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Metabolic syndrome (MetS) is a complex worldwide epidemic disorder defined by a cluster of concomitantly
occurring conditions, including dyslipidemia, hypertension, hyperglycemia, or abdominal obesity. MetS is
chronic in nature, negatively affecting the life quality of patients, who also have an increased risk of
cardiovascular disease and type 2 diabetes. Efforts to prevent MetS, and to better diagnose and treat
patients, rely on a better understanding of this syndrome.

In an effort to demonstrate the applicability of compendium-wide analyses in bringing high-quality insights
into the pathophysiology of MetS, we used the GENEVESTIGATOR® toolset and the underlying rich
compendium of curated data from the areas of obesity, nutrition, type 2 diabetes, and other metabolic
disorders. Our analysis highlights the gene regulatory networks involved in the inflammation-immune
responses in MetS and other related conditions. Using two different transcriptomic approaches, we identified
gene signatures of subcutaneous adipose tissue (SAT) specific for certain metabolic disorders. Using the first
approach, we confirmed the effectiveness of current treatment interventions which resulted in signatures
very different from our identified signature. We could also confirm the translatability of our finding across
platforms. Using the second approach, we identified a metabolic signature for MetS, obese, overweight, and
control subjects, in which genes previously reported to be involved in these conditions were identified. One
specific cluster of interest was identified, containing genes mainly associated with the inflammation-immune
response of SAT. We could show that these genes are also highly expressed in immune cells, confirming the
pro-inflammatory state of SAT in these conditions. Lastly, we identified co-regulated genes in obese/insulin
resistant patients, all of which have been previously associated with MetS, and thereby providing a list of
genes that can be used for further computational or laboratory validation.

INTRODUCTION

Metabolic syndrome (MetS) is a complex disorder which lacks uniform definition criteria (Kassi et al., 2011). One
accepted definition of MetS is that a patient fulfills three out of five risk factors: elevated triglycerides combined
with high low-density lipoprotein and/or low high-density lipoprotein in their serum (jointly referred to as
dyslipidemia), elevated arterial blood pressure (hypertension), dysregulated glucose homeostasis, or abdominal
(visceral) obesity (Paley & Johnson, 2018). MetS is estimated to affect over 20% of the global adult population
(Paley & Johnson, 2018), and is correlated with an increased risk of cardiovascular disease and type 2 diabetes
(Kassi et al., 2011). Treatment of MetS and the related conditions is rather complex. It includes changes in
lifestyle, with emphasis on weight loss through diet and regular exercise, as well as pharmacotherapy of the
associated pathological conditions.

The current treatment of MetS targeting weight loss is supportive of the hypothesis that abdominal obesity is
the predominant risk factor for MetS (Paley & Johnson, 2018). As far back as 1991, factors promoting insulin
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resistance (IR), which are active in abdominal obesity, were described. The close association between abdominal
obesity and IR as well as MetS were highlighted (Bjérntorp, 1991). More recent research suggests that obese
subjects with a similar body mass index can be classified into two groups which reflect a different metabolic
health status (Das et al., 2015). This classification is based on a substantial heterogeneity in the gluco- and cardio-
metabolic health phenotypes of the subjects. Dozens of studies performed up to now have demonstrated
significant dysregulation in the adipose tissue transcriptome in obesity, highlighting adipose tissue as a key tissue
in obesity. However, identification of genes underlying the observed heterogeneity and determination of gene
signatures that would distinguish metabolically healthy from unhealthy phenotypes, and hence the associated
risk of MetS, remains challenging.

One way to approach this challenging task of gene signature identification is to use transcriptomic data.
GENEVESTIGATOR® contains more than 220 human studies from the area of endocrinology, nutrition, and
metabolism, comprising more than 10 000 manually curated samples. When combined and analyzed in concert,
the results provide a more comprehensive picture than single experiments alone would. In this study, we
performed a comparative gene expression analysis of subcutaneous adipose tissue samples derived from normal,
obese, IR, and MetS patients. The aim was to demonstrate that compendium-wide analyses can bring high-
quality insights into the pathophysiology of MetS and lead to a better understanding of this complex disorder.

RESULTS AND DISCUSSION

We employed two transcriptomic approaches to investigate gene expression in our conditions of interest:
. GENE SIGNATURE OF SUBCUTANEOUS ADIPOSE TISSUE OF METS/IR/OBESE PATIENTS

In the first transcriptomic approach, we utilized the perturbations tool from the GENE SEARCH toolset to identify
differences in gene expression of subcutaneous adipose tissue (SAT) between obese subjects with IR (IR/obese)
and healthy individuals (HS-01078, GSE26637). For identifying a signature, the Affymetrix Human Genome U133
Plus 2.0 Array was chosen as a data selection, whereby the comparison of HS-01078 insulin resistance study
2/normal subcutaneous adipose tissue was used to identify differentially regulated genes. 25 up-regulated and
25 down-regulated genes were selected for further analysis in the Signature tool of the SIMILARITY SEARCH
toolset to identify other correlated studies.

A similar gene expression pattern was found mainly in comparisons of IR/obese patients with controls (Figure
1A), as anticipated. Among the most different perturbations identified (Figure 1B), we observed treatment
interventions reducing MetS symptoms, such as obese patients after successful weight reduction, and IR/obese
subjects with good response to thiazolidinedione therapy (a group of oral anti-diabetic drugs designed to treat
patients with type 2 diabetes). Moreover, using data from the collection of studies profiled with the Illumina
HumanHT-12 V3.0 expression bead chip platform, we were able to identify conditions reducing MetS such as
diet/training, confirming the translatability of our findings across different transcriptomic technology platforms
(Figure 1C).

Il GENES DIFFERENTIALLY EXPRESSED IN METABOLIC SYNDROME AND RELATED PATHOLOGICAL
CONDITIONS

The second transcriptomic approach was based on differential expression (DE) analysis of SAT from MetS, obese
and overweight patients, and healthy controls (HS-02321, GSE24883) using the Differential Expression tool of
GENEVESTIGATOR®. We performed all possible comparisons and selected the top 20 up-regulated and the top

Page 2 0of 8

NEBION AG ¢ Hohlstrasse 515 ¢ 8048 Zurich < Switzerland « Tel: +41 44 500 44 00 ¢ info@nebion.com * www.nebion.com



NEBION

20 down-regulated genes from each analysis to create a metabolic signature (Exceptions: DE analysis of
overweight SAT vs. normal SAT resulted in only 16 down-regulated genes, and no DE genes were found in obese
SAT vs. overweight SAT under FDR = 0.05). The specificity of the final set of 148 DE genes (= metabolic signature)
was further confirmed using the Hierarchical Clustering tool of GENEVESTIGATOR®, separating patients from the
HS-02321 study into MetS, obese, overweight (with respect to the inter-stage phase) and controls clusters, which
are marked in colored rectangles (Figure 2).
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Homo sapiens (Top 50 most different Perturbations)

HS-01148 obesity study 13 (dietfraining) / obesity study 12 (training)
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Figure 1. Perturbations identified using the Signature tool from the SIMILARITY SEARCH panel compared with the
signature of IR/obese SAT vs. normal SAT. In (A) and (B), analysis was performed on data from the Affymetrix
Human Genome U133 Plus 2.0 Array with a gene expression fold-change > 0.5 and a p-value < 0.05. (A)
Perturbations showing the gene expression patterns most similar to the signature. (B) Perturbations showing the
gene expression patterns most different from the signature. (C) The most different perturbations generated using
the lllumina Human HT-12 V3.0 expression bead chip platform.
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Figure 2. Hierarchical clustering of the metabolic signature genes across MetS and related metabolic conditions
(HS-02321, Euclidean Distance, Optimal-leaf ordering). The colored rectangles are representative of different
groups: MetS patients are marked in red, obese in yellow, overweight in blue, and controls in green.

The identified metabolic signature contains genes previously described to be associated with MetS pathology,
e.g. TNMD, EGFL6, or MMPS9. Genetic variation in TNMD (tenomodulin) is associated with a risk of type 2
diabetes and central obesity (Ruiz-Ojeda et al., 2019). Increased expression of EGFL6 (epidermal growth factor-
like domain multiple-6) is related to obesity (Oberauer et al., 2010), while MMP9 (matrix metalloproteinase 9)
is connected with common health problems of diabetic patients, like diabetic retinopathy (Mohammad et al.,
2012) or wound healing (Nguyen et al., 2018).

Next, we focused on gene clusters that emerged from the hierarchical clustering (Figure 2). A preliminary
analysis revealed two gene clusters (1,2) connected with metabolism and immune response in MetS and related
conditions (Figure 3).

Oatmunt: 32 s v ot s DA T HG_AGIL 34412

[ ——

AT H R

Cluster 1 et wih GENEVEST

Figure 3. Gene clusters associated with metabolism and immune response in MetS and related conditions (HS-
02321). Two identified clusters are outlined with red rectangles.
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Cluster 1 contains, among others, genes involved in lipid metabolism in adipocytes. Genes in cluster 2 are mainly
associated with the inflammation-immune response of the SAT in MetS and obesity (Figure 3).

Chronic low-grade inflammatory conditions have been implicated as a major factor in MetS initiation (Ferranti
and Mozaffarian, 2008), therefore we further subjected genes from Cluster 2 to a detailed analysis. To identify
cell types with specific expression of Cluster 2 genes, we utilized the Hierarchical Clustering tool again. This time,
we selected the option to sort genes according to Anatomy (tissues and cell types). This analysis verified that
genes from Cluster 2 are highly expressed in immune cells like macrophages, leukocytes, and dendritic cells
(Figure 4), confirming the pro-inflammatory state of SAT.
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Figure 4. Cell-type specific expression of Cluster 2 genes. The Affymetrix Human Genome U133 Plus 2.0 Array
platform was selected for the analysis across all Anatomies. High expression levels of genes from Cluster 2 were
detected in immune cells.

To explore the gene regulatory network around Cluster 2, co-expression analysis for a chosen target gene was
performed. We chose PLA2G7 (phospholipase A2 group VIlI), encoding circulatory macrophage-derived factor,
which is associated with obesity and type 2 diabetes (Jackisch et al., 2018), and searched for genes which are
similarly regulated. To obtain biologically relevant results, we selected IR/obesity perturbations on the
Affymetrix Human Genome U133 Plus 2.0 Array platform in which we had previously detected PLA2G7 to be
significantly regulated. This analysis revealed several positively correlated clusters, of which one of the most
dominant is marked by a red circle in Figure 5. The marked cluster contains 12 genes, all of which have known
associations with MetS, especially obesity and diabetes, such as MSR1, or LPXN. The cluster can be used as a
starting point for further laboratory or computer validations.
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Lead Gene: PLA2G7 from selection: PLA2G7 | Change

Showing 50 measure(s) of top 51 most correlated gene(s)

FPearson's correlation coefficient \Score v\ Gene ‘ Description

leupaxin
D1 095 PLEK pleckstrin
O1e 004 ITGB2 integrin subunit beta 2
Oz 094 TFEC transcription factor EC
D21 094 DHRS9 dehydrogenaseireductase (SDR family) member 9
Oz2 094 EVIZB ecotropicviral integration site 28
D23 084 RMNASET2 ribonuclease T2
D24 094 CXCL16 chemokine (C-X-C motif) ligand 16
Oz 094 ALCAM activated leukocyte cell adhesion molecule
(28 0.94 IKZF1 IKAROS family zinc finger 1
D84 molecule
O2a 094 PTPRE protein tyrosine phosphatase, receptor type E
D20 084 FERMT3 fermitin family member 3
Os0 0.94 FYB FYN binding protein
Das1 093 TLRS toll like receptor &
O3z 093 PIK3CD phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta

IQGAP2 1Q motif containing GTPase activating protein 2
aquaporin 9
CCL13 chemokine (C-C motif) ligand 13

SYK spleen tyrosine kinase

potassiumvaoltage-gated channel subfamily J member 5
CTsB cathepsin B

NPL N-acetylneuraminate pyruvate lyase (dihydrodipicolinate synthase)
GGTA1P glycoprotein, alpha-galactosyliransferase 1 pseudogene
SLCO2B1 solute carrier organic anion transporter family member 281

Q42 092 KIAAQS30 KIAAD930

D43 092 HK3 hexokinase 3

Qs 082 TLR7 toll like receptor 7

Oas 092 VAV1 vav guanine nucleotide exchange factor 1

Qa8 092 HLA-DMB major histocompatibility complex, class Il, DM beta

MSR1 macrophage scavenger receptor 1

CD52 D53 molecule
Selected 12 measure(s) of 12 gene(s)

Figure 5. Genes co-regulated with PLA2G7 in response to IR/obesity perturbations as defined using the Co-
Expression tool. The Affymetrix Human Genome U133 Plus 2.0 Array platform was selected and filtered for
studies containing comparisons of IR/obese SAT vs. normal SAT (HS-01076 (GSE27949), HS-01078 (GSE26637),
HS-01079 (GSE15773/GSE20950), HS-01143 (GSE13070)).

CONCLUSION

Microarray and RNA-seq high-throughput technologies facilitate gene expression analyses of a broad spectrum
of conditions, including diseases, effects of environmental factors, or drug treatments. GENEVESTIGATOR® is an
effective analytical tool that contains high-quality curated expression data and enables compendium-wide
analysis for disease investigations and drug discovery. In this example study, we demonstrated how
GENEVESTIGATOR® can be utilized to identify genes specifically regulated in the complex multi-factorial
disorder, MetS. Additionally, our analysis gave insights into the gene regulatory networks involved in the
inflammation-immune response in MetS, type 2 diabetes, and obesity.

SELECTED DATA AND SETTINGS FOR GENEVESTIGATOR®

Gene signature of subcutaneous adipose tissue of MetS/IR/obese patients
Gene Search Perturbations tool: Data selection: HS-01087 vs. HS_AFFY_U133PLUS_2 (full platform)
Signature tool: Data selection: HS_AFFY_U133PLUS_2 (full platform), HS_ILLU_HT12_V3 (full platform)

Genes differentially expressed in metabolic syndrome and related pathological conditions
Differential expression: Data selection: HS-02321

Hierarchical clustering: Data selection: HS-02321, HS_AFFY_U133PLUS_2 (full platform)
Co-expression: Data selection: HS-01076, HS-01078, HS-01079, HS-01143. Gene selection: PLA2G7

Page 6 0of 8

NEBION AG ¢ Hohlstrasse 515 ¢ 8048 Zurich < Switzerland « Tel: +41 44 500 44 00 ¢ info@nebion.com * www.nebion.com



NEBION

REFERENCES

Bjorntorp P. Metabolic implications of body fat distribution. Diabetes Care. 1991 Dec;14(12):1132-43.

Capel F, Klimcakova E, Viguerie N, Roussel B, Vitkova M, Kovacikova M, Poldk J, Kovacova Z, Galitzky J, Maoret
JJ, Hanacek J, Pers TH, Bouloumié A, Stich V, Langin D. Macrophages and adipocytes in human obesity: adipose
tissue gene expression and insulin sensitivity during calorie restriction and weight stabilization. Diabetes. 2009
Jul;58(7):1558-67

Das SK, Ma L, Sharma NK. Adipose tissue gene expression and metabolic health of obese adults. IntJ Obes (Lond).
2015 May;39(5):869-73

Dubois SG, Heilbronn LK, Smith SR, Albu JB, Kelley DE, Ravussin E; Look AHEAD Adipose Research Group.
Decreased expression of adipogenic genes in obese subjects with type 2 diabetes. Obesity (Silver Spring). 2006
Sep;14(9):1543-52

Ferranti S, Mozaffarian D. The perfect storm: obesity, adipocyte dysfunction, and metabolic consequences. Clin
Chem. 2008 Jun;54(6):945-55

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, Widmayer P, Gruissem W and P Zimmermann.
Genevestigator V3: a reference expression database for the meta-analysis of transcriptomes. Advances in
Bioinformatics 2008, 420747

Jackisch L, Kumsaiyai W, Moore JD, Al-Daghri N, Kyrou |, Barber TM, Randeva H, Kumar S, Tripathi G, McTernan
PG. Differential expression of Lp-PLA2 in obesity and type 2 diabetes and the influence of lipids. Diabetologia.
2018 May;61(5):1155-1166

Kassi E, Pervanidou P, Kaltsas G, Chrousos G. Metabolic syndrome: definitions and controversies. BMC Med.
2011 May 5;9:48

Keller MP, Attie AD. Physiological insights gained from gene expression analysis in obesity and diabetes. Annu
Rev Nutr. 2010 Aug 21;30:341-64

Mohammad G, Kowluru RA. Diabetic retinopathy and signaling mechanism for activation of matrix
metalloproteinase-9. J Cell Physiol. 2012 Mar;227(3):1052-61

Nguyen TT, Ding D, Wolter WR, Pérez RL, Champion MM, Mahasenan KV, Hesek D, Lee M, Schroeder VA, Jones
JI, Lastochkin E, Rose MK, Peterson CE, Suckow MA, Mobashery S, Chang M. Validation of Matrix
Metalloproteinase-9 (MMP-9) as a Novel Target for Treatment of Diabetic Foot Ulcers in Humans and Discovery
of a Potent and Selective Small-Molecule MMP-9 Inhibitor That Accelerates Healing. ] Med Chem. 2018 Oct
11;61(19):8825-8837

Oberauer R, Rist W, Lenter MC, Hamilton BS, Neubauer H. EGFL6 is increasingly expressed in human obesity and
promotes proliferation of adipose tissue-derived stromal vascular cells. Mol Cell Biochem. 2010 Oct; 343(1-
2):257-69

Page 7 0of 8

NEBION AG ¢ Hohlstrasse 515 ¢ 8048 Zurich < Switzerland « Tel: +41 44 500 44 00 ¢ info@nebion.com * www.nebion.com



NEBION

Paley CA and Johnson MI. Abdominal obesity and metabolic syndrome: exercise as medicine? BMC Sports
Science, Medicine and Rehabilitation. 2018; 10(1):1-8

Ruiz-Ojeda FJ, Anguita-Ruiz A, Rupérez Al, Gomez-Llorente C, Olza J, Vazquez-Cobela R, Gil-Campos M, Bueno G,
Leis R, Cafete R, Moreno LA, Gil A, Aguilera CM. Effects of X-chromosome Tenomodulin Genetic Variants on
Obesity in a Children's Cohort and Implications of the Gene in Adipocyte Metabolism. Sci Rep. 2019 Mar
8;9(1):3979

Santiago-Ferndndez C, Garcia-Almeida JM, Gutierrez-Repiso C, Alcaide J, Ocafia-Wilhelmi L, Tomé M, Rodriguez-
Morata A, Tinahones FJ, Tatzber F, Pursch E, Garcia-Fuentes E, Garrido-Sanchez L. Msrl and Cxcl16 scavenger
receptors in adipose tissue are positively associated with BMI and insulin resistance. Endocrine Abstracts (2016)
41 EP803

Sears DD, Hsiao G, Hsiao A, Yu JG, Courtney CH, Ofrecio JM, Chapman J, Subramaniam S. Mechanisms of human

insulin resistance and thiazolidinedione-mediated insulin sensitization. Proc Natl Acad Sci U S A. 2009 Nov
3;106(44):18745-50

CONTACT INFORMATION

For any questions or to learn more about GENEVESTIGATOR®, please write to info@nebion.com or visit
genevestigator.com.
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