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ABSTRACT

Insulin resistance defines the metabolic syndrome and precedes type 2 diabetes, thus is
considered as the hallmark for type 2 diabetes. Prolonged hyperglycemia and hyperinsulinemia
are both required for the development of classical insulin resistance. In recent years,
accumulative evidence has established that elevated O-GIcNAc levels via either genetic or
pharmacological methods lead to insulin resistance in both cultured adipocytes and animal
models. Adipocytes, besides being a major site for energy storage, are endocrine in nature and
secrete a variety of proteins (adipocytokines) that can modulate insulin sensitivity, hypertension,
food intake, and general energy homeostasis. The link between O-GlcNAc levels, insulin
resistance, and adipocytokine secretion is further explored in this dissertation.

First, by using immortalized and primary rodent adipocytes, the secreted proteome of
differentiated adipocytes under insulin responsive and two insulin resistant conditions is
explicitly elucidated via shotgun proteomics leading to the identification of 97 and 203 secreted
proteins, respectively. More than 80 N-linked glycosylation sites on adipocytokines released by
these adipocytes were also mapped. Moreover, we took a step further to address the quantitative

secretome of human primary adipocytes with the same technique. Of the 190 secreted proteins



identified, we report 20 up-regulated and 6 down-regulated proteins detected in both insulin
resistant conditions. Moreover, we applied glycomic techniques to examine (1) the N-linked sites
from the pool of secreted proteins and (2) the characterization and relative abundance of complex
N- and O-glycans released from adipocytes exposed to different conditions. We identified 91 N-
glycosylation sites on the secreted proteins derived from 51 proteins, as well as 155 and 29
released N- and O-glycans respectively. There were moderate alterations in the observed N- and
O-linked glycans under the different conditions considered.

In short, our studies have provided a list of adipocytokines whose secreted levels vary
under insulin resistant conditions. These proteins bear the potential to be prognostic/diagnostic
biomarkers for the detection of metabolic syndrome and type 2 diabetes. Also, comparing the
results complied from both classical and non-canonical insulin resistance provides further
insights for the role of the O-GlcNAc modification on intracellular proteins in the disease

progression of type 2 diabetes.

INDEX WORDS: O-GIcNAc, insulin resistance, type 2 diabetes, metabolic syndrome,
adipocytokine, tandem mass spectrometry, shotgun proteomics,

glycosylation, glycomics, N-linked, O-linked



SECRETOME AND GLYCOME OF MAMMALIAN ADIPOCYTES UNDER INSULIN

RESISTANT CONDITIONS

JAE-MIN LIM
B.S., Changwon National University, Republic of Korea, 1998
M.S., Changwon National University, Republic of Korea, 2000

M.S., Western Carolina University, 2003

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial

Fulfillment of the Requirements for the Degree

DOCTOR OF PHILOSOPHY

ATHENS, GEORGIA

2009



© 2009
JAE-MIN LIM

All Rights Reserved



SECRETOME AND GLYCOME OF MAMMALIAN ADIPOCYTES UNDER INSULIN

RESISTANT CONDITIONS
by
JAE-MIN LIM
Major Professor: Lance Wells
Committee: I. Jonathan Amster

Ron Orlando

Electronic Version Approved:

Maureen Grasso

Dean of the Graduate School
The University of Georgia
May 2009



DEDICATION
I would like to thank my wife, Seongha Park, and my daughters, Yejin and Yena, for
their unconditional love, patience and support. Words can not express my gratitude for their
sacrifice. I would like to thank my parents, parents-in-law, brothers, sisters, brothers-in-law,

sisters-in-law, nieces and nephews who have always encouraged me.

May 2009
Jae-Min Lim

v



ACKNOWLEDGEMENTS
I would like to acknowledge the following people for the professional and personal

assistance during the research and the preparation of this dissertation.

I would like to thank my advisor, Dr. Lance Wells, for his encouragement, guidance and
assistance as well as for providing me with great experiences and facilities. My most sincere
appreciation goes to Dr. Lance Wells and his family. Many thanks also go to my committee, Dr.

I. Jonathan Amster and Dr. Ron Orlando, for their invaluable time and expertise.

I would like to thank Dr. Dorothy Hausman, Dr. Michael Tiemeyer, Dr. Carl Bergmann,
Dr. Jin-Kyu Lee, Dr. Kazuhiro Aoki and Dr. James Atwood III for their expertise and countless

help.

I would like to thank Dr. David J. Butcher (Professor, Department of Chemistry and
Physics, Western Carolina University), Dr. Yong-Ill Lee (Professor, Department of Chemistry,
Changwon National University) and Dr. Young-Jae Yoo (Professor, Department of Chemistry,

Changwon National University) for providing their encouragement during the study.

Special thanks goes to my laboratory members, Enas Gad Elkarim, Dan Sherling, Chin

Fen Teo, Stephanie Hammond, Peng (Linda) Zhao, Anu Rajesh Koppikar, Sandii Brimble, Edith



Hayden, Meng Fang, Krithika Vaidyanathan and Sean Durning for their friendship, kindness and

assistance in the laboratory. Best wishes in their future endeavors.

I would also like to thank the administrative staff of the Chemistry Department and the

Complex Carbohydrate Research Center.

May 2009
Jae-Min Lim

vi



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS .....ooiiiiiiii e s s v
LIST OF TABLES ..ot ix
LIST OF FIGURES ......oiiiiiiiiee ettt X
CHAPTER
1 CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW .....ccccccccviviiiienen. 1
1.1. INSULIN RESISTANCE AND O-GlcNAc MODIFICATION .........ccccoceeunee 1
1.2. ADIPOCYTES AND ADIPOCYTOKINES.........cccooviiiiiiiiiiiiiiciiieicee, 3
1.3. QUANTITATIVE PROTEOMICS AND GLYCOMICS...........ccooviiiiinne. 5
REFERENCES ...ttt 9
2 CHAPTER 2: DEFINING THE REGULATED SECRETED PROTEOME OF

RODENT ADIPOCYTES UPON THE INDUCTION OF UNSULIN
RESISTANCE ...ttt st 30
ABSTRACT ...ttt et 31
2.1. INTRODUCTION .....ooiiiiiiiienteeteee ettt s 32
2.2. EXPERIMENTAL PROCEDURES .......c.cooiiiiiiiiiieeeeceeeeeceeeeee 34
2.3 . RESULTS ..ottt e e e 39
2.4, DISCUSION .....ooiiiiite ettt st st 43
REFERENCES ...ttt st 48
SUPPORTING INFORAMTION .....ccooiiiiiiiiiiiiiieieeececeee e 71

Vil



3 CHAPTER 3: QUNATITATIVE SECRETOME AND GLYCOME OF PRIMARY

HUMAN ADIPOCYTES UNDER INSULIN RESISTANT CONDITIONS ........ 93

ABSTRACT ..ot 94

3.1. INTRODUCTION .......ooiiiiiiiiiiiiiiicitcenecit et 95

3.2. EXPERIMENTAL PROCEDURES ........cccciiiiiiiiiiiiiiiiicicceciccee 99

33 RESULTS ..o 107

3.4. DISCUSSION .....oiiiiiiiiiiiiiiceieee et s 112
REFERENCES ...t 116
SUPPORTING INFORMATION .....ccccooiiiiiiiiiiiiiiiiicicniecceeeeeeeie e 148

4 CHAPTER 4: CONCLUSION ...ccocoiiiiiiiiiiiiiiiiiieieceeieceeeieeee e 158
APPENDICES ..ot 161

A APPENDIX A: MAPPING GLYCANS ONTO SPECIFIC N-LINKED

GLYCOSYLATION SITES OF PYRUS COMMUNIS PGIP REDEFINES THE

INTERFACE FOR EPG-PGIP INTERACTIONS.......cociiiiiiieniieieiceeeen 161
ABSTRACT ...ttt ettt s 162
A 1. INTRODUCTION ..ottt s 162
A.2. EXPERIMENTAL PROCEDURES ........cociiiiiiiiniiiiecieeeene e 165
A3 RESULTS ..ottt st 168
A4 DISCUSSION ..ottt sttt e 170
REFERENCES ...ttt st 173

viii



LIST OF TABLES

Page

Table 1-1: Summary of the quantification technologies for proteomics and glycomics
EXPEITMECIIES ....vvieniieeiiieiieeteeette et eetteeteesteeesbeesteeeabeesseeesseenseesnseenseesnseeseesnseesaesnseensnanns 27
Table 2-1: Calculation of false-diSCOVETY TateS .......c.eevuieriieriiiriieiieeie ettt 56
Table 2-2: Novel secreted proteins from immortalized mouse adipocytes..........cccvevveeriveriiennnnnne 57
Table 2-3: Mouse adipocytokines regulated by insulin resiStance ............coceveevvereeneenenveneennens 59
Table 2-4: Novel secreted proteins from primary rat adipOCYLes .......c.eeverevveeriieriienieenieeieenieeans 60
Table 2-5: Rat adipocytokines regulated by insulin resistance...........coceecevvereenienienieienieneenen. 63
Table 2-6: Sites of N-linked glycosylation in rodent adipoCytes..........cecvevvierienireniienieeiieeiiene 64
Table 3-1: Total secreted proteins from human adipose tissue by LC-MS/MS .............ccceeee. 126

Table 3-2: Human adipocytokines regulated a minimum of 150% under both insulin resistant
CONAILIONS ..ttt sa et st b et eat et e bt saee s bt et e e st e saeetesanenee 132

Table 3-3: Identification of N-linked glycosylation sites using PNGase F with the incorporation
of 'O water in human adipOCytoKINES .............o.covevvervvevereseeeeeeeeeseeseesssseesseeseenens 133

Table 3-4: Relative quantification of N-linked glycans from human adipocytes between insulin

. .. . . .. 13,~/12 .
resistant conditions and insulin response condition by “C/ “C ratio and prevalence

Table 3-5: Relative quantification of O-linked glycans from human adipocytes between insulin

. .. . . . .. 13,~/12 .
resistant conditions and insulin responsive condition by “C/ “C ratio and prevalence

X



LIST OF FIGURES

Page
Figure 1-1: Glucose metabolism and insulin transduction in adipoCytes. .........cccecverreerieenvennnenn. 28
Figure 1-2: Images of fat droplets in mammalian adipoCytes..........cceevverieririierieneeienieneeieeen 29
Figure 2-1: O-GlcNAc levels are elevated under insulin resistant conditions...........c.ccecveeeenneenee. 67
Figure 2-2: Schematic diagram of experimental approach............ccoecceeeiieiieniiieniinciiiiecieeee 68
Figure 2-3: Assigning the secreted proteome of adipOCytes........cvvevueerierieniriierienieieniesieeeeen 69
Figure 2-4: Differential secretion of adipocytokines determined by reconstructed ion
CHIOMALOZTAINS ......eiiiieiiecii ettt ettt ettt et e et e e seeebe e teeeabeeseeenseesaeenseenseaans 70

Figure 3-1: Detection of O-GIcNAc levels from nucleocytosolic proteins of human adipocytes

..................................................................................................................................... 141
Figure 3-2: Schematic flow diagram of the experimental procedure ............cccccecerveneriicnicnene 142
Figure 3-3: The functional categories of secretome from human adipocytes..........ccceevueeneennee. 143

Figure 3-4: Characterization of glycome from human adipocytes by NS-MS and TIM scan.....144
Figure 3-5: Relative quantification of glycome from human adipocytes with insulin resistant

conditions USING P C/ 2 C 1ADEHNG ... e e eeeeeeses e 145



CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW
1.1. INSULIN RESISTANCE AND O-GlcNAc MODIFICATION
Diabetes mellitus (commonly referred to as diabetes) is a chronic metabolic disorder that
affects about 5% of the population in industrialized nations and the global incidence of diabetes
is increasing as to be characterized as an epidemic. Most cases of diabetes are one of two
categories, which are very distinct in their etiologies and pathogenesis (1). Type 1 diabetes is due
to beta-cell dysfunction in the pancreatic islets of Langerhans. Type 2 diabetes accounts for the
vast majority cases of diabetes from defects in both insulin resistance and pancreatic insulin
secretion. Insulin resistance is associated with type 2 diabetes, hypertension and cardiovascular
disease and related to various metabolic and physiological disorders known as Syndrome X or
metabolic syndrome (2-4). Insulin resistance, a hallmark of type 2 diabetes, results from a
stepwise progression of hyperglycemia to hyperinsulinemia along with glucose toxicity (5).
Nutrient excess, particularly glucose, have been shown to decrease insulin sensitivity, with
potential association with insulin resistance (6-8). Insulin sensitivity has been shown to be
regulated by the hexosamine biosynthetic pathway (HBP) due to excess glucose flux shown in
Figure 1-1 (9). Direct association between insulin resistance and the HBP due to glucose flux
was first established by Marshall et al. (6, 7) and further supported by subsequent studies in
which impairing HBP by blocking the rate limiting enzyme, glutamine:fructose-6-phosphate
amidotransferase (GFAT), can reverse the effect of insulin resistance (10-12). In fact, only 2 to

5% of incoming glucose will be shuffled into the HBP compared to other major routes for



glucose utilization such as glycolysis, glycogen synthesis and the pentose phosphate shunt. The
end product of the HBP is the sugar nucleotide UDP-GIcNAc which is utilized as a donor
substrate for the ubiquitous intracellular glycosylation of nuclear and cytosolic proteins known as
O-linked B-N-acetylglucosamine (O-GlcNAc) modification as well as complex glycosylation of
proteins and lipids (13).

First discovered by Torres CR and Hart GW in 1984 (14), O-GIcNAc modification of
cytosolic and nuclear proteins results from the enzymatic addition of the N-acetyl glucosamine
(GleNAc) moiety of UDP-N-acetylglucosamine (UDP-GIcNAc) to serines or threonines by the
O-linked B-N-acetylglucosamine transferase (OGT) (15-17). O-GlcNAc glycosylated proteins
can be deglycosylated by another enzyme, -D-N acetylglucosaminidase (O-GlcNAcase) (18-
20). O-GlcNAc modification on the serine and threonine residues of polypeptides has been
shown to be a ubiquitous regulatory post-translational modification (PTM) in biological systems.
The regulatory O-GIcNAc post-translational modification is more analogous to phosphorylation
than to other types of glycosylation (21-25). O-GlcNAc competes with phosphorylation at
specific sites (21, 26-29) and a reciprocal relationship between phosphorylation and O-GIcNAc
has been observed globally (25, 30). In models of hyperglycemia, elevated levels of O-GIcNAc
antagonize insulin signaling and promote insulin resistance associated with postoreceptor defects
in the potential interplay between O-GIlcNAc and phosphate in signaling cascades (24, 31-33).
From these researches, increasing global O-GIcNAc levels can induce insulin resistance without
the prerequisite for hyperglycemia and hyperinsulinemia and a concomitant defect in the
metabolic branch of the insulin signaling pathway (IRS/PI3K/Akt pathway) has been established

with both cell culture and animal models (34-36).



Finally, O-GlcNAcase is a nucleocytoplasmic enzyme that catalyzes O-GlcNAc removal
from proteins (37-39). O-(2-acetamido-2-deoxy-D-glucopyranosylidene)amino-N-
phenylcarbamate (PUGNAC) is a GIcNAc analogue that prevents cycling of O-GIcNAc
modification through inhibition of O-GlcNAcase in cells, leading to globally elevated levels of
this modification without significantly altering N-linked glycosylation or UDP-GIcNAc levels
(40). Inhibition of O-GlcNAcase by PUGNAC in differentiated 3T3-L1 adipocytes leads to
insulin resistance (32). In this study, we examine the relationship between elevated O-GIcNAc
levels such as both classically induced-insulin resistant (chronic hyperglycemia and
hyperinsulinemia) and the pharmacologically induced-insulin resistant (by PUGNAc) conditions

and alteration of secretome and glycome in mammalian adipocytes.

1.2. ADIPOCYTES AND ADIPOCYTOKINES

In the last decade, adipocytes have been demonstrated to play a key role in energy
homeostasis. Adipocytes possess the largest energy reserve in the animal body and are an
endocrine tissue that regulates energy metabolism through paracrine and endocrine mechanisms
shown in Figure 1-2 (41-43). In addition to the secretion of free fatty acid by adipocytes, many
adipocyte-secreted proteins, collectively termed adipocytokines or adipokines, can act in an
autocrine, paracrine or endocrine fashion (44). For instance, adipocytes secrete tumor necrosis
factor a (TNF-a), a cytokine that interferes with insulin signaling by blocking phosphorylation
of insulin receptor substrate-1 (IRS-1), and leptin, a peptide hormone that regulates energy intake
and expenditure (45, 46). In addition, serum retinol binding protein 4 (RBP4) is the adipocyte
‘signal’ that contributes to systemic insulin resistance and consequently to type 2 diabetes (47).

Several adipokines have been implicated in hypertension (angiotensinogen), impaired



fibrinolysis (PAI-1), insulin resistance (ASP, TNF-a, IL-6, resistin and adiponectin) and food
intake (leptin) (42, 43, 48, 49).

Adipocytokines identified so far that appear to act as signaling molecules include
angiotensin, leptin, adiponectin, adpisin, TNF-a, TGF- IL-6 and resistin (42). Most of these
adipocytokines have been shown to be secreted at higher or lower levels by modulation of
nutrient (primarily glucose) levels and/or hormone stimulation (44). For those investigated, it
appears the secreted adipocytokine levels are dictated primarily at the level of transcription
regulation (50). Many researchers have begun to define the secreted proteome of 3T3-L1 mouse
adipocytes, primary rat adipose tissues and primary human adipocytes by gel-based and liquid
chromatography-based mass spectrometry (51-59). Several research groups have demonstrated
the adipocytokines contributes to insulin resistace, the hallmark of the metabolic syndrome and
the preceding complication of type 2 diabetes (42, 60). In at least two cases, for leptin and
adiponectin, transcription is regulated by glucose flux through the HBP shown in Figure 1-1 (61-
64). UDP-GIcNACc levels are proportional to the amount entering the cell and diabetic animal and
diabetic patients have elevated UDP-GIcNAc levels (65). Adipocytokines are now known to
secrete humoral factors and some of these (e.g. leptin, adiponectin and resistin) can modulate
insulin sensitivity. Thus, the altered production of these adipokines could be involved in
predisposition to diabetes (66).

Recent work by our group has expanded the adipocytokine list to over two hundred
secreted proteins with 3T3-L1 and 3T3-F442A mouse adipocytes, primary rat adipose tissues
and primary human adipocytes respectively (67, 68). From these studies, we have defined not

just the proteins but the post-translational modification of these proteins and glycosylation of



adipocytes and discovered regulated proteins upon the induction of insulin resistance in

adipocytes.

1.3. QUANTITATIVE PROTEOMICS AND GLYCOMICS

Proteomics is the large-scale study of proteins and built on technologies to analyze a
mixture of proteins simultaneously in one experiment. Mass spectrometry (MS) has been used to
identify proteins in complex mixtures via largely qualitative analysis. Currently, the most
popular method is an automated method for rapid and large-scale shotgun proteomics that is
commonly referred to as multidimensional protein identification technology (MudPIT), of which
multidimensional liquid chromatography (LC) with electrospray ionization tandem mass
spectrometry were used followed by database searching (69-73). Recently developed
methodologies offer the opportunity to obtain quantitative proteome between the biological
states of an organism. The quantitative proteomic profiling of complex biological samples for the
purposes of biomarker discovery is a key challenge in proteomics. Quantitative proteomics has
traditionally been performed by two-dimensional (2D) differenatial in-gel electrophoresis
(DIGE) (74, 75). In 2D gel electrophoresis, the relative quantitation is achieved by recording
differences in the staining intensity of protein spots derived from two states of differently labeled
cell populations or tissues (76, 77). In the past decade, gel-free proteomics techniques have
emerged as more sensitive and reproducible methods for quantitatively comparing proteins levels
among biological samples. More accurately, relative quantitative proteomics often utilizes
isotopic labeling to tag one of the two peptide samples to introduce an isotopically
distinguishable mass between peptides from two experimental conditions. Stable isotope labels

can be incorporated by chemical approaches (in vitro) or through metabolic incorporation (in



vivo). Isotope-labeling methods introduce stable isotope tags to proteins via chemical reactions
using isotope-coded affinity tags (ICAT) (78-81), or via enzymatic labeling using O water for
trypsin digestion (82-84), or via metabolic labeling using stable isotope labeling by amino acids
in cell culture (SILAC) shown in Table 1-1 (85-87). Among the emerging proteomic
technologies, iTRAQ (isobaric tags for relative and absolute quantitation), is a shotgun based
tandem mass spectrometric technique (MS/MS) that allows the concurrent identification and
relative quantification of hundreds of proteins in different biological samples in a single
experiment (88-90). The iTRAQ technology has many advantages over other proteomic
techniques, such as being relatively high throughput, increased sensitivity and confidence in both
the identification and quantification of the protein. A strategy for the absolute quantification
(termed AQUA) exists for technologies that permit the direct quantification of protein and post-
translational modification status (91-94). The AQUA peptide strategy requires chemically
synthesized isotope-labeled peptides which are spiked into the samples in known quantities
before MS analysis.

Label-free MS-based quantitative methods is an attractive alternative to isotopic labeling
if they could be used to quantitatively compare protein expression in samples. However, the
comparison of multiple LC-MS runs of highly complex biological samples is very challenging.
Several laboratories have developed software to assist in analysis of label-free samples,
including SpecArray and 2DICAL (95, 96). In addition, a variety of label-free methods have
been developed for quantifying relative protein abundance, including peptide counts (97, 98),
mass spectral peak intensities and spectral counts that add all the MS/MS spectra observed for
peptides derived from a single protein in an LC-MS/MS analysis (99-106). Because proteins that

are more abundant in a sample have a higher probability of being identified during data-



dependent MS/MS scanning (100, 106), the number of tandem spectra acquired for individual
peptides reflect protein abundance. This has led to the proposal that spectral counting can assess
relative protein abundance (100).

Glycosylation is one of the most common post-translational modifications (107, 108). It
is common knowledge that approximately 50% of proteins in mammalian cells are glycosylated
and virtually all membrane and secreted proteins are glycosylated (108). Glycans play crucial
roles in various biological events including cell recognition (107), adhesion (109) and cell-cell
interaction (110). A correlation between glycosyltransferase expression and subsequent changes
in glycan structures has been reported in several diseases, including inherited diseases (111), the
progression of cancer (112) and autoimmune diseases (113-115). Researcher focused on
analyzing the glycosylation sites and the alteration of glycan structures on glycoproteins in
normal and disease stage(s) are becoming increasingly important in the discovery of diagnostic
biomarkers. In the past decade, site-mapping for N-linked glycosylation has become an integral
part of proteomic examinations of various congenital and infectious diseases. A common
procedure for identifying N-linked glycosylation site(s) involves tryptic digestion of the
glycoprotein(s), followed by the conversion of glycosylated asparagine residues into '*O-labeled
aspartic acids by PNGase F digestion in '*O water (67, 116-119). The 2.9883 Da mass tag
created by this process is readily observable by LC-MS/MS analysis, and is often used to identify
the sites of N-linked glycosylation.

The structural diversity of glycans is determined by the expression and regulation of
glycosyltransferase activities and by the availability of the appropriate acceptor/donor substrates.
To characterize glycan structures, MS fulfills these requirements while providing a rapid and

reliable mean to analyze complex mixtures. The fragmentation of methylated glycans is leading



to accurate structural assignment when MS/MS analyses are performed (120-129).
Methodologies for quantitative alteration of glycan expression levels require highly sensitive
methods that can distinguish even subtle changes in structure. Current challenges in the field of
glycomics are being met by using novel strategies such as the isotopic labeling of
oligosaccharides with '*C-labeled iodomethane ('"*CHsl) and isobaric labeling of glycans with
BCH;I or CH,DI (QUIBL, quantitation by isobaric labeling) using standard permethylation
procedure shown in Table 1-1 (128, 130, 131). Prevalence ratio from full MS and total ion
mapping (TIM) is utilized to determine normalized peak height and area for relative
quantification of glycans between different developmental stages (128). A cell culture labeling
strategy for glycomics, similar to SILAC for proteomics, was reported for the incorporation of
differential mass tags into the glycans of cultured cells named IDAWG: isotopic detection of
aminosugars with glutamine (132). In this method, culture media containing amide-'""N-Gln is
used to metabolically label cellular aminosugars with heavy nitrogen.

In this study, we identified and quantified the secreted proteome of mammalian
adipocytes under insulin responsive and two insulin resistant conditions by using nano LC-
MS/MS and normalized peptide and spectral counts from MS/MS runs. We identified N-linked
glycosylation sites on secreted proteins from mammalian adipocytes by the conversion of
glycosylated asparagine residues into '*O-labeled aspartic acids by PNGase F digestion in '*O
water. We also characterized and quantified the N-linked and O-linked glycans of mammalian
adipocytes under the conditions using TIM analysis, the isotopic labeling of glycans with *C-
labeled iodomethane and prevalence ratios. With the use of multiple adipocyte cell lines,
methods for inducing insulin resistance, and mass spectrometry-based approaches of analysis,

this work will provide a more complete insights into adipose tissue physiology and pathology.
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Table 1-1. Summary of the quantification technologies for proteomics and glycomics

experiments
Labeling Proteomics Glycomics
Spectral count
Label-free Protein coverage Prevalence
DIGE
ICAT
T o : iTRAQ PC-CHil
In vitro isotopic and isobaric labeling 80-H,0 QUIBL
AQUA
In vivo isotopic labeling SILAC IDAWG
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Figure 1-1. Glucose metabolism and insulin transduction in adipocytes. Increased flux through the HBP results in O-GlcNAc
modification of nucleocytoplasmic proteins and alteration of secreted proteome and glycome. Adapted and modified from Wells, L.;

Vosseller, K.; Hart, G. W.; Cell. Mol. Life Sci., 2003, 60, 222-228 (9).
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Figure 1-2. Images of fat droplets in mammalian adipocytes.
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CHAPTER 2

DEFINING THE REGULATED SECRETED PROTEOME OF RODENT ADIPOCYTES

UPON THE INDUCTION OF INSULIN RESISTANCE

Reproduced with permission from Jae-Min Lim, Dan Sherling, Chin Fen Teo, Dorothy B.
Hausman, Dawei Lin and Lance Wells, Journal of Proteome Research 2008, 7 (3), 1251-1263.

Copyright 2009 American Chemical Society
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ABSTRACT

Insulin resistance defines the metabolic syndrome and precedes, as well is the hallmark
of, type 2 diabetes. Adipocytes, besides being a major site for energy storage, are endocrine in
nature and secrete a variety of proteins, adipocytokines (adipokines), that can modulate insulin
sensitivity, inflammation, obesity, hypertension, food intake (anorexigenic and orexigenic), and
general energy homeostasis. Recent data demonstrates that increased intracellular glycosylation
of proteins via O-GIcNAc can induce insulin resistance and that a rodent model with genetically
elevated O-GIcNAc levels in muscle and fat displays hyperleptinemia. The link between O-
GlcNAc levels, insulin resistance, and adipocytokine secretion is further explored here. First,
with the use of immortalized and primary rodent adipocytes, the secreted proteome of
differentiated adipocytes is more fully elucidated by the identification of 97 and 203 secreted
proteins, respectively. Mapping of more than 80 N-linked glycosylation sites on adipocytokines
from the cell lines further defines this proteome. Importantly, adipocytokines that are modulated
when cells are shifted from insulin responsive to insulin resistant conditions are determined. By
the use of two protocols for inducing insulin resistance, classical hyperglycemia with chronic
insulin exposure and pharmacological elevation of O-GIcNAc levels, several proteins are
identified that are regulated in a similar fashion under both conditions including HCNP, Quiescin
Q6, Angiotensin, lipoprotein lipase, matrix metalloproteinase 2, and slit homologue 3. Detection
of these potential prognostic/diagnostic biomarkers for metabolic syndrome, type 2 diabetes, and
the resulting complications of both diseases further establish the central role of the O-GlcNAc

modification of intracellular proteins in the pathophysiology of these conditions.

Keywords:  O-GlcNAc, insulin resistance, tandem mass spectrometry, shotgun proteomics,

31



type 2 diabetes, metabolic syndrome, glycosylation, adipocytokine

2.1. INTRODUCTION

Type 2 diabetes affects more than 7% of the American adult population. Chronic
hyperglycemia is the hallmark of all types of diabetes. In type 2 diabetes, insulin resistance is a
primary, early feature and, along with “glucose toxicity”, is likely responsible for the plethora of
observed patient complications such as cardiovascular disease, blindness, and kidney disease (1).
Insulin resistance results in defects in a multitude of systems including pancreatic -cells, the
liver, and peripheral insulinresponsive tissues (adipocytes and skeletal muscle) (2). Insulin
normally regulates a variety of processes such as glucose uptake, glycogen synthesis, triglyceride
synthesis, lipolysis, gluconeogenesis, apoptosis, cell growth, differentiation, and adipocytokine
(adipokine) secretion (3).

It has been suggested that insulin resistance is an adaptation to nutrient excess and lack of
energy expenditure (4). Increased flux through the hexosamine biosynthetic pathway that
converts fructose-6-phosphate (a glycolysis intermediate) to UDP-GlcNAc (a donor sugar
nucleotide) has been heavily implicated in the induction of insulin resistance (5, 6). UDP-
GlcNAc serves as a donor for glycosylation of macromolecules including the O-linked 3-N-
acetylglucosamine (O-GlcNAc) modification of nuclear and cytosolic proteins (7). Elevation in
global O-GIcNAc modification of proteins has been directly demonstrated to generate insulin
resistance and glucose disposal defects in adipocytes and muscle cells in culture as well as in
rodent models (8-11).

In the past decade, it has become apparent that adipose tissue, in addition to being an

energy storage depot, is an endocrine tissue (12, 13). In addition to the free fatty acids secreted
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by adipocytes, a number of adipocyte-secreted proteins, adipocytokines (adipokines), can act in
an autocrine, paracrine, or endocrine fashion to modulate a variety of processes including insulin
sensitivity, inflammation, obesity, hypertension, food intake (anorexigenic and orexigenic), and
general energy homeostasis (12-14). Adipocytokine secretion has been implicated in a variety of
the complications associated with type 2 diabetes (15, 16).

A few groups have sought to define the secreted proteome of adipocytes by a variety of
approaches (17-21). Most of these studies focused on differential protein expression during
adipocyte differentiation. Secretion of many adipocytokines in mature adipocytes appears to be
regulated by insulin stimulation and glucose levels (22). In at least two cases, for leptin and
adiponectin, transcriptional regulation of the adipocytokines is regulated by the hexosamine
biosynthetic pathway (23, 24). Furthermore, mice with elevated O-GlcNAc levels display
hyperleptinemia (9).

To more completely define the repertoire of adipocytokines, we report here a detailed
proteomic analysis of the secreted proteome of rodent adipocytes (both immortalized mouse and
primary rodent-derived) using a combination of shotgun proteomics, N-linked glycosylation site
mapping, and 2D-reverse phase separations that allowed us to assign more than 200 secreted
polypeptides with high confidence. We also demonstrate via quantitative proteomics that
multiple secreted proteins are regulated by classical induction of insulin resistance
(hyperglycemia and chronic insulin exposure) as well as elevated O-GlcNAc level-induced
insulin resistance. With the use of multiple adipocyte cell lines, methods for inducing insulin
resistance, and mass spectrometry-based approaches of analysis, we are able to establish a more

complete repertoire of those proteins that are likely candidates as prognostic/
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diagnostic/therapeutic targets in metabolic syndrome, type 2 diabetes, and the resulting

complications.

2.2. EXPERIMENTAL PROCEDURES

Tissue Culture. 3T3s Cell Lines: 3T3-L1 and -F442A fibroblasts were maintained and
differentiated on 10 cm plates essentially as previously described (11, 25). Briefly, 2 days after
the cells reached confluence, cells were induced to differentiate with high (4.5 g/L, 3T3-L1) or
low (1.0 g/L, 3T3-F442A) glucose DMEM containing 10% fetal bovine serum (3T3-L1) or 10%
calf serum (3T3-F442A) via addition of 0.5 mM (115 pg/mL) 3-isobutyl-1-methyxanthine (MIX,
Sigma), 1 uM (390 ng/mL) dexamethasone (Sigma), and 175 nM (1 ug/mL) recombinant insulin
(human, Roche). After 48 h (day 2), the medium was replaced with high (3T3-L1) or low (3T3-
F442A) glucose DMEM plus 10% FBS and supplemented with 1 ug/mL insulin for an additional
48 h. After 96 h (day 4), cells were maintained in appropriate medium depending on the
condition being examined.

Rat Primary Cell Culture: inguinal and retroperitoneal fat pads were removed aseptically
from male Sprague—Dawley rats (Harlan Industries, Indianapolis, IN), and primary preadipocytes
were isolated as described in detail previously (26, 27). After additional washing and
centrifugation steps, the preadipocyte pellet was resuspended in plating medium (high glucose
DMEM, antibiotics: PS, 10% FBS) and seeded at an average density of 1.35 x 104 cells/cm” for
inguinal and 1.63 x 103 cells/cm® for retroperitoneal on 10 cm dishes for the differentiation.
Primary cells were maintained in a humidified atmosphere containing 5% CO; in air at 37 °C
and cultured to confluence, changing the plating medium every 2 days. After 2 days of

confluence, referred to as day 0, the medium was replaced with differentiation medium (high
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glucose DMEM containing antibiotics and 10% FBS, 0.25 mM MIX, 0.1 uM dexamethasone,
and 17 nM insulin), and at day 2, an additional 17 nM of insulin was administered with the
plating medium for an additional 48 h incubation. The cells were maintained in low glucose

DMEM containing 10% FBS and treatments (see below) until harvest.

Cell Treatments and Sample Preparation. On the designated days (day 4 for 3T3-L1, day 5 for
3T3-F442A, and day 9 for rat primary adipocytes), adipocytes were induced with a combined
treatment of low or high glucose containing 10% FBS, with or without insulin (100 nM) and
PUGNACc (100 uM, TRC Inc.) according to the experimental conditions described in the results.
After 24 h incubation, the medium was removed and the cells were washed five times with low
or high glucose serum-free DMEM without antibiotics and vitamins and incubated with the last
rinse for 15 min. After the final wash was removed, serum-free media supplemented with insulin
(1 nM) or PUGNACc (100 4M) was added, and cells were incubated for 16 h.

After incubation, the conditioned media were harvested with extreme care and then
centrifuged once at 1800 rpm at 4 °C for 7 min. The supernatants were filtered using 1 gm
syringe filters (PALL). The samples were then collected in centrifuge tubes and centrifuged
again at 30 000g at 4 °C for 30 min. The samples were then transferred to an equilibrated spin
column (Centriprep YM-3, Amicon, Millipore) and buffer-exchanged at 2800 g and 4 °C into 40
mM ammonium bicarbonate (NHsHCO3) plus 1 mM DTT and concentrated. The concentrated
samples were denatured with 1 M urea, reduced with 10mM DTT for 1 h at 56 °C,
carboxyamidomethylated with 55 mM iodoacetamide in the dark for 45 min, and then digested
with 5 ug of trypsin (Promega) in 40 mM NH4HCO; overnight at 37 °C. After digestion, the

peptides were acidified with 200 uL of 1% trifluoroacetic acid (TFA). Desalting was
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subsequently performed with C18 spin columns (Vydac Silica C18, The Nest Group, Inc.), and
the resulting peptides were dried down in a Speed Vac and stored at -20 °C until analyzed. For
the subset of samples to be analyzed for N-linked glycosylation, peptides were resuspended in 19
uL of "*O-water and 1 uL of N-glycanase (PNGase F, Prozyme) and allowed to incubate for 18 h
at 37 °C. Peptides were dried back down and resuspended in 50 L. of 40 mM NH4HCOs3, with 1
ug of trypsin, to remove any possible C-terminal incorporation of '*O from residual trypsin

activity (28) for 4 h and then dried down and stored at -20 °C until analyzed.

Whole Cell Extracts and Western Blots. Whole cell extracts were prepared and Western blots
performed on equal amounts of SDS-PAGE separated proteins using the anti-O-GIcNAc
antibody RL-2 and ERK-2 (as a positive control for loading) essentially as previously described

(29).

Analysis of Secreted Proteins by RP and RP/RP-LC-MS/MS. The peptides were resuspended
with 78 uL of mobile phase A (0.1% formic acid, FA, in water) and 2 4L of mobile phase B
(80% acetonitrile, ACN, and 0.1% formic acid in water) and filtered with 0.2 um filters
(Nanosep, PALL). The samples were loaded oftf-line onto a nanospray tapered capillary column/
emitter (360 x 75 x 15 um, PicoFrit, New Objective) self-packed with C18 reverse-phase (RP)
resin (8.5 cm, Waters) in a Nitrogen pressure bomb for 10 min at 1000 psi (~5 uL load) and then
separated via a 160-min linear gradient of increasing mobile phase B at a flow rate of ~200
nlL/min directly into the mass spectrometer. One-dimensional (RP separation) LC-MS/MS
analysis was performed on a Finnigan LTQ mass spectrometer (ThermoFisher, San Jose, CA)

equipped with a nanoelectrospray ion source. A full MS spectrum was collected (m/z 350-2000)
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followed by 8 MS/MS spectra following CID (34% normalized collision energy) of the most
intense peaks. Dynamic exclusion was set at 2 for 30 s exclusion.

Two-dimensional RP/RP-HPLC separation of peptides using an off-line mode was
investigated recently and provides increased practical peak capacity and flexibility (30, 31). For
offline separations, an Agilent 1100 series with a quaternary pump and variable wavelength
detector (Semimicro flow cell) was used. A volume of 45 uL of the resuspended peptide mixture
was loaded onto a reverse-phase column (C18, 2.1 x 150 mm, 5 um, GraceVydac) using 5% of
mobile phase C (0.1% trifluoroacetic acid, TFA, in water) at a 100 uL/min flow rate for fraction
collection. The peptides were eluted in a 55 min linear gradient from 5 to 60% of mobile phase D
(80% ACN and 0.085% TFA in water), followed by a 10 min linear gradient from 60 to 95% of
mobile phase B and a 5 min hold to flush the column. The eluent was monitored by UV
absorbance detection at 210 nm, and the fractions were collected every 4 min. Five aliquots (F1,
15-32%; F2, 32-40%; F3, 40-45%; F4, 45-55%; and F5, 55-85% of mobile phase D) of pooled
fractions were dried under vacuum. For LC-MS/MS analysis, the peptides were resuspended
with 39 uL of mobile phase A and 1 L of mobile phase B and loaded onto the capillary C18
column in the pressure bomb for 10 min. Resulting peptides were analyzed as described above
via LC-MS/MS except that the slope of the gradients were reduced over a 70 min period in the
appropriate region corresponding to the fraction (F1, 4-30%; F2, 9-35%; F3, 15-42%; F4, 20-

55%; and F5, 28-85%).

Data Analysis. The resulting data was searched against the nonredundant mouse (Mus musculus,

11-7-04), rat (Rattus norvegicus, 7-13-05), and combined human (Homo sapiens), mouse, and rat

(HMR, released on 7-13-05) database, respectively, obtained from the National Center for
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Biotechnology Information (NCBI) using the TurboSequest algorithm (BioWorks 3.1, Thermo
Finnigan) (32, 33), as well as the reverse mouse, rat, and HMR database to estimate the false-
positive rate (FPR) and the false-discovery rate (FDR) of peptide identification (see Table 2-1).
DTA files were generated for spectra with a threshold of 15 ions and a TIC of 3¢’. ZSA, correct
ion, combion, and ionquest were all applied over a range of [MH]" 600-4000. The SEQUEST
parameters were set to allow 2.2 Da of precursor ion mass tolerance and 0.1 Da of fragment ion
tolerance with monoisotopic mass. Only strict tryptic peptides were allowed with up to three
missed internal cleavage sites. Dynamic mass increases of 15.99 and 57.02 Da were allowed for
oxidized methionine and alkylated cysteine, respectively. In the cases where sites of N-linked
glycosylation were investigated with PNGase F and '*O-water, a dynamic mass increase of 3 Da
was allowed for Asn residues (34). The results of the SEQUEST search were filtered to establish
the FPR and the FDR as summarized in Table 2-1. The SEQUEST criteria were determined with
FDR of less than 0.1% with the mouse database and 0.2% with the rat database for proteins
identified by 2 unique peptides. More stringent SEQUEST criteria were established for one
peptide assignments with FDR of below 1% with both databases. For the RP-RP analysis, the
five SEQUEST directories were combined and then filtered after redundant peptides were
removed manually. iProtein was used to inspect mouse data in terms of secretion signals and
localization [a program written by Dawei Lin (web-interface in process) that queries and stores
localization information for an entire user-defined database by both SignalP
(www.cbs.dtu.dk/services/SignalP) and Psortll (http://psort.ims.u-tokyo.ac.jp/form2.html) and
then allows filtered Sequest output files to be screened in a single step and exports the

localization data with the sequest data in an excel compatible format.
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2.3. RESULTS

Elevation of the O-GlcNAc Modification via the Induction of Insulin Resistance. Elevation in O-
GlcNAc levels has previously been correlated with insulin resistance and the diabetic condition
(5, 8,9, 35-40). Furthermore, induction of insulin resistance in 3T3-L1 adipocytes by
hyperglycemia and chronic insulin exposure elevates O-GlcNAc levels (11). We have previously
shown that elevation of O-GIcNAc levels with the O-GlcNAcase inhibitor PUGNACc induces
insulin resistance (11). Both insulin resistant conditions (classical hyperglycemia combined with
chronic insulin exposure and PUGNACc treatment) elevate O-GlcNAc levels significantly in
mouse immortalized and rat primary adipocytes (Figure 2-1). The induction of classical insulin
resistance has been shown to modulate multiple adipocytokines and O-GlcNAc has been
implicated in regulating leptin and adiponectin (9, 16, 23, 24, 41). The present results illustrate
that the induction of either insulin resistant condition elevates O-GlcNAc levels in both

immortalized and primary rodent adipocytes.

Analysis of the Secreted Proteome from Differentiated 3T3-L1 and 3T3-F442A Adipocytes. Two
immortalized mouse preadipocyte cell lines (3T3-L1 and 3T3-F442A) were differentiated into
adipocytes using standard methodologies. Adipocytes were then maintained with serum in either
physiological glucose (LG, low glucose) in the presence or absence of PUGNAc¢ (PUG) or
shifted to hyperglycemic (HG, high glucose) conditions with or without chronic insulin (I/Ins)
exposure for 24 h (Figure 2-2). The resulting cells were washed extensively with PBS, identical
serum-free medium was replaced onto the cells, and cells were maintained for an additional 16 h.
The proteins secreted into the medium during this 16 h period were collected and processed for

analysis by LC-MS/MS. The mass spectra acquired from equivalent normalized aliquots, for
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quantification by protein coverage, were searched against a mouse nonredundant database using
SEQUEST. False-discovery rates were calculated using a reversed database (Table 2-1) and all
analysis was performed in at least quintuplicate with a new set of cells each time. Each protein
identified was assigned a cellular location using PSORT II and SignalP (42). Because of the
large data set (a total of 50 LC-MS/MS experiments) and the secreted proteome being
contaminated by abundant intracellular proteins due presumably to cell lysis, we designed a
bioinformatics tool named iProtein that uses precalculated databases generated from PSORT II
and SignalP for assigning localization (manuscript in preparation). We also validated the
secreted proteins using Bioinformatic Harvester (http://harvester.embl.de/), the Human Protein
Reference Database (using the equivalent human protein when available, http://www.hprd.org/),
and the literature (8-20). More than half of all the proteins identified appeared to be abundant
intracellular proteins suggesting cell lyses during the incubation period. Thus, we performed a
shotgun proteomics experiment on cells purposely lysed by scraping in ammonium bicarbonate
to identify and easily remove from the secreted proteome list abundant intracellular proteins
(data not shown). In total, under all conditions, we assigned 97 proteins as being secreted from
3T3 derived adipocytes (Table 2-S1 in Supporting Information). Forty-three of these proteins
had been previously described in other proteomic studies (18-20) while 54 proteins were novel in
terms of being defined as being secreted from 3T3-derived adipocytes (Table 2-2).

Multiple methodologies exist for protein quantification including isotopic and
nonisotopic methods (43-46). To identify proteins that were significantly altered in expression,
we identified the total number of unique peptides assigned to each protein in each experiment.
An average number of unique peptides were calculated for each protein assigned under the

different growth conditions based on the 5 independent experiments under identical conditions.
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Shown in Table 2-3 are the 8 proteins whose average number of unique peptides changed by at
least 2.5-fold between the insulin responsive (LG) versus both of the two different insulin
resistance conditions (HG+I and PUG). We also identified proteins whose abundance only
changed under one of the insulin resistant conditions as well as comparisons induced by insulin
in low glucose and high glucose alone compared to low glucose conditions (Tables 2-S2 and

tables S3 in Supporting Information).

Quantitative Analysis of the Secreted Proteome from Differentiated Primary Rat Adipocytes by
LC-MS/MS and 2D-LC-MS/MS. Given that the 3T3 cell lines are an immortalized cell line, have
been cultured under high glucose conditions for multiple passages through the years, and that
cell lysis was relatively high in these cells, we decided to investigate the secreted proteome of
primary rat adipocytes. The secreted proteomes of primary rat adipocytes were harvested under
three conditions; two insulin resistance conditions (HG+I and PUG) and one insulin responsive
(LG) condition were used. All analysis was carried out on three independently grown and
harvested populations for each condition. Once tryptic peptides were generated, a fraction of
each sample was analyzed by LC-MS/MS essentially as described for the 3T3-derived proteome.
The remaining peptides were separated off-line by reverse-phase chromatography and combined
into 5 fractions. Each fraction was analyzed by LC-MS/MS with a shallow gradient
corresponding to where the peptides eluted in the offline chromatography. Thus, for each
independent sample, 6 LC-MS/MS experiments were performed (Figures 2-3 and 2-4). For each
condition performed in triplicate, there were 18 LC-MS/MS experiments conducted for a total of
54 LC-MS/MS experiments in the complete set. Combining LC-MS/MS and 2D-LC-MS/MS

analyses for all conditions following stringent filtering (see Table 2-1) allowed us to assign 203
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proteins to the secreted proteome of rat primary adipocytes (Table 2-S4 in Supporting
Information). Importantly, approximately 75% of the identified proteins in the secreted proteome
could be clearly defined as being secreted and not contaminants from cell lysis (compared to 30—
35% of the proteins identified in the 3T3-based experiments). Two dimensional analysis
increased the total number of unique peptides by slightly more than 2-fold that greatly aided in
confident assignments. A total of 132 of these secreted proteins were not identified in previous
proteomic screens for secreted proteins from rat primary adipocytes (Table 2-4) (18). Next, we
wanted to compare the secreted proteomes from the two insulin resistant conditions to the insulin
responsive conditions. For LC-MS/MS quantitative analysis, we used the number of unique
peptides assigned to a protein and area under the peak for normalized reconstructed ion chromato
grams of individual peptides that were identified in both conditions (Figure 2-4). Since we used
two different methods for relative quantifications, we set our threshold for reporting differences
at 150%. For most proteins observed, both methods showed similar trends once the threshold of
1.5-fold change was used (Table 2-S5 in Supporting information). For the two-dimensional
analysis, the combined data sets were compared at the level of unique peptides alone to
determine proteins showing a change of at least 150% (Table 2-S6 in Supporting Information).
Reported in Table 2-5 are the 20 proteins that changed secretion levels by at least 1.5-fold under
both insulin resistant conditions using both LC-MS/MS shotgun data and the two-dimensional
data or at least 2-fold change for both conditions under one of the experimental approaches when
compared to the insulin responsive condition. Because of the difficulty of assigning unique
peptides to specific collagen isoforms (that share high amino acid identity), these proteins are not

reported in Table 2-5 but are shown in Tables 2-S5 and 2-S6 in Supporting Information.
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N-Glycan Site Mapping of the Secreted Proteome of Rodent Adipocytes. Since the majority of
secreted proteins are glycoproteins, one sample from each condition for both mouse and rat
adipocytes was treated with PNGase F in '®O-water to convert the glycan-modified Asn to an
'80-Asp residue (mass shift of 3 Da). These experiments were performed to increase coverage
(unique proteins identified in this manner are included in the previous data shown in terms of
performing relative quantification) and serve as the first step toward identifying possibly unique
glycoforms of these potential biomarkers. In mouse immortalized adipocyte and rat primary
adipocyte secreted proteomes, without enrichment, we were able to identify 37 sites on 21
proteins and 48 sites on 30 proteins of N-linked glycosylation, respectively (Table 2-6). Care was
taken to avoid '®O incorporation into the C-terminus of peptides by residual trypsin as previously
described (28). All modified asparagine residues were in the consensus sequence, N-X-S/T, for
N-linked glycosylation, adding further proof that our filtering of assignments was sufficiently

strict to properly assign peptides and sites of modification.

2.4. DISCUSSION

Using a combination of cell lines and growth conditions, we have more completely
defined the secreted proteome of rodent adipocytes. More complete characterization of this
secretome should facilitate understanding the central role that adipocytokines play in regulating a
variety of processes including energy homeostasis, host defense mechanisms, and insulin
sensitivity. Furthermore, this work may aid in the detection and treatment of multiple disease
states such as metabolic syndrome, cardiovascular disease, and type 2 diabetes. Mouse models,
especially the adipose-specific Glut4 ablation and overexpression animals, clearly highlight the

importance of adipose tissue not only in glucose uptake in that tissue but in whole body insulin
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action and resistance (47-50). The ability of adipose tissue to alter insulin sensitivity in other
tissues is likely explained by the endocrine nature of adipocytes. Thus, in an effort to identify
potential key signaling molecules, we have begun to explore changes in the secreted proteome of
adipocytes when the cells are shifted from being insulin responsive to insulin resistant. Also,
given that sugar metabolism is central to diabetes and because we are studying secreted proteins,
we have reported preliminary efforts to map some of the N-glycosylation sites, but this will need
to be focused on in more detail in efforts beyond the scope of this paper to determine if complex
glycosylation is being modulated by intracellular glycosylation and/or insulin responsiveness.
Multiple hypotheses have been put forth for the generation of insulin resistance in cells.
One model is that cells detect high glucose levels indirectly through generation of UDP-GIcNAc
via the hexosamine biosynthetic pathway and downregulate their sensitivity to insulin (4, 39, 51,
52). Recent work by our group and others has demonstrated that the mechanism by which UDP-
GlcNAc levels impinge on insulin signaling is likely controlled via O-GlcNAc modification of
nuclear and cytosolic proteins (9, 11, 53). Given that elevation of O-GlcNAc levels on
intracellular proteins via pharmacological inhibition of O-GlcNAcase with PUGNACc alone is
sufficient to induce insulin resistance (11), this has provided us with two different means of
inducing insulin resistance in rodent adipocytes in culture. Furthermore, leptin and adiponectin
have previously been shown to be regulated at the transcriptional level by hexosamine flux, and
mice overexpressing the O-GIcNAc transferase in skeletal muscle and adipose tissue display
hyperleptinemia (9, 23, 24). Therefore, we decided to focus on secreted proteins that were
regulated in a like manner when insulin resistance was produced by either PUGNACc treatment or
a combination of hyperglycemia and hyperinsulinemia. Defining this subset of proteins lays the

initial groundwork for testing whether any or all of these proteins are potential
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diagnostic/therapeutic biomarkers for multiple metabolic diseases such as cardiovascular disease
and type 2 diabetes. In fact, several of the proteins we have identified have already been
implicated in complications associated with metabolic disease. This data also serves to further
illustrate that multiple changes that occur under classical insulin resistance can be recapitulated
simply by elevating intracellular glycosylation. Given that elevated O-GIcNAc levels impinge on
insulin-dependent glucose uptake and modulate adipocytokine secretion combined with the
recent finding that a SNP in OGA (O-GIcNAcase), the neutral, nuclear, and cytoplasmic N-
acetylglucosaminidase responsible for removing O-GIcNAc from intracellular proteins,
correlates strongly with diabetes in Mexican Americans (54) highlights the importance of
understanding this modification as it relates to diabetes. It further demonstrates the potential for
modulation of O-GIcNAc levels as a possible therapeutic target in the treatment of insulin
resistance-associated diseases such as metabolic syndrome and type 2 diabetes and their resulting
complications.

In the 3T3 system, we identified nine proteins whose steady state levels in the secreted
media changed, compared to low glucose, when cells were shifted to either of the insulin
resistant conditions. Several of these proteins have previously been associated with type 2
diabetes or known complications arising from the induction of insulin resistance. For example,
hippocampal cholinergic neurostimulating protein (HCNP), that is upregulated (Table 2-3), has
been shown to play a cardioinhibitory role and cardiovascular disease is the leading cause of
death in type 2 diabetics (55). Furthermore, HCNP in the CSF has been associated with
Alzheimer’s disease and insulin resistance increases the risk of Alzheimer’s disease (56).
Further, HCNP has been linked with depression which is a disorder increased in obese and

diabetic individuals (57). Also, angiotensin, that is upregulated (Table 2-3), and matrix
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metalloproteinase 2 (MMP-2) (that is downregulated) have been extensively linked to macro-
and microvasular diseases commonly seen in diabetic patients (58). Further, angiotensin itself
has been shown to regulate certain adipocytokines as well as being linked to diabetic retinopathy
and nephropathy (59). Laminins, such as B1 seen in Table 2-3, have been implicated in diabetic
nephropathy (60). In the 3T3 system, as well as the primary adipocytes, an increase in
adiponectin was detected. This is consistent with the findings of Hess and colleagues18 and may
indicate that adiponectin, that is known to be suppressed in rodent models of chronic insulin
resistance (61) is upregulated initially upon insulin resistance (in an attempt to improve insulin
sensitivity?) and later downregulated. Finally, cyclophilin A overexpression, as seen in Table 2-
3, has been linked to pancreatic cancer (62), and type 2 diabetes, obesity, and insulin resistance
increase the incidence rate of this malignancy (63).

Due mainly to the decrease in intracellular contamination and the increased depth of
analysis afforded by multidimensional chromatography, we were able to explore the secreted
proteome of primary adipocytes in more detail. This is ideal, as unlike 3T3-derived adipocytes,
these cells more closely resemble in vivo conditions in that they are not immortal nor have they
been passaged under hyperglycemic conditions for long periods of time. Several more insulin
resistance-regulated proteins were detected in the rat primary adipocyte secretome. Interestingly,
in general, detected protease inhibitors appeared to be upregulated, while proteases were
downregulated. Similar to the 3T3 cells, we noted several proteins (Table 2-5) that were
regulated in a similar fashion via the induction of insulin resistance using classical methods
(hyperglycemia and chronic insulin) and through the elevation of intracellular glycosylation
(PUGNAC treatment). Included on this list of regulated proteins were slit homologue 3 and

fibulin-2, both of which were downregulated and have been associated with angiogenesis (64,
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65). We also saw upregulation of lipoprotein lipase which is involved in breaking down
bloodstream fat (66). Multiple proteins involved in oxidative stress and the immune response
were also regulated including C6, gelsolin, MASP-3, secretory superoxide dismutates, and
thioredoxin. Furthermore, upregulation of proteins involved in extracellular and tissue
remodeling such as GP-39, spondin, and protein-S was observed. Interestingly, the cholesterol-
binding protein NPC2 was upregulated under both insulin resistance conditions. Finally,
upregulation was observed for ceruloplasmin and it has previously been observed that mutations
in this gene lead to a diabetic phenotype (67).

These experiments serve to identify possible prognostic/diagnostic markers for metabolic
syndrome (insulin-resistance syndrome), type 2 diabetes, and complications such as
cardiovascular disease resulting from these conditions. Future work is aimed at determining
whether steady-state levels of these proteins are altered in the serum of rodent models of diabetes
and patients diagnosed with metabolic syndrome, type I diabetes, or resulting complications.
Furthermore, given that intracellular elevation of O-GIcNAc levels is modulating the secretion of
many of these proteins, the mechanism of action is being investigated. The majority of
adipocytokines studied to date are regulated at the level of transcription, and O-GIcNAc is
known to modify and modulate the activity of a number of transcription factors (68).
Alternatively, O-GlcNAc has been shown to regulate the insulin pathway upstream of AKT, and
therefore, an indirect mode of action may be occurring (11). Understanding how perturbations in
O-GIcNAc levels, that appear to play a major role in several key aspects of insulin-resistance, are
altering the normal processes of adipocytes may provide novel insights into prognostics,
diagnostics, and therapeutics for metabolic syndrome, type 2 diabetes, and the associated

complications of these debilitating diseases.
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Table 2-1. Calculation of false-discovery rates

Database Group SEQUEST criteria* FPR(%) FDR(%)
Protein  Xcorr>2.0/2.5/3.0, GBU>-1 or dCn>0.1 0.0300 + 0.0003 0.070 + 0.003
Mouse  pontide  Xcorr=2.4/3.0/3.8, GBU>-1, dCn>0.16, Sp>600 or RSp<6  0.0700  0.0005 0.630 = 0.004
””” 1; © Protein  Xcorr>2.0/2.5/3.0, GBU>-1 ordCn>0.1  0.0323+0.0001  0.190 £0.005
at

Peptide Xcorr>2.4/3.0/3.8, GBU>-1, dCn>0.16, Sp>600 or RSp<6 0.1033 + 0.0005 0.880 + 0.004

" Xcorr (cross correlation with charge states of +1/+2/+3), GBU (the good, the bad, and the ugly), dCn (delta correlation), Sp

(preliminary score), and RSp (the ranking of the primary score).
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Table 2-2. Novel secreted proteins from immortalized mouse adipocytes

No.

)
PP C S0V ® UL DB WN—

e e
O o0 0 N D K

Gene ID

34328185
33859506
21553309
47271511
20137008
21450325
12963529
6681143
46849812
6679757
31560699
6680107
6981086
33859490
6755144
34328049
6679182
6754950
6755112
9903607
12963609
31981237
33468851
13937349
6754570
19526463
6680397
18250288

PSORT Signal Identified Proteins Detection
Prediction Peptide 3T3-L1 3T3-F442A
exc Y (pro)saposin + +
exc Y albumin 1 + +
mit Y apolipoprotein A-I binding protein + +
end N betaglycan; transforming growth factor (TGF), beta receptor 3 + +
exc Y biglycan + +
exc N biliverdin reductase B + +
cyt Y complement component 1, r subcomponent + +
exc Y decorin + +
nuc N fibronectin 1 + +
nuc N fibulin 2 (Fbln 2) + +
exc Y follistatin-like 1 + +
exc Y granulin (Grn protein, Epithelin 1 & 2) + +
exc Y insulin-like growth factor binding protein 4 + +
nuc N laminin B1 subunit 1 + +
exc Y lectin, galactoside-binding, soluble, 3 binding protein (galectin 3) + +
exc Y lipocalin 2 + +
exc Y orosomucoid 1 + +
exc Y orosomucoid 2 + +
exc Y phospholipid transfer protein + +
end Y putative secreted protein ZSIG9 + +
end Y quiescin Q6 + +
cyt N thimet oligopeptidase 1 + +
exc N (pro)collagen, type IV, alpha 5 + -
mit N (pro)collagen, type XV + -
nuc N annexin Al (Annexin I, lipocortin I) + -
mit Y endoplasmic reticulum protein ERp29 + -
nuc Y interleukin 12b; IL-12 p40 + -
end Y interleukin 25 + -
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Table 2-2. Continued.

PSORT Signal . . Detection
No. GenelD b fiction  Peptide dentified Proteins 3T3-L1 3T3-F442A
29 19527008 mit Y lysophospholipase 3 + -
30 7305295 nuc N myosin heavy chain 11, smooth muscle + -
31 6679166 nuc Y osteoglycin + -
32 8393173 exc N (pro)collagen, type V, alpha 3 - +
33 47059082 nuc N ADAMTS-1; a disintegrin—l?ke and metalloprotease (reprolysin type) with ) N
thrombospondin type 1 motif, 1
34 22203763 exc Y carboxypeptidase E - +
35 6753558 exc Y cathepsin L - +
36 11968166 exc Y cathepsin X - +
37 6680816 mit N complement component 1, q subcomponent - +
38 6755142 end Y cyclophilin B (peptidylprolyl isomerase B) - +
39 6753642 exc Y delta-like 1 homolog - +
40 33859532 nuc Y dystroglycan 1 - +
41 31982690 exc v epidemal growth factor ‘(EGF)-containing fibulin-like extracellular matrix ) n
protein 2 (Efemp2, fibulin 4)
42 7657067 exc Y ERO1-like (Endoplasmic Reticulum oxidoreductin-1) - +
43 6681257 exc Y extracellular matrix protein 1 (ECM1) - +
44 6806917 end Y GM2 ganglioside activator protein - +
45 31560691 nuc N hepatoma-derived growth factor - +
46 6678740 exc Y lumican - +
47 6678680 exc Y lunatic fringe gene homolog - +
48 6678792 mit Y mannosidase alpha class 2B member 2 - +
49 21313658 exc Y 