression [18], 65 of them were represented on our array and 59 genes were
detectable in peripheral blood cells. This showed a significant overlap of genes detected
in pancreas and peripheral blood cells (additional data file 7). Six genes, peroxiredoxin 6,
chromosome 1 open reading frame 21, pancreatic elastase 3B, nascent-polypeptide-
associated complex alpha polypeptide, cytoplasmic dynein light polypeptide 1 and coated
vesicle membrane protein were detected in all 3 studies. Of importance, greater than
80% (230 out of 248 genes) of the genes on our array representative of genes identified
in pancreas and skeletal muscle studies, were also detectable in PBCs. This suggests
identification of key molecules in PBCs that are also regulated in target tissue such as
pancreas and skeletal muscle, provides a new opportunity to monitor diabetic states

through easily accessible peripheral blood.



Whole genome scanning of families with multiple members affected with diabetes has
identified chromosome regions 1q, 12q and 20q to likely harbor type 2 diabetes gene.
[60]. In the present analysis, there were 45 genes, which were preferentially expressed
in either of the groups of diabetes vs. controls in peripheral blood cells that were mapped
to these chromosomal regions (additional data file 8). Further investigations on some of
these target genes could provide new evidence for genetic contribution in diabetes and

underlying mechanisms.

Conclusion

During the past few years, microarrays have greatly facilitated obtaining global views of
gene expression changes to compare phenotypic changes or response to stimulus.
Although these arrays were not specifically geared to represent tissues and pathways
known to be affected by diabetes, they have been used in both type 1 and type 2
diabetes research [61]. This is the first study to examine the changes in peripheral
genome to identify novel candidates in the development of diabetes and diabetic
nephropathy. The present investigation examined gene expression at a single time-point
and it is likely that the nature and extent of gene expression vary depending on many
other parameters during the progression of diabetes. Moreover, expression data in
microarray study, i.e., mRNA levels, may not accurately reflect protein levels, and
expression of a protein may not always have a physiological or pathological
consequence. However, the identification of candidate genes on the basis of
quantification of their expression level and the subsequent application of this knowledge
to disease gene identification and target manipulation, is a logical step toward realization

of the new genes-to-mechanisms paradigm [62].



Although peripheral blood cells are long implicated in the etiopathogenesis of diabetes
mellitus, little is known of genes expressed in blood cells and their regulatory effects.
This study established that significant number of genes in PBCs change in response to
variable diabetic states and demonstrated that changes observed in insulin target tissues
such as skeletal muscle or those expressed in pancreas, can also be correlated with
changes in PBCs. Global gene expression profiling of peripheral blood cells in diabetes
and diabetic nephropathy identified distinct gene signatures for these variable diabetic
states and raises the possibility to use measurements of gene expression differences in
peripheral blood to monitor diabetes progression and complications. Further studies on
important known and novel targets regulated in diabetic nephropathy in peripheral blood
cells identified in this study will provide new insights in the role of peripheral blood cells
in insulin action, insulin resistance and interactions with key target tissues such as

skeletal muscle and endocrine pancreas.

Methods

Subjects

Peripheral blood cells collected from 6 subjects with type 2 diabetes, 6 subjects with
diabetic nephropathy and 6 control subjects were used to prepare pooled samples for
each group. Selected subjects with T2DN had serum creatinine more than 2.5mg/dL,
glomerular function rate reduced by 50% and no other renal pathologies. They were
matched with subjects with T2D without nephropathy, who had urine albumin less than
20mg per 1g of creatinine. Control subjects (n=6) without diabetes and renal disease
were selected by matching for age and gender with type 2 diabetics. Informed consent
was obtained from the subjects following the institution (Nizam's Institute of Medical

Sciences, Hyderabad) review board guidelines for human subjects.



cDNA microarray processing

13,824 human sequence verified cDNAs were amplified using universal forward and
reverse primers that were amino modified with a 5’ C;, spacer. PCR products were
purified using Telechem PCR cleanup plates, dried down, re-suspended in 20ul of s
Telechem spotting solution, and printed on Telechem SuperAldehyde Substrates using a
Cartesian Pixsys printer with quill pins from Telechem.

Total RNA was extracted using TriReagent™

(Molecular Research Corp.) and purified
using RNAeasy columns (Qiagen) according to the manufacturer’s protocol. Six individual
samples from each group (T2D, T2DN, C) were pooled to prepare labeled cRNA probes.
Total RNA (10 pg) was reverse transcribed with Superscript II (Invitrogen) using poly-T
primer and labelled with Cy5 by an amino-allyl labeling protocol. Each sample was
hybridized to two individual arrays. Arrays were scanned using SA5000 fluorescent
scanner (Perkin ElImer) and the data collected and analyzed with QuantArray™ software
(Perkin Elmer). The detailed microarray protocols and the full data sets are available on
our supplemental website [63]. Single channel method was used to avoid dye bias
following the Affymetrix and recent Agilent and Codelink protocols. Quality control of
duplicate arrays was set to r >0.94 (additional data file 9). The dataset is MIAME

compliant; raw and processed data files in MAGE-ML format are available for depositing

in a public data repository.

Data analysis

Mean signal intensity was adjusted for local background by subtracting the median
background intensity. Data was normalized via intensity dependent procedure (loess
function) by pin group [64]. Normalized data was exported to Arraystat™ statistical

software (Imaging Research, Version 1.0, Revision 2.0). Modified ANOVAs (Arraystat F*



tests) and significance of differences between means (z tests) were determined using a

pooled error model. Data set adjusted for multiple testing was done on the p values of

the statistical tests using the False Discovery Rate (FDR) correction with the level of

acceptable false positives set at 0.05 for each statistical test [65].

Abbreviations used

ACE
AGER, RAGE
AGEs
AKR

AM
AMPK
Apo

C
CaMKII
CRF
DPPIV
EcNOS
ESRD
ESTs
Galectin 3, gal-3
GH

GIP
Glut
HSPG
ICAM-1
IGFBP-2
IGF-I
IL-17BR
IL2
IL2RG
MTHFR
PBCs
PKCbeta2
PP2A
PPAR
PRKCB1
ROS
SAGE
SLC
T2D
T2DN
TCR
TLR
UIL-17
VCAM-1
WBCs

Angiotensin converting enzyme

Receptor for advanced glycation end product
Advanced glycation endproducts
Aldo-keto reductase

Adrenomedullin

AMP-activated protein kinase
Apolipoprotein

Controls

Calcium/calmodulin-dependent protein kinase II
Chronic renal failure

Dipeptidylpeptidase IV

Endothelial nitric oxide synthase
End-stage renal disease

Expression sequence tags
Galactoside-binding lectin soluble 3
Growth hormone

Glucose-dependent insulinotropic polypeptide
Glucose transporters

Heparan sulfate proteoglycan

Intracellular adhesion molecule-1
Insulin-like growth factor binding protein 2
Insulin-like growth factor 1

Interleukin 17 receptor B

Interleukin 2

Interleukin 2 receptor gamma chain
Methylenetetrahydrofolate reductase gene
Peripheral blood cells

Protein kinase C beta2

Protein phosphatase type 2A

Peroxisome proliferator-activated receptor
Protein kinase C-betal

Reactive oxygen species

Serial analysis of gene expression

Solute carrier family

Type 2 diabetes mellitus

Nephropathy in type 2 diabetes mellitus
T cell receptor

Toll-like receptor

Urinary IL-17

Vascular cell adhesion molecule-1

White blood cells




Tables

Table 1

Global view of regulated genes in diabetes in peripheral blood cells

Table 2

Diabetes regulated genes in peripheral blood cells

Table 3

Genes associated with nephropathy in type 2 diabetes mellitus

Figures and legends

Figure 1a. Venn Diagram of overlap in regulated genes

in type 2 diabetes mellitus with and without nephropathy.

Figure 1b. Global Gene Expression changes in type 2 diabetes mellitus with and

without nephropathy

Genes (n=420) with significant expression were normalized by the absolute value of the
maximum fold change for the gene and grouped by hierarchical clustering using

Euclidean distances. Genes included were statistically significant by z test using a pooled
error model, cut-offs were adjusted for multiple comparisons using a false detection rate

(FDR) of 0.05.

Figure 2A. Functional classes of regulated genes in type 2 diabetes mellitus



Figure 2B. Functional classes of regulated genes in type 2 diabetes mellitus

with nephropathy

All named genes with functional annotations in the Unigene database were categorized

by broad functional class and broad process class

Figure 3. Regulation of Proteasome Pathway in type 2 diabetes mellitus

with nephropathy or without nephropathy

The gene expression of components of the ubiquitin-proteasome degradation pathway in
type 2 diabetes mellitus with nephropathy or without nephropathy. Color scale
represents relative fold change of type 2 diabetes mellitus with nephropathy compared to
diabetes without nephropathy. Dark red = T2DN/T2D > 2; Light red = T2DN/T2D > 1;
Dark green = T2DN/T2D < -2; Light Green = T2DN/T2D < -1. The GenMAPP-derived
proteasome pathway was modified utilizing information from Glickman and Ciechanover

and updated with gene symbols from Locuslink.
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diabetes mellitus



Additional data file 4 — two figures of GeneMAPP-derived proteasome pathway
representing genes regulating ubiquitin-proteasomes in type 2 diabetes mellitus and
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Tablel

Global view of regulated genes in diabetes in peripheral blood cells

T2D vs. C T2DN vs. C T2DN vs. T2D
737 86T 1437
69 724 119)
142 158 262

(1.03%) (1.15%) (1.90%)

T2D: type 2 diabetes mellitus without nephropathy

T2DN: type 2 diabetes mellitus with nephropathy

C: controls without diabetes and nephropathy

Up-regulated(T): Gene expression levels were significantly higher.
Down-regulated({): Gene expression levels were significantly lower.

Significant regulation of gene expression levels was defined as a fold change between groups (T2D, T2DN, C)
of greater than 2 or less than -2 (using a common error model and a modified z test, all 2-fold changes were
statistically significant at p<0.05 after FDR correction for multiple comparisons).



Table 2

Diabetes regulated genes in peripheral blood cells

Fold change
Accession Gene Name Cytogenetic T2D vs. T2DN T2DN  Summary function
ID (Annotated January 14, 2004) Position C vs. C vs. T2D
Highest responsive genes
AA454153 hypothetical protein LOC149837 20p13 -3.24 1.89 5.54
N52315 chromosome 13 open reading frame 10 13g22.2 -1.20 3.74 4.47
T63031 nuclear receptor co-repressor 2 12g24 -1.19 3.46 4.10
W95480  similar to RIKEN cDNA 2310038H17 13g33.1 4.58 1.07 -4.29
AA424575 hematopoietic cell-specific Lyn substrate 1 3q13 4.93 1.10 -4.47 nucleic acid binding
H29513 hypothetical protein FLJ10193 17p11.2 4.11 -1.59 -6.52
Genes related to Enzyme/Metabolism
AA464979 hypothetical protein FLJ21820 2p24.2 -1.82 3.67 6.70 catalytic activity
W70234 dipeptidylpeptidase 4 (CD26, adenosine 2gq24.3 -1.55 2.57 4.00 hydrolase activity
deaminase complexing protein 2)
W69379  hypothetical protein FLJ125059 11p14.1 -1.41 1.92 2.70 serine-type
peptidase activity
AA398218 non-metastatic cells 3, protein expressed in 16q13 -1.31 2.01 2.63 GTP biosynthesis
AA427688 protein phosphatase 2 (formerly 2A), 19913.41 -2.19 1.20 2.62 protein phosphatase
regulatory subunit A (PR 65), alpha isoform
AA406081 eukaryotic translation initiation factor 4A, 3g28 -1.34 1.90 2.54 helicase activity
isoform 2
AA480995 methylene tetrahydrofolate dehydrogenase 2pl13.1 -1.50 1.64 2.45 hydrolase activity
(NAD+ dependent), methenyltetrahydrofol
AA443688 GTP cyclohydrolase 1 (dopa-responsive 14q922.1- -1.77 1.37 2.42 hydrolase activity
dystonia) q22.2
N57872 alanine-glyoxylate aminotransferase (oxalosis 2q36-q37 -1.18 2.00 2.36 enzyme
I; hyperoxaluria I; glycolicacidur
AA143436 ras homolog gene family, member D 11q14.3 -1.18 1.94 2.30 GTP binding
H46487 mannosy! (beta-1,4-)-glycoprotein beta-1,4-N- 22q13.1 -1.70 1.33 2.25 transferase activity
acetylglucosaminyltransferase
W94106 casein kinase 1, epsilon 22q13.1 1.11 2.48 2.24 protein kinase
activity
AA457330 calpain 6 Xqg23 -1.13 1.98 2.24 calpain activity
AA402855 polymerase (DNA directed), beta 8pl1.2 -1.40 1.60 2.24 DNA repair
R44822 phosphoribosyl pyrophosphate synthetase- 17924-g25 -1.33 1.63 2.17 enzyme
associated protein 1
T62865 aldo-keto reductase family 7, member A2 1p35.1- -1.36 1.59 2.16 carbohydrate
(aflatoxin aldehyde reductase) p36.23 metabolism
AA456931 cytochrome c oxidase subunit VIc 8q22-g23 -1.49 1.45 2.15 electron transport
N76587 CDC42 binding protein kinase beta (DMPK-like) 14q32.3 -1.84 1.15 2.12 protein kinase
activity
AA465366 leukotriene A4 hydrolase 1222 -2.03 1.03 2.09 epoxide hydrolase
activity
AA454207 abhydrolase domain containing 2 15g26.1 -1.23 1.67 2.06 catalytic activity
AA026631 Ran GTPase activating protein 1 22q13 -1.33 1.55 2.05 enzyme activator
AA629904 ADP-ribosylation factor related protein 1 20q13.3 1.22 2.49 2.04 GTP binding
AA456400 adenylosuccinate lyase 22q13.1 1.08 2.16 2.00 hydrolase activity
T49530 lipase, endothelial 18qg21.1 1.06 2.07 1.95 lipid catabolism
AA401111 glucose phosphate isomerase 19q13.1 1.35 2.32 1.72 carbohydrate
metabolism
AA453859 alcohol dehydrogenase 5 (class III), chi 4q21-925 1.22 2.09 1.71 fatty acid binding
polypeptide
N21546 topoisomerase (DNA) III alpha 17p12- 1.30 2.18 1.67 DNA binding
17p11.2
AA169724 protein arginine N-methyltransferase 6 1p13.3 2.00 3.24 1.62 transferase activity
AA013260 tribbles homolog 2 2p25.1 1.51 2.19 1.45 protein kinase
activity
R06321 hydroxymethylbilane synthase 11923.3 1.94 2.39 1.24 heme biosynthesis

AA455146 acetyl-Coenzyme A synthetase 2 (ADP forming)20q11.23 -2.21 -2.50 -1.13 lipid biosynthesis



H94944

AA464568

AA459572

R16838

AA490902
AA451781
AA676749

R25825

H68845
N23112

AA192419
AA487681
W76331

AA456156

AA043551

AA425755
W21482
R13558
AA083032
AA598637
AA676590
T90767
AA448641
R56219
H16637

T48312
AA427667
AA262988
N75745

AA427595
AA461424
H64601
N48080
H79353

AA410383

v-ral simian leukemia viral oncogene homolog 7p15-p13 -1.96
A (ras related)
proteasome (prosome, macropain) 26S 19g13.11- -1.71
subunit, ATPase, 4 ql3.13
protein phosphatase 1, regulatory subunit 7 2q37.3 1.86
cytochrome P450, family 17, subfamily A, 10g24.3 1.72
polypeptide 1
guanylate kinase 1 1g932-g41 2.44
dynactin 6 8pl2-pl1 1.41
dual-specificity tyrosine-(Y)-phosphorylation 21g22.13 1.56
regulated kinase 1A
N-acetylgalactosaminidase, alpha- 22ql3-qter 1.66
peroxiredoxin 2 19p13.2 2.40
protein kinase, AMP-activated, alpha 1 catalytic 5p12 2.36
subunit
biliverdin reductase A 7pl4-cen 3.14
ornithine decarboxylase antizyme 1 19p13.3 3.30
leukotriene B4 12-hydroxydehydrogenase 9qg32 4.70
uroporphyrinogen III synthase (congenital 10g25.2- 4.09
erythropoietic porphyria) q26.3
UDP-GIcNAc:betaGal beta-1,3-N- 3g28 2.05
acetylglucosaminyltransferase 5
Genes related to cell cycle/regulator
deleted in lymphocytic leukemia, 1 13q14.3
chromosome 1 open reading frame 38 1p35.3
activated leukocyte cell adhesion molecule 3gq13.1
cyclin G1 5g932-q34
chaperonin containing TCP1, subunit 4 (delta) 2p15
telomeric repeat binding factor 2 16g22.1
cyclin T1 12pter-qter
E2F transcription factor 4, p107/p130-binding 16g921-q22
cadherin 8, type 2 16g22.1
vascular cell adhesion molecule 1 1p32-p31
Genes related to signal transducer
endosulfine alpha 1g21.3
T cell receptor alpha locus 14q11.2
brain-derived neurotrophic factor 11p13
interleukin 2 receptor, gamma (severe combined Xql3.1
immunodeficiency)
SHB (Src homology 2 domain containing) adaptor 9pl12-p11
protein B
ephrin-B2 13933
interleukin 17 receptor B 3p21.1
G-protein coupled receptor 88 1p21.3
Fc fragment of IgE, high affinity I, receptor for; 1923
gamma polypeptide
chemokine (C-X-C motif) ligand 13 (B-cell 4921
chemoattractant)
tumor necrosis factor (ligand) superfamily, 3926

H54629

member 10

Genes related to Transporter/ligand binding or carrier

AA450037 KIAA0033 protein
AA464121 myosin, light polypeptide 5, regulatory

N53169
W55997

H79047

AA172096

apolipoprotein C-1IT
F-box and leucine-rich repeat protein 11

insulin-like growth factor binding protein 2, 36kDa

endoplasmic reticulum thioredoxin superfamily

member, 18 kDa

11p15.3

4p16.3

11923.1-923.2

11g13.1

1p32.3

2q33-q34

GTP binding
hydrolase activity

intrinsic regulator
activity
electron transport

GTP biosynthesis
lipid biosynthesis
protein kinase
activity
carbohydrate
metabolism
peroxidase activity
protein kinase
activity

electron transport
enzyme inhibitor
oxidoreductase
activity

lyase activity

transferase activity

regulation of cell cycle
cell adhesion
cell adhesion
regulation of cell cycle
regulation of cell cycle

-1.22-2.00regulation of cell cycle
-1.28-2.00regulation of cell cycle
-1.67-2.04 regulation of cell cycle
-1.09-2.09 cell adhesion
-1.24-2.20 cell adhesion

Signal transducer
Signal transducer
Signal transducer
Signal transducer

Signal transducer

Signal transducer

-2.27 -1.40 Signal transducer
-1.57-2.34 Signal transducer
1.22 -2.75Signal transducer

-1.49-2.90 Signal transducer

-1.06 -4.54 Signal transducer

-2.30 -1.18
-2.58 -1.51
-1.09 -2.02
-1.18 -2.03
1.18 -2.07
-1.47  -2.07
-1.41  -2.20
-1.36  -2.25
-1.08 -2.58
-1.39 -3.28
-1.08 -3.40
-1.11 -3.68
1.02 -4.60
-1.20 -4.91
-4.29 -8.77

-1.94 1.42 2.74

-1.10 2.19 2.42

-1.17 1.72 2.02

1.16 2.21 1.91

1.13 2.05 1.81

1.64

1.57

1.22

1.92

1.77

-2.08 2.33 4.85

-1.08 2.26 2.45

-1.43 1.70 2.42

-1.14 1.97 2.24

-1.62 1.33 2.17

-1.12 1.79 2.00

-1.62

1.49

3.37

1.95

4.28

1.05 3.50 3.32

-1.87 1.57 2.95

1.09 2.71 2.49

-1.26 1.86 2.34

-1.46 1.53 2.24

-1.66 1.33 2.22

transporter
ligand binding or
carrier
transporter
ligand binding or
carrier

ligand binding or
carrier

ligand binding or
carrier



N26823 retinoblastoma binding protein 6 16p12.2 -1.34 1.61 2.16 ligand binding or

carrier
AA027230 exportin 6 16p12.1 -1.39 1.44 2.00 transporter
AA261796 multiple endocrine neoplasia I 11q13 1.41 2.62 1.85 ligand binding or
carrier
AAQ058314 lectin, galactoside-binding, soluble, 3 (galectin 3) 14q21-q22 1.35 2.18 1.62 ligand binding or
carrier
N72116 solute carrier family 11 (proton-coupled divalent  12q13 -2.77 -2.201.26 transporter
metal ion transporters), membe
N22297 hypothetical protein FLJ90430 7q11.21 1.80 2.01 1.11 ligand binding or
carrier
N22827 ferredoxin 1 11922 -1.31 -2.02-1.54ligand binding or
carrier
AA186686 prostaglandin E synthase 2 9q34.13 -1.20 -2.14-1.79ligand binding or
carrier
AA455126 ATP synthase, H+ transporting, mitochondrial FO 12q13.13 1.14 -1.75-2.00ligand binding or
complex, subunit c (subunit 9), carrier
T83098 adducin 2 (beta) 2p14-p13 2.11 1.02 -2.07ligand binding or
carrier
N66591 retinoblastoma binding protein 6 16p12.2 1.36 -1.53-2.08ligand binding or
carrier
H85454 potassium voltage-gated channel, delayed-rectifier, 20q12 -1.06 -2.25-2.13ligand binding or
subfamily S, member 1 carrier
AA521389 tumor protein p53 binding protein, 1 15g15-g21 1.45 -1.59-2.301ligand binding or
carrier
AA599078 signal recognition particle 54kDa 14913.2 2.06 -1.20-2.46ligand binding or
carrier
AA436372 zinc finger protein 151 (pHZ-67) 1p36.2-p36.1 3.17 1.10 -2.87ligand binding or
carrier
Genes related to ubiquitin-Proteasome
AA411876 ubiquitin-conjugating enzyme E2H (UBC8 homolog, 7q32 -1.14 2.05 2.34 ubiquitin cycle
yeast)
AA496541 KIAA0317 gene product 14q24.2 -1.25 1.64 2.05 ubiquitin cycle
R97788 ring-box 1 22q13.2 -2.78 -2.011.39 ubiquitin-dependent

protein catabolism
R70174 ubiquitin specific protease 13 (isopeptidase T-3) 3926.2-g26.3 -3.40 -2.761.23 ubiquitin-dependent
protein catabolism

N66068 ubiquitin specific protease 42 7p22.2 1.94 -1.11-2.16ubiquitin-dependent
protein catabolism
AA182680 ubiquitin specific protease 9, Y-linked (fat facets- Yqll.2 1.56 -1.47-2.28 ubiquitin-dependent
like, Drosophila) protein catabolism
AA401853 proteasome (prosome, macropain) 26S subunit, 12g24.31-g24.32 3.55 1.11 -3.20ligand binding or
non-ATPase, 9 carrier

T2D: type 2 diabetes mellitus without nephropathy

T2DN: type 2 diabetes mellitus with nephropathy
C:controls without diabetes and nephropathy

Values indicate differential expression at p<0.05. Significant regulation indicated a 2-fold change between groups using a
common error model and a modified z test. All 2-fold changes were statistically significant at p<0.05 after FDR correction
for multiple comparisons.



Table 3

Genes associated with nephropathy in type 2 diabetes mellitus.

32 genes with known functions and preferentially expressed in diabetic nephropathy as compared
to controls or diabetics without nephropathy

Fold change
Accession Gene Name Cytogenetic Topvs. T2DN  T2DN vs. Broad Function
ID (Annotated January 14, 2004) Position C vs. T2D C
AA464979 hypothetical protein FLJ21820 2p24.2 -1.82 6.70 3.67
T48312 endosulfine alpha 1g21.2 -2.08 4.85 2.33 signal transducer
N52315 chromosome 13 open reading 13g22.2 -1.20 4.47 3.74
frame 10
T63031 nuclear receptor co-repressor 2 12qg24 -1.19 4.10 3.46 transcription factor
binding
W70234 dipeptidylpeptidase 1V (CD26, 2gq24.3 -1.55 4.00 2.57 Enzyme
adenosine deaminase complexing
protein 2)
AA450037 KIAA0033 protein 11p15.3 1.05 3.32 3.50
H51765 paternally expressed 10 7921 -1.36 3.19 2.35
R78725 vitamin A responsive; cytoskeleton 3p14 -1.21 2.86 2.36
related
AA398218 non-metastatic cells 3, protein 16913 -1.31  2.63 2.01
expressed in
M17886 ribosomal protein, large, P1 15922 -1.29 2.63 2.04 nucleic acid
binding
AA598840 polyhomeotic-like 2 (Drosophila) 1p34.3 -1.13  2.53 2.25 ligand binding or
carrier
N53169 apolipoprotein C-IIT 11923.1-g23.21.09 2.49 2.71 structural protein
AA427667 T cell receptor alpha locus 14q11.2 -1.08 2.45 2.26
AA192527 fucosyltransferase 8 (alpha (1,6) 14q924.3 -1.09 2.44 2.24 Enzyme
fucosyltransferase)
W21482 chromosome 1 open reading frame 1p35.2 -1.10 2.42 2.19
38
T73468 glutathione S-transferase A2 6pl2.1 1.38 2.39 3.30 Enzyme
N57872 alanine-glyoxylate 2q36-q37 -1.18 2.36 2.00 Enzyme
aminotransferase (oxalosis I;
hyperoxaluria I, glycolicacidur
AA411876 ubiquitin-conjugating enzyme E2H 7q32 -1.14 2.34 2.05 Enzyme
(UBC8 homolog, yeast)
H81199 hypothetical protein MGC2198 5g35.3 -1.05 2.25 2.14
W94106 casein kinase 1, epsilon 22q13.1 1.11 2.24 2.48 Enzyme
AA464962 HTO0O02 protein; hypertension- 8qg24-qter 1.37 2.19 3.01
related calcium-regulated gene
N53616 melanoma ubiquitous mutated 19p13.3 -1.07 2.16 2.02
protein
T91080 zinc finger protein, subfamily 1A, 1 7p13-p11.1 2.19 2.11 4.62 nucleic acid
(Ikaros) binding
R33335 hypothetical protein FL132069 7q11.21 1.09 2.10 2.29
W04996 periphilin 1 12q12 1.12 2.05 2.29
R26960 peripheral myelin protein 22 17p12-p11.2 1.28 2.05 2.62
AA629904 ADP-ribosylation factor related 20q13.3 1.22 2.04 2.49 Enzyme
protein 1
R99627 chromosome 6 open reading frame 6q21 1.01 2.02 2.04
203
AA456400 adenylosuccinate lyase 22q13.2 1.08 2.00 2.16 Enzyme
H85454 potassium voltage-gated channel, 20q12 -1.06 -2.13 -2.25 Transporter
delayed-rectifier, subfamily S,
member 1
AA411900 Mov10l1, Moloney leukemia virus 22q13.33 -1.07 -2.62 -2.79
10-like 1, homolog (mouse)
AA043551 UDP-GIcNAc:betaGal beta-1,3-N- 3928 2.05 -8.77 -4.29

acetylglucosaminyltransferase 5

T2D: type 2 diabetes mellitus without nephropathy
T2DN: type 2 diabetes mellitus with nephropathy

C:controls without diabetes and nephropathy

Values indicate differential expression at p<0.05.

Significant regulation indicated a 2-fold change between

groups using a common error model and a modified z test. All 2-fold changes were statistically significant at
p<0.05 after FDR correction for multiple comparisons.



Figure 1a. Venn Diagram of overlap in regulated genes
in type 2 diabetes mellitus with and without nephropathy.

T2D: type 2 diabetes mellitus without nephropathy
T2DN: type 2 diabetes mellitus with nephropathy
C: controls without diabetes and nephropathy
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Figure 1b. Global Gene Expression changes in type 2 diabetes mellitus with
and without nephropathy

Genes (n=420) with significant expression were normalized by the absolute value of the maximum fold change
for the gene and grouped by hierarchical clustering using Euclidean distances. Genes included were statistically
significant by z test using a pooled error model, cut-offs were adjusted for multiple comparisons using a false
detection rate (FDR) of 0.05.
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Figure 2a. Functional classes of regulated genes in type 2 diabetes mellitus.
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Figure 2b. Functional classes of regulated genes in type 2 diabetes mellitus
with nephropathy

Type 2 Diabetes Mellitus with Nephrophathy
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All named genes with functional annotations in the Unigene database were categorized
by broad functional class and broad process class
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Figure 3

Figure 3. Regulation of Proteasome Pathway in type 2 diabetes mellitus
with nephropathy or without nephropathy

The gene expression of components of the ubiquitin-proteasome degradation pathway in type 2
diabetes mellitus with nephropathy or without nephropathy. Color scale represents relative fold
change of type 2 diabetes mellitus with nephropathy compared to diabetes without nephropathy.
Dark red = T2DN/T2D > 2; Light red = T2DN/T2D > 1; Dark green = T2DN/T2D < -2; Light Green
= T2DN/T2D < -1. The GenMAPP-derived proteasome pathway was modified utilizing information
from Glickman and Ciechanover and updated with gene symbols from Locuslink.
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