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Abstract  

The prevalence of obesity and associated metabolic complications results in an 

increasing need for prevention and treatment therapies. The observed phenomenon 

is caused by gen etic and environmental factors,  that contribute to the malfunction of 

adipose tissue . Of importance is the regional distribution and size of adipocytes , that 

fo rm the link between obesity and disturbances in glucose and lipid metabolism. 

Especially the excess of body fat in the upper part of the body increases the risk of 

diabetes, hyperlipidemia, hypertension and atherosclerosis, when compared with the 

periphera l fat depots.  

In this work we wanted to identify  new  pathways  affecting mature adipocyte 

function, to  improve our understanding of mechanisms underlying obesity and 

development of insulin resistance and type II diabetes.   

Gene expression levels measured by microarrays do not adequately reflect the 

deregulated molecular processes of a cell due to posttranscriptional events and other 

forms of regulation. Thus , especially changes in gene expression of transcription 

factors are difficult  to analyze. A solutio n to this problem is the analysis of promoters 

of coexpressed genes, which can provide evidence on the involvement of certain 

transcription factors in the regulation of gene cascades. In the present study we used 

different mouse models of obesity of both g enetic and environmental origin to 

elucidate altered transcription factor profiles using a microarray approach. We 

compared gene profiles of lean and obese mice, but also different fat depots (i.e 

subcutaneous and visceral), since those depots are known to  have varying 

contributions to the development of metabolic disorders. To analyze transcription 

factor profiles we used the Explain TM platform to identify key signaling molecules. We 

identified several novel keynodes that can be linked to deregulated adipo se tissue 

function in different animal models of obesity , but that also show a specific link to the 

adipose tissue depot that was analyzed. We used a viral approach to knock down top 

100 candidates and analyzed adipocyte function. For in vivo analysis 12 s ignificantly 

regulated candidates were chosen and gene arrays were performed. Our data  

demonstrates that Explain TM is a useful tool to analyze microarray data in a complex 

of a regulatory network of the adipocyte cell, and that keynode analysis is a powerf ul 

tool to identify novel regulatory cascades that might be the underlying cause for the 

development of metabolic disorders.  

In the second part of the thesis we analyzed Nck1 ( non -catalytic region of tyrosine 

kinase adaptor protein 1 ) and its role in 3T3 -L1 differentiation. Nck1 is an adaptor 

protein that mediates signal from receptor tyrosine kinases to the downstream 

effectors. Platelet -derived growth factor beta receptor  (PDGF!R) is a t yrosine  kinase  
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receptor  involved in proliferation, survival, actin re organization, and migration of 

cells and Nck was shown to transduce signal downstream from activated PDGF!R. 

Furthermore, the SH2 domain of Nck couples signals from ephrine (Eph) receptors to 

integrins and the JNK stress -activated MAP kinase . Nck was also shown to bind to 

tyrosine phosphorylated IRS -1 up on insulin stimulation.  Recent findings showed that 

Nck adaptor proteins are also involved in the regulation of cell survival during 

endoplasmic reticulum stress.  

We fo und that Nck is important for a differentiation process of 3T3 -L1 with the 

highest expression level twelve hours after differentiation initiation. Lack of Nck1 

causes reduction in adipogenesis of 3T3 -L1, which is accompanied by reduction in 

cell proliferat ion. We could show that the observed phenotype is caused partially by 

induction and retention of the ER stress response. The conditions of prolonged stress 

caused malfunction of unfolded protein response (UPR), which was manifested by a 

reduction in the Pe IF2" and GRPs level. This could be due to the fact that in the 

process of 3T3 -L1 differentiation a high demand of protein synthesis is required. 

Knockdown of Nck1 might cause an accumulation of unfolded proteins followed by 

retention of the ER stress condi tion and thus affect the adipogenic program of 

preadipocyt es.
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Resum Ž 

La prŽvalence de  l'obŽsitŽ et des  complications  mŽtaboliques  nŽcessitent un besoin 

croissant de prŽvention  et de traitements thŽrapeutiques.  Ceux -ci sont causŽs  par 

des facteurs  gŽnŽtiques et environnementaux  qui contribuent  au dysfonctionnement  

du tissu adipeux . La rŽpartition corporelle  ainsi que la taille des  adipocytes sont 

dÕimportants crit•res dŽfinissant la relation entre l'obŽsitŽ  et les troubles  

mŽtaboliques du glucose et  des lipides.  Par exemple,  l'exc•s de  graisse prŽsent dans 

la partie  supŽrieure du corps  augmente le risque de  diab•te, d'hyperlipidŽmie , 

d'hypertension et d'athŽrosclŽrose , en opposition avec les  dŽp™ts de graisse 

pŽriphŽriques.  

Dans ce travail,  nous avon s voulu  identifier de nouvelles voies  qui affectent la 

fonction des adipocytes  matures  afin d'amŽliorer la comprŽhension des mŽcanismes  

sous - jacents ˆ l'obŽsitŽ  et au dŽveloppement  de la rŽsistance ˆ  l'insuline et  diab•te 

de type II.  
Les niveaux  d'expressi on des g•nes  analysŽs par microarrays ne reflŽtant pas 

forcŽment la dŽrŽgulation des processus  molŽculaires  survenant dans la cellule  en 

raison des ŽvŽnements  post - transcriptionnels ainsi que dÕautres formes de rŽgulation 

qui complŽmentent la contr™le tran scriptionel . Afin de pallier ˆ ce probl•me, l'analyse 

des  promoteurs des g•nes  co-exprimŽes  par la plate - forme ExplainTM pourrait 

fournir des rŽponses sur l'implication de  certains facteurs de transcription  dans la 

rŽgulation des  voies de signalisation.  Au cours de cette Žtude , les Microarray et la 

plate Ðforme Exmplain TM ont ŽtŽ utilisŽs sur differents dŽp™t graisseux ( sous -cutanŽ 

et viscŽral) de  mod•les murins  d'obŽsitŽ  d'origine  gŽnŽtique ou environnementale 

afin dÕŽlucider dÕŽventuelles altŽrations da ns le  profil dÕexpression des facteurs  de 

transcription. Notre Žtude a mise a jour plusieurs nouvelles molŽcules 

potentiellement impliquŽes dans la dŽrŽgulation de la fonction  du tissu adipeux  dans 

diffŽrents mod•les animaux  d'obŽsitŽ. De plus, nos rŽsulta ts dŽmontrent que le 

tissue visceral prŽsente un profil molŽculaire diffŽrent du tissue visceral illustrant la 

disparitŽ et la specificitŽ mŽtabolique des diffŽrents dŽpots graisseux.  

Nous avons utilisŽ une  approche virale  pour rŽprimer lÕexpression des 10 0 meilleurs  

candidats  et analyser la fonction mŽtabolique des adipocytes . Pour  l'analyse in vivo,  

12 candidats  dont la rŽgulation sÕest montrŽe significativement diffŽrente des 

contr™les ont ŽtŽ choisis pour une analyse dÕexpression gŽnique plus approfondu e. 

Nos donnŽes  ont montrŽ quÕ  ExplainTM  est un outil utile  pour analyser les  donnŽes 

gŽnŽrŽes par le Ç  gene array  È au milieux dÕun rŽseau de rŽgulation complexe quÕest 

la  cellule  adipocytaire . De ce fait, l'analyse  de ces molŽcules clŽes  constitue une 
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app roche efficace permettant lÕidentification de nouvelles  cascades de rŽgulation  qui 

pourraient •tre la  cause sous - jacente  du dŽveloppement de  troubles mŽtaboliques . 

Dans la seconde partie de ce rapport de th•se , nous avons analysŽ le role de Nck1  

( rŽgion non catalytique  de la protŽine  tyrosine kinase  adaptateur  1)  dans  la 

diffŽrenciation  des adipocyte 3T3 -L1. Nck1  est  une protŽine adaptatrice  qui assure la 

mŽdiation  de signal  des  rŽcepteurs tyrosines kinases vers  les effecteurs se trouvant 

en aval . Par exe mple, il a ŽtŽ dŽmontrŽ que Nck1 joue une role important dans la 

transduction du signal par le Platelet -derived growth factor beta receptor  (PDGF ! R), 

un rŽcepteur Tyrosine kinase impliquŽ  dans la prolifŽration , la survie, la  

rŽorganisation de l'actine  et l a migration des  cellules . De m•me, le domaine SH2 de 

Nck1  peut se lier a certains rŽsidus tyrosine  phosphorylŽe  sur IRS -1 suite ˆ 

lÕactivation du recepteur de lÕinsuline et transduit Žgalement les  signaux  des 

recepteurs ephrine  (Ep) vers les intŽgrines  et  les JNK stress -activated MAP kinase . 

De rŽcentes dŽcouvertes ont Žgalement montrŽ que  des protŽines adaptatrices  Nck  

contr™le la rŽgulation de  la survie cellulaire  au cours du stress  du rŽticulum 

endoplasmique (RE) . 

Nous avons constatŽ que  Nck  est Žgalemen t un important rŽgulateur de la  

diffŽrenciation  des adipocytes 3T3 -L1. LÕexpression gŽnŽtique de Nck1 culmine douze  

heures apr•s  l'initiation  de la diffŽrenciation des adipocytes.  De plus, la diminution de 

lÕexpression de Nck1  freine l'adipogen•se  des ce llules 3T3 -L1 et est accompagnŽe  par 

une rŽduction de  la prolifŽration cellulaire.  Nous avons pu dŽmontrer  que le  

phŽnotype observŽ  est causŽ  en partie par  l'induction et le maintien de  la rŽponse au 

stress  du RE.  Les conditions  de stress prolongŽ  ont caus Ž un dysfonctionnement de  la 

rŽponse ˆ la protŽine  dŽpliŽe  (EPU) qui se manifeste  par une  rŽduction du niveau  p-

eIF2"  et de GRP . Nous envisageons que  le processus de  diffŽrenciation des  cellules 

3T3 -L1 impose une forte demande  de synth•se protŽique . Ainsi, la diminution de 

lÕexpression de  Nck1  pourrait  provoquer une accumulation de  protŽines  dŽpliŽes  

suivie  par le maintien  de l'Žtat de  stress du RE  et ainsi affecter  le programme  

adipogŽnique  des prŽadipocytes.  
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Abbreviations  

ACC acetyl -CoA carboxilase  

ALS alcoholic liver disease  

AR androgen recepto r  

ASK1  disabled 2 interacting protein   

ATF4 activating transcription factor 4  

ATF6 activating transcription factor 6  

ATGL adipose triglyceride lipase  

BAT brown adipose tissue  

BMPs bone morphogenetic proteins  

C/EBPs  CAAT/enhancer -binding proteins  

cAMP cyclic adenosine monophosphate  

CD68  CD68 antigen  

c- fos  osteosarcoma oncogene  

CHOP DNA-damage inducible transcript 3  

CIDE  cell death - inducing DNA fragmentation factor  

c- jun  jun oncogene  

CMA  Composite Module Analyst  

c-myc   myelocytomatosis oncogene  

CNS central nervous system  

DGA diacylglycerol  

ECM extracellular matrix  

eIF2  eukaryotic initiation factor 2  

EMT epithelial mesenchymal transition  

eph  epinephrine  

Erp57  protein disulfide isomerase associated 3  

ERSS endoplasmic reticulum stress signaling  

FAS fatty acid synthase  

FFAs free fatty acids  

FGF fibroblast growth factor 1  

FTO a fat mass and obesity associated gene  

GH growth hormone  

GIT  gastrointestinal tract  

GLP-1  glucagon - like peptide 1  

GLUT4 glucose transporter type 4  

GRP78 glucose - regulated protein 78kDa  

GRP94 glucose - regulated protein 94 kDa  

GWA genome -wide association  

HDL high -density lipoprotein  

HSL hormone sensitive lipase  

ICAM -1  intercellular adhesion molecule 1   

IGF-1  insulin like growth factor 1  

IKK!  inhibitor of kappaB kinase beta   

IL17  interleukin 17  

IL -6  interleukin 6  
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IRE1  inositol - requiring enzyme -1 

JAK-STAT3  Janus kinase -signal transducer and activator of transcription 3  

JNK c-Jun N - terminal kinase  

junB  jun oncogene  

LPL lipoprotein lipase  

LPS lipopolysaccharide  

MC4R melanocortin -4 receptor gene  

MCP1  monocyte chemoattractant protein 1  

mTORC1  mechanistic target of rapamycin  

NAFLD nonalcoholic fatty liver disease  

Nck1  non -catalytic region of tyrosine kinase adaptor protein 1  

NF- ! B  nuclear factor 'kappa - light -chain -enhancer'  

N-WASP  Wiskott ÐAldrich Syndrome  Protein  

p130  RAB3 GTPase activating protein subunit 1  

P58IPK DnaJ (Hsp40) homolog, subfamily C, member 3  

PDGF!R  platelet -derived growth factor receptor, beta polypeptide  

PDI  protein disulfide isomerase associated 3  

PERK eukaryotic translation initiation factor 2 alpha kinase 3  

PGC-1"   peroxisome proliferator -activated receptor gamma, coactivator 1 alpha  

PGE2  prostaglandin E 2 

PKA protein kinase A  

PKC protein kinase C  

PPAR# peroxisome proliferator -activated receptor gamma  

PYY peptide YY  

RBP4 retinol -binding protein  

S6K1  S6 kinase 1  

SNPs single nucleotide polymorphisms  

SREBP1 sterol - regulatory -element -binding protein 1  

SVF stromal vascular fraction  

TFBs transcription factor binding sites  

TFs transcription factors  

TGL triglyceride  

TLRs toll - like receptors  

TNF"   tumor necrosis factor !  

UCP-1  uncoupling protein -1  

UPR unfolded protein response  

VCAM-1  vascular cell adhesion molecule 1  

WAT white adipose tissue  

Wave1  WAS protein family, member  1 

Xbp1  X-box binding protein 1  
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1. Introduction  

1.1 Obesity up to date  

Prevalence of obesity  

Glob ally , there  are over 1 billion  overweight adults and am ong them at least 300 

million are  obese. Each year 2.8 million people die as a resul t of being overweight or 

obese. The increase in consumption of more energy -dense, nutrient -poor foods with 

high level of sugar and saturated fats, combined with reduced physical activi ty, have 

led to obese rates that have risen three - fold or more since 1980 in some areas of 

North America,  United Kingdom, Eastern Europe, the Middle East, the Pacif ic Islands, 

Australia and China (Figure 1 )  [ 1] .  Economic growth, modernization, u rbanization 

and globalization of food markets are the main contributors to the obesity epidemic. 

However , the phenomenon is not only restricted to industrialized societies; this 

increase is often faster in developing countries than in the developed world. The 

World Health Organization predicts there will be 2.3 billion overweight adults in the 

world by 2015 and more than 700 mi llion of them will be obese [ 1, 2] .  

 

 

Figure 1  Prevalence of obesity for both sexes, ages 20+.  

Data from 2008 , adapted from  [ 1] .  
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Trends  and statistics  

There are several international and European surveys on the prevalence of obesity, 

such as Multinational Monitoring of Trends and Determinants in Cardiovascular 

Disease (MONICA), Countrywide Integrated Non  communicable Disease Intervention 

(CINDI) and NHANES (National Health and Nutrition Examination Survey).  

The latest data regarding population  prevalence in obesity collected by NHANES 

estimated for 2009 -2010 show a slower increase in the prevalence of obesity, when 

compared to 2003 -2008. However , none o f the groups investigated presented  a  

significant decline.  Compared to 2003 -2008 in 2009 -2010  the prevalence of obe sity 

had no significant change: 35 .5% for men and 35.8% for women  [ 3] .   

A search for  potential drug targets requires  our  better understanding of  the 

mechanisms underlying obesity and identification of  factors affecting adipose tissue 

function .  

Genetic and/or  environmental factors affecting mature adipocyte function  

It is estimated that genetic factors contributing to the pathophysiology o f ob esity 

range from 25% to 40%  and in most cases obe sity has a polygenic nature.  Other 

factors that contribute to the severity of obesity are: diet, infectious agents, 

environment, b ehavior  and social structures [ 4-6] .   

In the last two decades  a few single mutation genes contributing to spontaneous 

obesity  in rodents have been cloned, starting with leptin  gene  ( ob/ob  mouse) [ 7] , 

leptin receptor  ( db/db   mouse)  [ 8] ,  the fat gene ( fat/fat  mouse) [ 9] , the tubby gene  

( tub/tub  mouse)  [ 10 , 11 ] , the agouti gene (A y mouse) [ 12 ]  and the mahogany gene  

(mg/mg  mouse)  [ 13 ] .  Mouse models carrying those  mutations  contributed to a 

better understanding of energy intake  increase  and energy expen diture  decrease in 

obesity [ 4] .  

One approach to identify obesity  genes  in humans  is the genome -wide association 

(GWA) study, in which single nucleotide polymorphisms (SNPs) are tested for 

correlation with BMI  (body mass index) . Successfully  a  fat mass and obesity 

associated gene (FTO) was identified as well as the melanocortin -4 receptor gene 

(MC4R) variants.  The rise in SNPs  identification  increased  the im portance of mouse 

model studies, s ince one can implement external factors to reveal netw orks of 

interaction within diverse sets of biologic al and physiological  mouse  phenotypes, in 

humans  however  it is beyond implementing .  

Another  powerful tool to analyze such models of common diseases is  Õsystems 

biologyÕ approach, that is focused on comple x interactions within biological systems. 

In order to investigate  those networks of interactions different technologies are 

combined, including: genomics, transcriptomics, proteomics and metabolomics  [ 14 ] .  
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Recently more attention is being paid to epigenetic mechanisms that affec t the body -

weight phenotype of an offspring  of obese parents , however the human  data are still 

controversial [ 15 , 16 ] . 

The identification of new factors contribu ting to the obese phenotype has  led  to the 

development  of new strategies to treat obesity and to prevent progression of 

met abolic complications.  

Targeting obesity  and metabolic syndrome  

The regulation of body weight can be targeted on many levels , including :  ingestion, 

digestion, absorption, transport, and storage of the ingested food, as well as other 

met abolic and behavioral functions [ 4] .  The main player in controlling feeding 

behavior is central nervous system (CNS) , that regulat es energy homeostasis, 

acquires  signals from gastrointestinal  tract (GIT) and adipose tissue, as well as all 

the pathway s regulating feeding conver ge on the hypothalamus [ 17 ] . 

Currently , availa ble  anti -obesity  drugs  share the same principal, to increase energy 

expenditure and to decreas e food intake, for example phentermine Ð appetite 

suppressor [ 18 ] .  Up to date there are 3 drugs available , that reduce weight in adults: 

1) orlistat, a pancreatic lipase inhi bitor reducing fat absorption, 2) sibutramine, a 

neurotransmitter reuptake inhibitor ,  it inhibits  the reuptake of serotonine, 

norepinephri ne, and dopamine , 3) phentermine.  

Orlistat binds covalently  to the active sites of lipase and reduces dietary fat 

absorption.   

Apart from benefits, sibutramine  have side effects  that include  tachycardia,  insomnia, 

elevation of blood pressure, he adache, dizziness, constipation [ 19 , 20 ] . Therefore, 

sibutramine was withdraw n from the US market in 2002 and at present it can be 

used only in adults over 16 years  [ 21 ] .  

Other drugs include: phentermine which is approved only for a  three month 

tre atment and caffeine/ephedrine  that  increases expression of #-3-adrenoreceptor in 

obese humans  [ 17 ] . 

There are a few drugs under a clinical investigation  at the moment  and these agents 

affect peripheral and central mechanisms, for example ceti listat or pramlintide. 

Nevertheless , the complexity of obesity  will require multiple agents with different 

mechanisms , that will target more than only one signaling pathway  [ 17 ] .  

More invasive approaches in  treat ment of diabetes include  an intestinal bypass, as in 

gastric bypass or biliopancreatic diversion. The surgery results in general 

improvement in metabolic syndrome including type 2 diabetes, hypertension, 

increased fasting gl ucose and triglycerides (TGL) as well as  decreased high -density 



Chapter 1  

 14  

lipoprotein ( HDL)  level  [ 22 ] . However, d espite the bene fits it is still the last 

treatment  chosen by the majority of obese patients.   

The progress that was made over the last years in the development of anti -obese 

drugs and therapies was a result of recognizing adipose tissue as an endocrine organ 

and not just a reservoir for storing triglyce rides. It is clear now that adipocytokines 

secreted by activated adipocytes cause insulin resistance, dyslipid emias, 

hypertension and impaired immunolog ical response, which together can have  

adverse clinical consequences [ 23 ] . 

1.2 Adipose tissue  

Composition of adipose tissue  

Two kinds of  adipose tissue are present within a human body: white and brown 

adipose ti ssue (BAT). Whereas the main function of WAT is energy storage , BAT is an 

energy -ex pending organ responsible for adaptive thermogenesis  in response to food 

intake and cold  [ 24 , 25 ] . White and brown adipocytes derive  from different 

progenitor cells and brown c ells are  believed to share the origins with skeletal muscle 

cells [ 26 ] .  

White  adipose tissue  

White a dipose tissue is composed of spherical adipocytes, in which a large lipid 

droplet is filling the entire cell volume.  The size of an adipocyte cell ranges between 

30 -130 $m  in diameter. The functional and structural integrity of the tissue is kep t by 

extracellular matrix (ECM) , which protects cells from mechanical damage  [ 27 ] . 

Another  non adipocyte component is stromal vascular fraction (SVF) consisting of 

preadipocytes  (15 -50%)  [ 28 ]  multipotent stem cells, fibroblasts, pericytes and 

endothelial cells of blood and lymph atic vessels, and macrophages [ 29 , 30 ] . Central ly 

positioned  are lipid droplets  surrounded by a phospholipid monolayer with embedded 

integral and peripheral proteins [ 31 ] . The best studied lipid dr oplet proteins are 

perilipin, adipophilin  [ 32 ]  and cell death - inducing DNA fragmentation factor  ( CIDE ) 

[ 33 ] . Adipocytes have also actin and microtubule network  that ta ke part in the 

redistribution of GLUT4 (glucose transporter type 4).  
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Regulation  of white adipose tissue  differentiation  

In humans the differentiation program of preadipocytes into adipose tissue begins 

during the late  stage of embryonic development [ 34 ] , however in  case of  rats and 

mice it occurs just after birth [ 35 ] .  

The c ommonly used 3T3L -1 cell line, is a pr eadipocyte cell line,  that underwent 

commitment to the a dipocyte lineage and can only differentiate into ad ipocytes.  

The prerequisite for adipocyte differentiation is cell/cell contact. Once reaching 

confluence cells stop dividing and can be induced to differentiate with mitogenic and 

hormonal agents. Commonly  used differentiation cocktail contains: dexamethasone  

(a synthetic glucocorticoid) , the growth factor ins ulin and methylisobutylxanthine 

(inhibitor of cAMP phosphodiesterase).  The process of 3T3 -L1 differentiation is 

depicted in Figure 2 . After inducing t he differentiation , several rounds of mitotic 

clonal expansion  take place, which are completed by day 2 and followed by the entry 

of the cells  into growth arrest G D [ 36 ] .  On th e third day of differentiation an  

expression of late markers  occurs  [ 37 ] .   

Already  cell to cell contact induces  LPL and type VI collagen expression [ 38 ] . Upon 

induction of adipogenesis c- fos , c- jun , junB , c-myc  and the fol lowing transcription 

factors are induced: CAAT/enhancer -binding proteins (C/EBPs) C/EBP! and C/EBP% 

[ 37 , 39 ] , which regulate other adipogenic genes such as  C/EBP" and peroxisome 

proliferator -activated receptor gamma  ( PPAR#)  as well as SREBP1 (sterol - regulatory -

element -binding protein 1) Ð the regulator of lipogenic gen es [ 40 -42 ] . PPAR# and 

CEBP/" are inducers of genes involved in insulin sensitivity, lipogenesis and lipolysis 

[ 43 ] . PPAR# is activated by  different lipid species  [ 44 ]  and inhibited upon  MAP kinase  

phosphorylation  of serine 112  [ 45 , 46 ] . 
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Figure 2  Differentiation process of 3T3 - L1.  

Expression of adipogenic markers at differen t stages of differentiation , a dapted from  [ 47 ] . 

 
There are multiple signals that trigger adipocyte formation, including bone 

morphogenetic proteins (BMPs) [ 48 ] , transforming growth factor ! [ 49 ] ,  insulin like 

growth factor 1 (IGF1) [ 50 ] , interleukin 17 (IL17) [ 51 ] , fibroblast growth factor 1 

(FGF) [ 52 ] , FGF2 [ 53 ]  and activin  [ 54 ] .  Essential for adipogenesis is inhibition of 

WNT [ 55 ]  and  hedgehog (HH) signaling pathw ay [ 56 ] . Among other regulators: 

glutathione  [ 57 ] , the Janus kinase -signal transducer and activator of transcription 3 

(JAK-STAT3) pathway [ 58 ] , SMAD signaling [ 59 ] , ribosomal protein S6 kinase 1 

(S6K1) [ 60 ]  and the insulin signaling pathway components.  

Growth of adipose tissue  

Hyperplasia and/or hypertrophy are the 2 mechanisms  of adipose tissue growth . It is 

estimated that one - tenth of the fat cell pool is renewed every year and  once 

adipocytes undergo apoptosis the progenitor cells are recruited into SVF or promoted 

as precursor cells into adipose t issue to replace the dead cells [ 61 , 62 ] . Recent 

findings demonstrated  that human subject s with hypertrophic adipocytes generate 

70% less adipocytes per year than those with hyperplastic cells [ 63 ] .  

During obesity hypertrophy takes place before hyperplasia , in order to provide an 

additional capa city for fat storage [ 64 ] . It is postulated that adipocyte number is 
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relatively constant in the early adulthood and the increase of a fat mass in adults is 

due to alterations in adipocyte hypertrophy  [ 62 ] . 

A distinction need s to be made when talking about the healthy and pathological fat 

pad expansion. In the healthy state there is an enhanced recruitmen t of adipocyte 

precursor cells alongside with mobilization of other stromal cell types, minimal ECM 

expansion and low inflamm ation. In the pathological state  a rapid growth of the fat 

pad is observed along with  the following events: reduced angiogenesis, ECM 

overproduction, increased immune cell infiltratio n and proinflammatory responses , 

which result  in the development of insul in resistance  [ 65 , 66 ] . Of importance is the 

regional distribution and size of adipocytes , that indicate  the link between obesity 

and disturbances in glucose and lipid metabolism.  

Adipose tissue distribution  

It is t he excess of body fat  in the upper part of the body  that  increases the risk of 

diabetes, hyperlipidemia, hypertension and atherosclerosis , when compared with the 

peripheral fat depots [ 30 ] , in addition large adipocytes influence adipokine secretion 

towards pro - inflammatory state [ 67 ] .  Visceral fat is  metabolically more active and 

sensitive to lipolysis, w hich is confirmed by the fact that after a weight loss there is a  

greater decrease in visceral fat amount compared to subcutaneous  fat  [ 68 ] . Visceral 

adipose tissue of obese patients characterizes higher expression of HSL (hormone 

sensitive lipase) and LPL  (lipoprotein lipase)  [ 69 ] .  

Regarding the g ene expression of lipogenic  enzymes, there are contradictory 

findings. Some stu dies claim downregulation of fatty acid synth ase (FAS) and acetyl -

CoA carboxy lase  (ACC) in visceral fat depots of obese patients  [ 70 ] , other data 

suggest downregulation of aforementioned enzymes in both visceral and 

subcutaneous fat  [ 69 ] . The downregulation of lipogenic pathways is thought to be 

due to the development of insulin resistance in adipocytes and/or adaptation 

mechanism that prevents further increase in  the fat mass. The contradictory findings 

might be also a consequence of a different nutritional and/or inflammatory status of 

the tested populations  [ 71 ] .  

Perilipin is a  lipid droplet surface protein and  it was downregulated  in  human obesity, 

which correlated  negatively with lipolysis level in those subjects. However , the 

percentage of perilipin coat ing the lipid droplet was increased in obesity, which was 

to be expected in humans having a higher volume of adipocytes and  hence of lipid 

droplets [ 72 ] .  

Obesity was also associated with upregulation o f adhesion molecules , that play an 

important role in development of endothelial dysfunction/atherosclerosis. The 

intercellular adhesion molecule 1  ( ICAM -1)  and vascular cell adhesion molecule 1 
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(VCAM-1)  mRNA as well as  protein level  were increased only in the visceral white 

adipose tissue (V WAT) . The findings present  a direct link between visceral obesity 

and cardiovascular complications [ 73 ] .  

The mRNA expression of FTO gene  ( obesity  associated gene) is also fat depot 

dependent. H igher mRNA levels were found in SWAT than in VWAT of morbidly 

obese, and it correlated positively with mRNA levels of leptin, perilipin, and visfatin 

[ 73 , 74 ] .  

Regarding the size of adipocytes OÕ‚onnell et al. showed that healthy obese patients 

have smaller omental adipocytes compared with severely obese patients with 

metabolic complications and the omental adipocytes size positively correlated with 

the incide nce of insulin resistance and hepatic steatosis. The omental adiposity was 

comparable in both groups indicating that it is not the size of omental fat depot , but 

rather the size of adipocytes  within the depot  that is important [ 75 ] .  On the other 

hand subcutaneous adipocytes were  larger and had a similar size in healthy and 

unhealthy patient s and strongly associated with th e fat accumulation in the live r, bu t 

not with metabolic parameters [ 75 ] .  

The excess of adipose tissue and its metabolic consequences is equally important as 

loss or an absence of fat, resulting in severe forms of insulin resistance. Up to date 

there are several lipody strophic mouse models de scribed , f or i nstance the A/ZIP mice 

characterized  by Vinson and Reitman  [ 76 ] . All these models have a complete 

absence of fat and suffer from insulin resistance and hepatic steatosis . 

Adipose tissue function  

The main functions of adipose tissue are: fuel storage and regulation of energy 

metabolism. Other  funct ions involve responses to nutrient, neural, and hormonal 

signals and adipokine secretion that control fe eding, thermogenesis, immunity, and 

neuroendocrine function  [ 77 ] . There have been more than 50 cytokines identified 

and other factors secreted by white adipose tissue (Figure 3 )  [ 78 ] .  Recently , a novel 

lipokine C16:1n7 -palmitoleate  was identified, which is a signaling lipid secreted 

depending on the energy status of the organism [ 79 ] . During adipogenesis the 

metabolica lly active adipocyte  secrets factors that contribute to type 2 diabetes, 

dyslipidemi a, inflammation, hypertension, thrombosis, androgen deficiency and 

atherosclerosis  [ 23 ] .   
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Figure 3  The multiple functions of white adipose tissue.  

Synthesis and secretion of adipokines, and uptake, storage and synthesis of lipids , adapted 

from [ 78 ] . 

 

The regional fat distribution is dependent on action of metabolic hormones, 

hormones of adipose tissue, and hormones of gastrointestinal tract. Among the main 

regulators are: insulin and glucagon, sex steroid hormones, cortisol, epinephrine and 

growth hormone (GH) [ 80 ] .  

Insulin affects metabolism peripherally and centrally [ 81 ] . In adipocytes its  action 

involves the uptake and utilization of glucose, lipids and amino acids , whereas in the 

hypothalamus insulin acts to reduce appetite and stimulate energy expenditu re. 

Insulin activates lipogenic enzymes and inhibits HSL [ 82 ]  and its action is 

counteracted by leptin and glucocorticoids.  

Leptin increases lipolysis and glucose and fatty acids oxidation [ 83 ] , whereas 

glucocorticoids act on glucose  utilization in the liver and periphery tis sues. 

Glucocorticoids stimula te the release and uptake of free fatty acids (FFAs)  by 

increasing HSL, ATGL  ( adipose triglyceride lipase) and LPL activity level [ 84 ] .  

Glucagon is secreted in response to the low glucose level in the blood and stimulates 

glycogen breakdown.  

Cortisol has a  major effect on lipid accumulation in t he presence of insulin , by 

stimulating  LPL activity [ 85 ] . This effect is abolished upon adding GH, which inhibits 
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lipid accumulation and also activates lipid mobilization [ 86 ] . The action of growth 

hormone is enhanced when acting synergistically with testosterone [ 87 ] . 

Interestingly , testosterone affects the density of androgen receptor (AR) in this way 

it a mplifies its own effects [ 88 ] . Mice lacking the AR develop obesity, which is caused 

by decreased energy expe nditure and lipolysis rate [ 89 ] . However , in females 

hyperandrogenism results in accumulation of visceral fat [ 90 ]  and it is a precursor to 

the development of diabetes. Many females with polycystic ovary syndrome (PCOS) 

have additional char acteristic of metabolic syndrome, especially insulin resistance 

and obesity [ 91 ] .  

Adiponectin, leptin, resistin and visfatin are adipokines that are linked to insulin 

resistance and inflammatory response [ 92 -94 ] . The most abundantly secreted ar e 

leptin and adi ponectin. Leptin regulates not  only  neuroendocrine response, energy 

homeostasis, haematopoiesis and angiogenesis, bu t is also an important agent of 

immune -mediated diseases and inflammatory response.  The serum level of leptin is 

propo rtional to the adipose tissue mass in mice and humans , and is increased by pro -

inflammatory mediators and obesity [ 93 , 95 ] . 

Adipon ectin is mainly produced by WAT, it increases fatty acid oxidation and 

decreases glucose production in the  liver. K nockout mice show a  dramatic phenotype 

when put on a high - fat/sucrose diet, evidenced  by a severe  insulin resistance and 

lipid accumulation in the muscle . The serum levels of adiponectin in obese patients 

are low and increase with the w eight loss [ 96 , 97 ] . Regarding the interaction with 

immune and inflammatory components, adiponectin inhibits IL -6 (interleukin 6)  and 

TNF (tumor necrosis factor) production, it decreases T -cell response, and increases 

the production of IL -10 and IL -1RA, which are crucial for the anti - inflammatory 

response [ 98 ] . 

The expression of resistin is not limited to adipose tissue, it is also synthesized by 

hypothalamus, adrenal gland, spleen, ske letal muscle, pancreas and gastrointestinal 

tract [ 94 ] .  Its expression level is increased by the pro - inflammatory cytokines IL -1, 

IL -6 and TNF, and by LPS (lipopolysaccharide) but not by leptin [ 99 ] . The level of 

resistin correlates with markers of inflammation [ 94 ]  and in humans resistin 

stimulates expression of TNF, IL -1, IL -6 and IL -12 through an NF -&!  ( nucle ar factor 

'kappa - light -chain -enhancer' of activated B -cells)  dependent pathway [ 99 , 100 ] . This 

cytokine plays a role in inflammatory diseases [ 94 ]  and it is un regulated in patients 

with type 2 diabetes . Resistin was shown to act in an opposite way to adiponectin, by 

having a negative effect on hepatic insulin sensitivity  [ 101 ] . The level of resistin 

correlates with the body fat m ass, which indicates its involvement in  the  

pathogenesis of obesity and insulin resistance  [ 102 ] .  
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Among other adipocytokines , visfatin also known as pre -§-cell colony -enhancing 

factor and nicotinamide phosphoribosyltransferase is highly expressed by visceral 

adipose tissue  [ 103 ]  and  is upregulated in obese and type 2 diabetic patients [ 104 ] . 

RBP4 (retinol -bin ding protein 4)  is an adipokine that increases  insulin resistance in 

muscle and hepatic gluconeogenesis in mice [ 105 ] . It was preferentially expressed in 

the visceral  fat depot of diabetic patients and correlated not only with  the BMI and  

the  insulin resistance, but also with the level of inflammation.  RBP4 seems to be 

important in the early phase of developing insulin resistance [ 106 ] . 

Adipose tissue dysfunction  

Maintenance  of insuli n sensitivity and normoglycemia requires a functional adipose 

tissue, which  amount  is proportional to the body size. Adipose tissue contributes to 

the whole body metabolism in two ways: secretion of appropriate levels of adipokines 

and  TG storage, that protects the organism from circulating F FAs and ectopic TG 

accumulation [ 107 , 108 ] . In the pathological state (a high fat diet)  the balance 

between fatty acid uptake and usage is shifted.  A lean individual in a fasting stat e 

has a fatty acid concentration 0.4 -0.8 mM.   

In the early stage of obesity adipocytes are capable of storing  the excess of TG and 

maintain norma l lipolysis rate during fasting and s keletal muscle is sensitive to 

insulin.  In the later stage the hypertrophi ed adipocytes secrete high amounts of 

MCP1 (monoc yte chemoattractant protein -1) , which  enhances further infiltration of 

macrophages [ 109 ] . In the adipose tissue of a  lean individual macrophages cons ist of 

5-10%, whereas in obese  state macrophages can comprise of 50% of the total 

number of cells [ 110 ] . The infl ammatory state in adipose tissue  results in  an in crease 

in lipolysis and a decrease in TG synthesis.  As a consequence the circulating FFAs are 

taken up by the skeleta l muscle, the liver and ! - cells. In m uscle FFAs affect insulin 

signaling  pathway  via inhibiting Tyr phosphorylation of insulin receptor and  IRS 

proteins: JNK, IKK!, PKC, mTORC1 and p70 ribosomal S6 kinase [ 111 -114 ] .  

Obesity is also associated with a higher lipolysis rate, and this is due to an incr eased 

level of TNF"  and larger adipocytes [ 115 ] . Furthermore , TNF" inhibits PPAR# action 

at transcription, translation and turnover level.  

Another consequence of obesity and development  of type 2 diabete s is mitochondrial 

dysfunction [ 116 ] . Diabetic  patients have impaired mitochondrial oxidative activity  

[ 117 ] , which results in reduction in fatty acid oxidation and high intramyocellular lipid 

content . The muscle of diabetic patients exhibit 30% reduction in respiration 

compared to lean subjects  [ 118 ] . It was also shown that adipocytes of db/db and 

ob/ob mice have dysfunctio nal mitochondria. As a consequence t he lack of ATP may 
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cause changes in glucose utilization in lipid biosynthesis, which in turn leads to  a high 

glucose levels in those animals [ 119 ] . 

Development of obesity and metabolic complications is in part associated with  

malfunction of adipose tissue.   
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Aims of the presented thesis  

In the thesis we wanted to unravel genetic and environmental factors affecting 

mature adipocyte size and function. The goal was to use transcriptome to identify 

keynode molecules, responsible for observed changes on a gene expression level. It 

would improv e our understanding of mechanisms underlying obesity and 

development of insulin resistance and type 2 diabetes.  

In the second part of the thesis we studied an adaptor protein Nck1 in terms of 

adipogenesis. Nck1 was significantly regulated in microarrays i n several conditions of 

obesity and appeared on the list of top 100 significantly downregulated keynodes.  

So far Nck1 was shown to be involved in cell migration and cytoskeleton 

reorganization processes. However, its role in adipose tissue and its effect on 

preadipocte differentiation has not been elucidated yet.  
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2. Genetic and environmental factors  affecting 

mature adipocyte function !

 

 

Figure 4  Flow chart of the project.  

 

Mouse models of obesity  

In order to  study genetic and environmental changes affecting mature adipocyte size 

and function, we worked with different mouse models of obesity : as a control strain 

we used C57Bl6 mice, the most common Ògenetic backgroundÓ for gen etically 

modifi ed mice for use as models of human diseases; C57Bl6 mice on a high fat diet, 

as an example of an environmental factor affecting mature adipocyte function;  ob/ob 

(C57Bl6 background), an example of a monogenic model, leptin mutation results in 

severe obesity , hyperphagia, hypothermia, extreme insulin resistance, infertility and  

myriad endocrine abnormalities [ 7] ; agouti mice, characterized by ectopic expression 

of the agouti gene (melanocortin receptor fami ly) are severely obese , bu t obesity  

develops much slower when compared with ob/ob mice, they also have lower hepati c 

lipogenesis rate and only males are hyperglycemic [ 120 ] ; Sv129 and Sv129 on a 

high fat diet, as an example o f a polygenic model, the strain is less prone to diet -

induc ed obesity compared with C57Bl6 [ 121 ] . 
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Integration and translation of microarray data  

Gene expression levels measured by microarrays do not adequately reflect the 

deregulated m olecular processes of a cell, rather represent an ÒechoÓ  of real 

molecular processes taking place and this is due to posttranscriptional events an d 

other forms of regulation [ 122 ] . Thus especially changes in gene expression o f 

transcription factors are difficult  to analyze. A solution to this problem is the analysis 

of promoters of  coexpressed genes, which can provide involvement of certain 

transcription factors (TFs) in the regulation of gene cascades.  

It is known by now that combinations of TFs rather  than a single TF is responsible for 

driving gene expression and at the level of promoter there are specific combinations 

of transcription factor binding sites (TFBs), located closely to each other. Such 

structure is called Òcomposite regulatory modulesÓ. A novel tool called C omposite 

Module Analyst (CMA) was  used to analyze long reg ulatory regions [ 123 ]  and 

further more it  focuses on pair s of sites to unravel cross talk  between different 

signaling pathways [ 124 ] . 

We used ExPlain $  workflow to associate  gene expression data with signal 

transduction and gene regulatory networks for molecules that are not necessarily 

significantly regulated, such as TFs or signaling proteins.  This  n ovel computational 

approach enabled us combining  the analysis of the networks with analysis of gene 

promoter regions . 

The first step in the ExP lain $  was to  search  for functional clusters in terms of any GO 

category , expression profile, function  in disease  or signaling pathway . Afterwards 

such a set of genes was  subjected to the analysis of  over - represented TFBS  [ 122 ] . 

The positional weight matrices were  derived  from TRANSFAC %. TRANSFAC& is a 

database on transcription factors an d experimentally proven their binding sites, 

nucleotide distribution matrices and regulated genes [ 125 ] . ExPlain $  also makes use 

of compa rative genomics to search for phylog enetically conserved regions  [ 123 ] .  

The obtained matrices were  matched with predefined profile and adipocyte specific 

profi le. The set of predicted TFBS was  analyzed further with t he CMA [ 122 ] . 

Afterwards a TRANSPATH & search was  performed and key signaling molecules that 

activate/inhibit those transcription  factors ass ociated with CMs were  predicted.  

TRANSPATH&
 is a database that provides information about signaling molecules, their 

reactions and the pathways  these reactions are part of  [ 126 ] .  

We were able to predict  key molecules  within signaling networks that could be 

responsible for the coordinated reg ulation of downstream events [ 127 ]  and would 

explain changes in mature adipocyte function in terms of obesity. The novelty of the 
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approach is that apart from  operating on differentially expressed genes and their 

effect on cell physiology, we focused on the underlyin g mechanisms that caused 

changes in the gene expression level.  

Validation of  selected candidates  

Adipose tissue is the main triacylglycerol  reservoir and its excess accumulation 

results in obesity as well as related met abolic disorders such as type 2  diabe tes, 

cardiovas cular disease and hypertension. TAGs are stored in adipocytes when there 

is energy excess and free fatty acids are releas ed when the energy is needed  [ 128 ] . 

Lipolysis is activated by sympathetic stimulation of the #3-adrenoreceptor . In 

humans the receptor expression level is lower than in rodents and even lower in 

obese subjects [ 129 ] . Furthermore , the receptor is more abundant in multilocular  

than  in unilocular  adipocytes.  

An increase in lipolysis might be a potential therapeutic for obesity, however an 

elevated level of FFA in the blood is observed in obese patients and has metabolic 

consequen ces like insulin resistance [ 82 ] . Once released FFA s can enter the 

circulation  or be taken up by other organs for #-oxidation and ATP generation. In 

addition FAs and glycerol can serve as a su bstrate in the liver for keto genesis and 

gluconeogenesis [ 130 ] . The endocrine regulation of lipolysis by hormones such as 

glucocortycoids, catecholamines, in sulin is well described, but  the information about 

local regulation of lipolysis in adipocytes by autocr ine/paracrine factors is sparse 

[ 131 ] .  

One of the lo cal stimulators of lipolysis, secreted by adipocytes is TNF - " . Among 

other regulators are prostaglandins that inhibit, stimulate or have no effect on 

lipolysis depending on the con centration and species used  [ 132 ] . In addition PGE 2 

(prostaglandin  E2), signaling pathways through cytokines, growth hormones, AMP -

activated protein kinase and nicot inic acid were also sh own to affect lipolysis  [ 133 ] .  

Figure  5  presents regulation of lipolysis in the fasted and fed state. A n increased 

level of glucocortycoids upregulates desnutrin/ ATGL transcrip tion [ 101 ]  and 

catecholamin es through #-adrenergic receptor increase  of cyclic adenosine 

monophosphate  (cAMP)  levels and activation of protein kinase A (PKA). PKA 

phosphorylates HSL enabling its entry to the l ipid droplet to hydrolyze diacylglycerol 

(DGA) . Perilipin is also phosphorylated by PKA , so HSL can acces s th e lipid droplet 

more easily  [ 134 ] . 

The imbalance between caloric intake and energy expenditure results in obesity and 

the pathological artrophy of adipocytes leads to lipodystrophy. As a consequence the 

circulating lipids are accumulated not only in adipose tissue but also ectopically: in 

the liver, muscle, panc reas and the kidneys.  
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In this study the lipolysis rate was our readout for mature adipocyte function and 

subsequent candidate selection.  

 

 

 

 

Fig ure 5  Regulation of lipolysis in the fasted and fed state.  

Adapted from  [ 82 ] . 
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Results  

Gene array screen to unravel mature adipocyte function in obesity  

To elucidate changes in gene expression level in different mouse models of obesity, 

gene array analysis on adipocytes was performed in triplicates and 17 conditions 

were analyzed. We compared not only different mouse models of obesity versus wild 

type, but  also subcutaneous and visceral fat depots, since they exhibit a different 

gene expression pattern  and have different contributions to the development of 

metabolic disorders  [ 135 ] . The microarray data analysis was don e using 

Bioconductor platform . Selection of differentia lly expressed genes was performed 

with GEO software. One - tailed t - test (with 0.05 significance level) was applied for the 

comparisons.  The comparisons and number of d ifferentially expressed genes are  

presented in Table 1 and  ave rage signal inten sities for different conditions  are shown  

in the Appendix 1.  
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1B 
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Table 1  Significantly regulated genes and cut offs for different comparisons.   

(A) Comparison of subcutaneous and visceral fat  depot ;  (B) Subcutaneous fat depot in 

di fferent mouse models of obesity;  (C) Visceral fat depot in different models of obesity . 
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Promoter analysis of coexpressed genes.  

In order to understand the underlying mechanism causing changes in gene 

expression level we implied the ExPlain TM platform.  Ini tially the platform analy zed the 

data sets for functional clusters in terms of any GO category, expression profile, 

disease function (according to human PSD), or signaling pathway from TRANSPATH &
 

[ 122 ] . Appendix 2  represents  data sets with  statistically significant changes  ( p-

value<0.01)  in gene expression involved in  different biological processes when 

comparing different mouse models of obesity and different fat depots.  

The workflow of ExPlain TM analysis  and candidates identification  

One tailed t - test (with 0.05 significance level) was applied to compare different 

conditions. The principle of upstream analysis is presented in  Figure 6 . We e xtracted 

up - regulated genes by condition FC>1.5 and down - regulated genes by condition 

FC<0.666, p< 0.05  (Figure 7 ) . Once we had  a list of significantly regu lated genes, it 

was  separated to down and up - regulated gene list s. The maximum of genes taken 

was  1000. For further analysis top 100 significantly regulated genes were  chosen.  F-

match is a weight mat rix -based tool for searching putative transcription factor 

binding site s in DNA sequences. In the next step CMA  combined  specific pairs of 

matrices of co -expressed genes with top 100 up or down - regulated genes  [ 123 ] . The 

best promoter models were  selected by score. The list of transcription fact ors from 

promoter models was  afterwards  used for k ey node analysis, which combined  

TRANSPATH, a database containing information on signal transduction reactions. The 

key node analysis implie d a calculation of average rank of key node in 6 lean vs 

obese or 4 sc vs vis comparisons (TFs from top score promoter models were used as 

an input into the analysis), followed by a calculation of an average rank of this key 

node in 120 random key node analysis runs (with randomly chosen TFs as an input ). 

The filtering of key nodes was  done by p -value < 0.05. As a  result signaling 

pathways were  create d upstream of TFs that control their activities and when they 

merge d we consider ed such a mol ecule as a key node that mastered  the observed 

changes in gene expression. Figure 8  represents examples of such regulatory 

networks. It is worth mentioning that ke y node itself doesnÕt have to be regulated , 

sometimes it is not even genome -encoded  [ 136 ] . For further analysis 93  top 

signi ficantly regulated key nodes were  chose n (Appendix 3 ) . 
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Figure 6  Upstream analysis of regulated genes.  

A set of regulated genes from a gene expression array is analy zed in an upstream analysis 

using ExPlain TM software platform. The analysis process starts with a promoter analysis which 

identifies binding sites of over - represented transcription factors in the promoters of regulated 

genes compared to control promoter sets. Using these specific TFs the program bu ilds in a 

seco nd step promoter models with co - regulatory acting TFs. The resulting set of transcription 

factors comprising the best models is used a s input for a key node analysis , which searches for 

common molecules in the signaling network.  
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Figure 7  A graphic representation of ExPlainTM workflow.  
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Figure 8  A representative keynode.  
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Knockdown of selected candidates  in differentiated 3T3L -1 

4 BLOCK - iTªPol II miR RNAi sequences were synthesized for each gene and  cloned 

int o destination vector ( Appendix 4 ).  Crude a denovirus was produced and 3T3 cells 

were infected on the third day after induction of differentiation.  The knockdown 

efficiency was estimated with GFP signal.   

Lipolysi s assay and identification of keynodes , that affect mature adipocyte 

function  

The lipolysis assay was performed on the ninth day  after induction  of differentiation 

and we applied the following c onditions: no stimulation, 10nM insulin, 6 µM 

isoprotere nol, insulin + isop rot ere nol. The data o btained are presented in  the  

Appendix 5 . An average value was taken from four  independent measurements . 

Selection of target genes  

Mean values were calculated from sin gle replicate values and the result  was loaded 

into Ex Plain TM, which allowed  a comparison and intersection to cluster gene sets.  

Table 2 shows the top twelve  candidates that were chosen,  on  the  basis of a number 

of regulation s in different conditions and defined thresholds (Figure 9).   

 

 

A 

 

GENE  FFA ratio  GENE  FFA ratio  

Itgb3  1.43  Pak4  0.5  

Agtr2  1.26  Dusp10  0.49  

Prlr  1.22  Syk  0.48  

Hspa1a  1.16  Wee1  0.48  

Hipk2  1.04  Park2  0.48  

" " Gab1  0.46  
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B 

 

 

 

C 

 

 

D 

 

 

GENE  FFA ratio  GENE  FFA ratio  

Adrbk1  2.21  Mapk8ip1  0.59  

Agtr2  1.96  Wee1  0.59  

Akap5  1.94  Prkaca  0.58  

Fga  1.4  Dcx  0.56  

Araf  0.95  Irs1  0.55  

Ceacam1  0.95  Slamf1  0.55  

Prkca  0.93  Park2  0.55  

Gsk3a  0.92  Ptpn11  0.54  

Cdc25c  0.9  Tec  0.51  

Rock2  0.9  Dusp10  0.5  

" " Sirpa  0.48  

GENE  FFA ratio  GENE  FFA ratio  

Hspa1a  36.32  Map2K4  4.52  

Il10ra  12.37  Lyn  4.51  

Fga  11.19  Ceacam1  4.42  

Hspa4  11.08  Cdc25b  4.35  

Prkca  4.86  Cdc25c  4.34  

Map2K7  4.78  Itga2b  4.19  

Gab1  4.73  Kat2b  4.14  

Cdc25a  4.69  Gsk3b  4.1  

Socs1  4.61  Irs3  3.72  

" " Itgb3  2.73  

GENE  FFA ratio  GENE  FFA ratio  

Sncalp  2.15  Il2  0.81  

Itgb3  1.85  Il7r  0.8  

Socs1  1.83  Prkaca  0.8  

Prlr  1.82  Tnfrsf11a  0.78  

Prkca  1.6  Cdc42  0.77  

Ptpn11  0.84  Il10ra  0.71  
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E 

 

Figure 9  Free fatty acid release upon knockdown of selected keynodes.  

(A) Suppression of basal lipolysis and modulators o f insulin sensitivity, values>1  insulin 

insensitive, values<0.5 insulin sensitive. (B) I nsulin sup pression of isoprotere nol induced 

lipolysis and modulators of insulin sensitivity, values>0.9 insulin insensitive, values<0.6 i nsulin 

sensitive. (C) Isoprotere nol stimulation vs basal FFA release and modulators of insulin 

sensitivity, values>11 insulin sen sitive, values<5 insulin insensitive. (D) Relative insulin 

suppression of lipolysis and modulators of insulin sensitivity values<0.85 insulin sensitive, 

values>1.5 insulin inse nsitive. (E) Relative isoprotere nol stimulation, values>1.2 insulin 

sensitive, v alues<0.85 ins ulin insensitive. In green  Ð twelve  candidates selected for further 

validation.  

GENE  FFA ratio  GENE  FFA ratio  

Il2  2.11  Mapk1  1.21  

Igf1r  2.01  Sncalp  0.83  

Il10ra  1.59  Socs1  0.81  

Map2K7  1.3  Dusp4  0.79  

Sirpa  1.26  Prlr  0.74  

Map3K2  1.25  Prkca  0.52  
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 DESCRIPTION  REGULATION  KD EFFECT  

Prkca  Protein kinase C  "  4 insulin insensitive  

Il10ra  Interleukin 10 receptor "  3 sensitive  

Prlr  Prolactin receptor  3 insensitive  

Socs1  Suppressor of cytokine signaling 1  3 insensitive  

Itgb3  Integrin beta 3  3 insensitive  

IL2  interleukin2  2 sensitive  

Park2  Parkin2  
High insulin and ins/isop 

suppression  
sensitive  

Wee1  Wee1 homolog  
High insulin and ins/isop 

suppression  
sensitive  

Dusp10  Dual specigity phosphatase 10  
High insulin and ins/isop 

suppression  
sensitive  

Hspa1a  Heat shock protein 1A  KEYNODE sensitive  

Agtr2  Angiotensin II receptor type 2  
Highest in insulin 

resistance  
insensitive  

Prkaca  Protein kinase cAMP  
High  in insulin and 

ins/isop suppression  
sensitive  

 

Table 2  Genes selected for further analysis.   

Table represents 12 candidates that were significantly regulated in different conditions and the 

effect on insulin sensitivity in 3T3 -L1 cells.  



Chapter 2  

 38  

Knockdown of selected candidates in vivo  

Fat pads of C57Bl6  and ob/ob mice were injected with adenovi rus to knockdown 

selected genes and scramble control,  deta ils are presented in the Table 3 . Depending 

on the keynode regulation fat pads of lean or obese mice were inje cted. After 7 days 

mice were sacrificed and adipocytes were isolated. Total RNA was extracted and 

transcribed to cDNA. The knockdown w as evaluated with real - time PCR and samples 

having the best knockdown  were selected for microarrays  (Figure 10 ).   

 

gene  
lean 

mice  
ob/ob mice  PFU of virus  

volume 

injected [!l]  

Keynode 

regulation  

Prkca   3 1.7x10 - 8 50  sv-down  

Il10ra  3  1.35 x10 - 8 40  sv-up  

Prlr  3  1.35 x10 - 8 40  sv-up  

Socs1  3  1.35 x10 - 8 40  sv-up  

Itgb3   3 1.7x10 - 8 50  sv-up  

IL2  3  1.35 x10 - 8 40  sv-up  

Park2   3 1.7x10 - 8 50  sv-down  

Wee1  3  1.35 x10 - 8 40  lo-up; sv -up  

Dusp10  
3 

 
1.35 x10 - 8 40  lo-down; lo -

up; sv -down  

Hspa1a   3 1.7x10 - 8 50  sv-down  

Agtr2  3  1.35 x10 - 8 40  lo-up  

Prkaca  3  1.35 x10 - 8 40  lo-up  

 

Table 3  In vivo adenoviral knockdown .  

Mice n=3 were injected with adenovi rus to knockdown selected genes ; sv -subcutaneous 

versus  visceral; lo - lean versus obese.  Blue rows represent unsuccessful knockdown.  
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Figure 10  Validation of the adenoviral knockdown.  
mRNA levels of genes selected for further analysis. (A) knockdown in ob/ob mice. (B) 

knockdown in the wild type  adipose tissue.  
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Discussion  and outlook  

The appearance and availability of high - throughput technologies enabled scientists  to 

perform a system -wide analysis to  have  a global view on biological processes and 

signaling networks, as well as to identify candidate molecules and putative drug 

targets.  An increasin g availability of bioinformatic  tools allows to analyze and manage 

th e data in various context. Different techniques measure variables on different 

molecular levels, starting from mRNA (transriptomics), DNA -protein interaction 

(genome -wide location analysis), protein (proteomics), histone modifications 

(epigenomics) and int ermediary metabolites (metabolomics) [ 137 ] . Profiling of 

adipogenesis has been reported  in several models: a) during 3T3L -1 differentiation 

[ 138 , 139 ] ;  b) in white and brown preadipocytes [ 26 ] ; c)  in murine adipocytes, to 

determine the effects of differences in diet composition [ 140 ]  or to unravel 

developmental differences between sc and vis fat depots and their contribution to 

obesity [ 141 ] . Gene arrays also enabled  the  identification of several biochemical 

pathways connected to obesity in perilipin ( - / - ) mice [ 142 ] . 

The known approaches to analyze gene array data often neglect reactions between 

signaling molecules or favor a particular network, for example KEGG database 

(metabolic networks). Furthermore , the molecular processes that occur in the cell on 

the post - transcriptional level are also often not taken into consideration . One attempt 

to include in the analysis molecules that are not significantly regulated (transcription 

factors or signaling protein s)  was ÒPathway Que ryingÓ. However this method focuses 

mainly on the effects of differentially regulated genes on the cell physiology and 

requires complete and high quality data on signal transduction [ 143 ] .  

In our analysis we wer e interested in investigating molecular mechanisms, that could 

explain the changes we obse rved on the  gene expression level in different models of 

obesity.  

Here we presented a comprehensive profiling of genes from adipocytes of different 

mouse models of ob esity and what is more from different fat depots. We were able to 

apply a new bioinformatical tool ExPlain TM to identify key molecules contributing to 

obese phenotype and those molecules could explain changes observed on the mRNA 

level. The novelty of the approach relied on analysis of long regulatory region and on 

pair of sites that are important for converging of different signaling pathways [ 124 ] .  

Among the top ninety - three significantly regulated candidates , were molecu les 

already known to participate in  insulin signaling pat hway: insulin receptor substrate 

(Irs1, Irs2, Irs3) and insulin growth factor receptor -1 (Igfr1),  which supports  the 

accuracy of the modeling.  Other keynodes were components of the MAP kinase signal 

transduction pathway  and there is an increasing evidence, that MAPKs can directly 
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regulate insulin -dependent metabolism [ 144 ] . Amidst significantly regulated 

keynodes was also a group of cell cycle proteins , which confirm previous findings  that 

cell cycle regulators are responsive to hormonal induction and the deregulation of the 

system can lead to the development of metabolic complications [ 145 ] . 

We selected twelve candidates on the basis of the defined thresholds and the number 

of conditions the candidate s were  regulated in the lipo lysis assay.  Among them  was 

Parkin (Park2) and it is postulated that ParkinsonÕs disease (PD) is linked to 

alterations in lipid metabolism . The Parkin - / -  mouse is resistant to diet - induced 

obesity  and affects fat accumulation d uring adipocyte differentiation [ 146 ] .  

Nevertheless it would be more interesting to focus on k eynodes t hat were not yet 

linked to obesity and metabolic syndrome. One candidate could be Wee1, which is 

important for cell growth and cell division.  

Depending on the keynode regulation  we controlled  gene  expression  either in wild 

type mice or in ob/ob mice using  adenoviral system. For instance Prkaca was 

upregulated in the lean state and we injected adenovirus into wild type fat pads to 

further investigate the effect of the knockdown. The knock down in the wild type mice 

was efficient, unfortunately this  was not t he case for the ob/ob mice. This could be 

due to the size of the fat pad, which could hamper efficient viral transduction , even if 

injected in many different areas, thus we were successful only with four animals.  

The last  step  of the project  will be the gene array analysis from the samples to 

validate pathway prediction.  If the modeling is correct, it  mean s that transcriptome 

provides a sufficient information to predict networks with key molecules, that could 

be responsible for changes on gen e expression level and could explain observed 

phenotype.  It would be of importance to apply and compare the method in other 

systems  as well , for examp le in humans.  
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Materials and methods  

Animals and adipocyte isolation  

All the mouse models were in C57Bl/6 J background. A nimals were obtained from 

Charles River or Jackson Laboratory and kept at 12  hour light/dark cycle with free 

access to food and water in a pathogen - free animal facility. At 12 -14 weeks of age 

groups of mice were fed a high - fat diet (Provimi Kliba AG) containing 60% fat for 12  

weeks. After a 12h fast adipose tissue was dissected from mice  and  digested for 1h 

at 37 ¡C with 10mL collagenase digestion buffer (2mg/mL Collagenase type II 

(Sigma -Adlrich), 1mg/mL Soybean trypsin inhibitor (Sigma -Aldr ich), 25mM NaHCO3, 

12mM KH2PO4, 1.2mM MgSO4, 4.8mM KCl, 120mM NaCl, 1.4mM CaCl2, 5mM Glc, 

2.5% BSA, 1% Pen/Strep, pH 7.4) . After digestion of the tissue  mature ad ipocytes 

were separated from  stromal -vascular fraction by centrifugation at 200g for 10min at 

room temperature. The floating adipocytes were transferred to a fresh tube and 

frozen in -80 0C. 

Microarrays  

Total RNA was extracted using Trizol (Invitrogen) according to the manufacturerÕs 

instruction. Genomic DNA was digested with DNA - free kit (Ambion) and RNA was 

labeled with One -Colour RNA Spike - In Kit (Agilent). Labeled cRNA was hybridized to 

44k whole mous e genome arrays (Agilent).  

Cell culture  

HEK293A and 3T3 -L1 preadipocytes were cultured in high -glucose DulbeccoÕs 

modified EagleÕs medium (Invitrogen) supplemented with 10% fetal bovine serum 

and 1% penicill in/streptomycin. Additionally 3T3 -L1 were cultured on collagen -coated 

plates.  

Adenovirus preparation  

BLOCK- iTª Pol II miR RNAi sequences for target genes  (4 independent Ð per gene)  

were cloned into the pcDNAª6.2 -GW/EmGFP -miR expression vector . The sequences 

were ordered from Invitrogen (Appendix 4).  Replication incompetent adenoviruses 

expressing the 160 miR RNAi sequences were constructed using Gateway Cloning 

and Vira Power Adenoviral expression system according to the manufactures 

instructions. Briefly the LR site flanked cassettes containing th e emGFP miR RNAi 

sequences were transferred to the pDONR 221 by the BP clonase (Invitrogen) 

reactions and further transferred to the adenoviral Gateway vector pAd/CMV/V5 -

DEST by LR clonase (Invitrogen) reactions. The vectors were linearized with Pac1 and 
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HEK293A cells were transfected to produce adenovirus . Viruses were harvested  after 

severe plaque formation. Crude virus stocks were prepared trough repeated freeze 

thaw cycles and cell debri s was removed by centrifugation at 3000 RPM for 15 min. 

The procedu re was in accordance with manufacturerÕs instruction. Virus purification 

was done with the adeno 4 -use standard virus purification ViraKit (Virapur).  

Differentiation and adenoviral infection of 3T3 -L1 cells  

3T3 -L1 cells  were  seeded at 5000 cells/well in co llagen -coated (Sigma) 96 -well 

plates . On the third day differentiation was induced with an  induction cocktail 

containing: 1µg/mL insulin, 1µM dexamethasone, 115µg/mL isobutyl -methylxanthine 

and 1µM rosiglitazone. 48h postinduction 3T3 -L1 cells were infected with crude virus 

stocks 1:1 dilution and  infection  efficiency was verified by GFP expression. Free fatty 

acid release assay was performed on the ninth day of differentiation in fully 

differentiated 3T3 -L1 (7 day s postinfection). During lipolysis assay cells were 

incubated in Krebs Ringer buffer for 2 hours and stimulated with 6µM Isoproterenol 

or 6µ M Isoproterenol and 10 nM Insulin at the same time . 50 $l of the supernatant 

was collected and free fatty aci d conten t was measured with  the NEFA -HR kit (Wako 

Diagnostics).   

Microarray data and promoter analysis  

Gene array data were analyzed by an open sourc e software project Bioconductor. 

The p -Values from statistical tests have been converted to ad justed p -Values using  

p.adjust() function from the package stats, implementing Benjamin i-Hochberg 

correction [ 147 ] . This adjusted p -value were  used to find the threshold for 

significa ntly expressed genes/probesets, eg. when not more than 10 % of false -

positive findings were needed, the limit was  put on the probesets with a djusted 

pValue smaller than 0.1.  

The analysis was followed by  Explain TM pro moter analysis. For the Key node analysis 

TFs from top scoring promoter models were used as input. In each comparison a key 

node analysis was done. The average rank of the key nodes was calculated in the 6 

lean vs obese and in the 4 sc vs vis comparisons . 

Additionally the average rank of all these key nodes in 120 random key node 

analyses was calculated , which used randomly chosen TFs as input for the KNA . At 

the end the significance p -value was calculated that the observed average rank is  

< or = random ra nk. The method of p -value calculation was Mann -Whitney U Test. 

Top 93  significantly regulated candidates were chosen for functional assay.  
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Mouse injections   

Adenovirus was injected into both epididymal fat pad of 12 week old C57B6 and 

ob/ob mice (Jacksons Laboratory) at concentrations listed in Table 6. Each adenoviral 

injection was done with scramble control in parallel. To place the injections 

exclusively in to the epididymal fat pad, the intra -abdominal cavity was opened and 

the epididymal fat pads were exposed. Anesthesia was performed by isoflurane 

(indu ction: 4 -5 % isoflurane, mainte nance: 1 -3 %) and was supported using 

Meloxicam (5mg/kg, sc) which was adm inistered 30 mins prior to surgery . Post -

operatively the animals received Meloxicam via drinking water (1.7 µg/ml) for 3 -4 

days. 7 days after infection mice were sacrificed.  

Real -Time PCR  

Total RNA was isolated with Trizol reagent and transcribed to cDNA u sing High 

Capacity cDNA Reverse Transcription Kit (AB). mRNA expression was assessed by 

real - time PCR using SybrGreen (AB) according to the manufacturerÕs protocol. 

Primers that were used are listed in Appendix 2.  

Statistics  

Data analysis was performed using GraphPad Prism 5 software. As appropriate, 1 -

tailed StudentÕs t  test or 1 -way ANOVA followed by TukeyÕs multiple comparison as a 

post -hoc test were applied. Significance was assigned to differences with a P value 

less than  0.05.  
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3. Nck1 and its role in 3T3 -L1 differentiation  

Nck Ð an adaptor protein  

Nck 1 (non -catalytic region of tyrosine kinase adaptor protein 1) is an adaptor 

protein , that mediates signaling from receptor tyrosine kinases at the plasma 

membrane to downstream effecto rs. There are two known isomers,  Nck1 and Nck2, 

which have  68% amino acid identity. In mice, the double knockout of both isomers 

together is embryonically l ethal [ 148 ] . 

Nck1 is highly expressed in the liver, kidney, adipose tissue, skeletal muscle and 

pancreas, whereas Nck2 is only highly expressed in skeletal muscle and pancreas. 

Nck is mainly comp osed of Src homology domains:  three SH3 and one SH2 domain.  

The SH3 domains bind to short proline - rich peptide motifs, whereas the SH2 domain 

associates with a phosphotyrosine moiety on a given receptor  (Figure 11 ) .  

 

 

 

Figure 11  Nck isomers and molecules interacting with their Src domains.  
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For example, in order to regulate cytoskeleton dynamics , the SH2 domain propagates 

a receptor tyrosine kinase signal, whereas the SH3 domain interacts with effector 

proteins, such a s the actin regulator N -WASP [ 149 ]  or the Wave1 [ 150 ]  complex. 

Such a tyrosine receptor involved in proliferation, survival, actin reorganization, and 

migration of cells is  platelet -derived growth factor beta receptor  (PDGF!R )  [ 151 ] . 

Also Nck was shown to transduce signal downstream from activated PDGF!R by 

mechanis m involving the scaffolding protein p130 Cas [ 152 ] .  

Additionally , Nck is phosphorylated when various cytoplasmic or receptor tyrosine  

kinases are activated [ 153 ] . Nck was also shown to bind  to tyrosine phosphorylated  

IRS -1 in insulin  stimulated hamster ovary cells, but through a different tyrosine -

con taining motif than GRB2 and p85  [ 154 ] . Furthermore , the SH2 domain  of Nck  

couples signals from ephrine ( Eph)  receptors to integrins and the JNK stress -

activated MAP kinase [ 155 , 156 ] .  

Kebache et  al . showed an  additional role for Nck -1 in the modulation of protein 

translation. Eukaryotic initiation factor 2 (eIF2) is a key molecule responsible for the 

initiation of protein translation [ 157 ]  and Nck -1 was found to intera ct with the § 

subunit of  eIF2 after insulin stimulation, and to translocate to the ribosomal 

subcellular compartments.  Overexpression of Nck -1 inhibited phosphorylation of eIF2 

", leading to an inc rease in protein translation [ 158 ] . Recent findings showed that 

Nck adaptor proteins are  also  involved in the regulati on of cell survival during 

endoplasmic reticulum stress  [ 159 ] . 

Latreille et al . showed that Nck1 regulates the activation of IRE1", which activates 

JNK and leads to IRS -1 Ser 307  phosphorylation and insulin sig naling impairment. 

Nck1 - / -  mice  on a high fat diet exhibited an improved insulin signaling in the liver 

which was ma nifested by increased insulin - induced Akt phosphorylation. No such 

improvement was observed in the skele tal muscle and adipose tissue. An improved 

insulin signaling had an influence on the glucose homeostasis, manifested by higher 

rate of blood glucose disposal com pared with obese wild type littermates. However 

the whole body insulin sensitivi ty was not changed [ 160 ] . 
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Endoplasmic r eticulum  and cellular homeostasis  

ER is a site of synthesis, folding  and modifying of secreted, membrane -bound, and 

organelle targeted proteins  [ 161 ] , as well as a site of synthesis of cellular lipids and 

sterols [ 162 ] . The lipogenic reactions take  place on the cytosolic site of the ER 

membrane. ER takes also part in peroxisomes and lipid droplets biogenesis [ 163 ] .  

A proper protein folding requires a unique oxidative environment containing a high 

concentration of Ca 2+ , ATP and molecular chaperones, as well as cofactors 

responsible for stabilization of nascent proteins [ 164 , 165 ] . The key players 

responsible for proper protein folding are: immunoglobulin binding protein BiP 

(GRP78), GRP94, the protein disulfide isomerases Erp57 and PDI, calnexin, 

calreticulin and  many other enzymes  [ 166 ] . When any of aforementioned factors is 

disturbed the ER cannot facilitate proper protein folding, causing protein aggregation 

and ER stress. To deal wit h such a condition cells developed a response termed the 

unfolded protein response (UPR) , that helps cells to adapt to the ER stress and 

restores homeostasis. Aggregation of proteins is toxic to the cells and can be 

associated  with neurodegenerative diseas es and diabetes [ 167 ] .  

There are 3 transmembrane proteins involved in the UPR signaling: PERK, IRE1 and 

ATF6 and the 3 signaling branches are interacting with each other to handle the 

cellular stress more efficiently (Figure 12 ).  Upon ER stress PERK phosphorylates 

eIF2", causing a global inhibition of most mRNA translation and promoting cell 

survival by decreasing protein load [ 168 ] . However, some genes can bypass this 

translation inhibition for instance ATF4 , which acts downstream of PERK and  

influences both the pro -survival and pro -apoptopic response. It can activate pro -

survival genes involved in redox responses and amino acid t ransport and synthesis, 

as well as genes involved in anti -oxidative stress respons es [ 169 ] ;  however it also 

activates CHOP, which promotes apoptopic cell death. ATF6 pro -surv ival signaling is 

less profound. Upon release of BiP, ATF6 translocates to the Golgi, where it is 

cleaved, releasing this transcription factor to induce Xbp -1 [ 170 ] . The UPR involves 

an upregulation of chaperone prot eins GRP78 and GRP94 (glucose - regulated protein 

family) , that prevent  the secretion of misfolded proteins [ 171 ] . IRE1 activation 

generates a spliced form of Xbp1 (sXbp1) encoding a transcr iption factor that targets 

ER chaperones, genes responsible for protein degradation and P58 IPK. IRE1 can also 

initiate cell death by recruiting apoptosis signal regulating kinase 1 (ASK1) and JNK  

[ 161 , 165 ] . Survival of mammalian cells, upon ER stress is achieved by coordinated 

balance of aforementioned signaling pathways. However , under conditions of severe  

stress the cells are not able to adapt to the situation and signals are initiated to 

induce apoptosis [ 162 ] . 
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Figure 12  The unfolded protein response.  

Adapted from  [ 161 ] . 

Involvement of the UPR in the cellular homeostasis  

Additionally to sensing and responding to stress, UPR is involved in many cellular 

pathways, for example in development, cell surface signaling, circadian, and others. 

UPR is also engaged during normal physiological fluctuations in  the cell and 

furthermore the three UPR pathways that are activated upon ER stress can have a 

different substrate specificity,  and can be selectively turned on and off,  depending on 

the actual demand of the cell.  

The physiological use of the UPR in develop ment is when ER is expanding  during 

differentiation. For instance the maturation of B cells to antibody -producing plasma 

cells requires the activation of the UPR and this process is independent of the 

secretory pathway load. This stress - independent mechani sm involves activation of 

Xbp1 and IRE1 - " to regulate ER structure and function , as well as maintaining PERK 

in a quiescent state so  that CHOP is not  activated and protein translation is not 

inhibited . Furthermore , Xbp1 deficiency results in a complete dep letion of 

immunoglobulin secretion  [ 172 -174 ] .  

Differentiation process of pancreatic ! - cells require s eIf2" phosphorylation in order to 

mai ntain their function . It was shown that  mutation at eIF2" phosphorylation site 

caused oxidative stress and apoptosis  [ 175 ] . 

UPR can be al so triggered by  signaling from the extracellular environment. One 

example can be Toll - like receptors (TLRs) that sense the presence of pathogens  

[ 176 ] , however  in this case CHOP is suppressed downstream of PERK activation. 

Another protein folding independent activation of the UPR was shown during an 
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artificial dimerization of PERK and IRE1 - " . It was proposed that binding of a drug is 

sufficient to trigger conformational changes in IRE1 -  "  and activate its RNase 

domain, eve n in a chaperone -anchored state  [ 177 ] .  

The homeostasis of ! - cells al so requires UPR activation. D epletion of eIF2" 

phosphorylation in the adult pancreas causes deregulated protein tr anslation followed 

by ! - cell dysfunction and diabetes [ 175 ] .  

Furthermore , t he three UPR pathways can be also modula ted by different signaling 

pathways, and ATF6 - ", IRE1 - ", PERK ad ATF -4 are themselves regul ated by UPR 

activation [ 163 ] . 

ER stress and disease  

There is a strong evidence that chronic ER stress contributes to the pathogenesis of  

the following diseases: neurodegenerative disorders, type 2 diabetes, 

atheroscler osis, liver disease, and cancer [ 178 ] . In the AlzhaimerÕs disease the UPR 

is activated, which is demonstrated by the activation of PERK, eIF2 " , IRE1 and 

increased level o f GRP78 [ 179 ] . 

ParkinsonÕs disease has been recently called Òmisfolded proteinÓ disorder 

characterized by impaired protein fol din g and dysfunction of the UPR [ 180 ] . Post 

mortem studies have revealed that neurons of PD patients had increased 

phosphorylation levels of PERK and eIF2 " . However the preci se role of the UPR in the 

pathophysiology of the disease is not known.  

Another disorder characterized by upregulation of the ER stress markers is 

Amyot rophic Lateral S clerosis (ALS). The disease pathologic feature is selective 

degeneration of br ain and spinal cord motoneurons [ 181 ] . Again further studies are 

needed to better understand the mechanisms of the pathophysiological consequences 

of the diseas e.   

In advanced a therosclerosis one cause of a chronic activation of the ER in smooth 

muscle c ells and endothelial cells is apoptosis of macrophages [ 182 ] . ER stressors 

such as cholesterol loading, high glucose and glucosamine level s upregulate CHOP in 

the smooth muscle cells and promote th eir death [ 183 ] . 

ER stress in obesity and type 2 diabetes  

It has been shown that obesity - induced insulin resistance and type 2 diabetes are 

linked to ER stress  [ 184 ] . The main cause of the UPR activation  is an increased 

demand in protein synthesis under  nutrient excess and elevated amount of satur ated 

free fatty a cids.  

Several molecular indicators  of ER stress were increased  in the liver extracts and 

adipose tissue of obese mice compared with lean: phosphorylation status of PERK 
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and eIF2", together with an increased activity of JNK [ 185 ] . The liver and adipose 

tissue from obese mice also had an elevated level of  GRP78, which was not glycemia 

related. No such indication was observed in the muscle.   

Islets of obese mice had also e levated levels of CHOP and ablation of the gene was 

shown to impr ove glycemic control and expansion of ! - cells was observed [ 186 ] . 

The activation of another ER stress marker IRE -1 resulted  in inhibition of insulin 

action on the level of IRS -1, through activation of JNK - induced phosphorylation of 

IRS -1 at Ser 307  and decrease of IRS -1 tyrosine phosphorylation  [ 187 ] . Additionally 

JNK can activate proinflammatory cytokines, similarly to NF -&B, that can also be 

activated by the UPR [ 188 ] . 

XBP-1 regulates ex pression of molecular chaperones and cells lacking XBP -1 are 

more prone to ER stress and have impaired insulin sig naling. Mice lacking XBP -1 

exhibit enhanced ER stress, activation of JNK, decreased insulin signaling, insulin 

resistance and type 2 diabetes  [ 189 ] . 

It is postulated that the activation of the UPR in a disease presents an appropriate 

response of a cell, however if the output is not sufficient, UPR contributes to the 

pathological state [ 163 ] . 

ER stress and de/ differentiation  

An increased demand on protein load occurs during  development, due to secretion of 

enzymes, antibodies, serum proteins, ECM components  [ 190 ] . For example in plasma 

cells,  XBP1 was shown to be essential for diff erentiation of B cells into mature plasma 

cells.  It was  proposed that the  generation of the basal stress condition activated  the 

UPR during differentiation to  prepare  the cells for future demands in secr etion after 

the differentiation is finished [ 172 ] .  

There are several autocrine adipogenic proteins that have been identified in 

preadipocytes, including adiponectin, fibroblast growth factor and midkine , that are 

crucial for adipocyte formation [ 191 -193 ] . Therefore , a proper folding capacity of the  

ER is essential for the process of adipocyte formation. Shimada et al . showed that ER 

stress perturbed 3T3 -L1 differentiation by an unknown yet mechanism [ 194 ] . A few 

possibilities were described: 1) a limitation in the folding capacity of proteins crucial 

for preadipocytes conversion; 2) induction of CHOP that was previously investiga ted 

to inhibit function of C/EBP  [ 195 ] ; 3) activation of apoptosis signal regulating kinase 

1 (ASK1) and c -Jun N - terminal kinase (JNK) pathway [ 196 ] ; 4) interference with 

insulin signa ling via phosphorylation of IRS -1 by JNK [ 187 ] . 

The importance of eIf2" phosphorylation during differentiation of pancreatic ! Ðcells 

was shown by B ack et al . The mutatio n at the e IF2" phosphorylation site caused  

mitochondrial damage, oxidative st ress, decreased  the amount of insulin -containing 
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granules and induced  apoptosis. Furthermore , t he uncontrolled proinsulin synthesis 

that occu rred  in the ab sence of active eIF2", resembled  the phenotype observed in 

type 2 diabetes, where the r equest for insulin is increased  [ 175 ] . 

Nakanishi et al .  investigated myofiber formation and found that ER stress is present 

in the early ph ase of myoblast differentiation in order to control the quality of 

myoblasts, so that only apoptosis - resistant cells form muscle tissue [ 197 ] . 

Another gro up investigated hypertrophic chondrocytes in which a mutati on in 

collagen X elicited endoplasmic reticulum stress signaling (ERSS) . Surprisingly the 

cells survived the ER stress, but terminal differentiation was affected.  ER stress 

triggered dedifferentiat ion process into non -secreting cells, that involved cell - cycle 

re -entry and re -expression of genes characteristic for the not differentiated state 

[ 198 ] .  

Dedifferentiated phenotype was also observed in PC C13, a ra t thyroid epithelial cell 

line. Upon treatment with ER stress inducers PC C13 cells underwent 

dedifferentiation without inducing apoptosis. Followed by downregulation of the 

thyroid markers on mRNA and protein level. The cells also exhibited changes in 

morphology and reorganiz ation of actin cytoskeleton typical for an EMT ( epithelial 

mesenchymal transition)  [ 199 ] . The observed dedifferentiation phenotype might be a 

part of an adaptive mechanism that enables cells recovery from the ER stress [ 170 ] . 

Up to date there is no evidence of Nck1 involvement in adipocyte differentiation 

process, nor its role in ER stress signaling in 3T3 -L1 cells. Our da ta provide a novel 

role for Nck1 in the reduction of  adipo genesis via  ER stress signaling .  
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Results  

Expression of Nck1 in different tissues  

Nck1 is expressed ubiquitously  in mouse tissues , being the most upregulated in lung , 

liver and kidney . 

 

 

Figure 13  mRNA level of Nck1 in different tissues.  

QPCR from different tissues of C57Bl6 mice (n=4).  
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Nck1 is mildly regulated in obesity  

To determine the regulation of Nck1 in obesity, adipocytes were isolated from mouse 

adipose tissue by collagenase digestion and sequentional centrifugation. RNA was 

isolated and qPCR was performed. Nck1 was upregulated in subcutaneous and 

visceral adipocytes of mice  on a high fat diet.  The same tendency , however not 

significant,  was observed for SVF fraction of obese mice as well as in SVF samples 

from o bese and diabe tic patients ( Figure 14 ).  

 

A                                                            B                                                                          

  

C 

 

  

Figure 14  Relative mRNA expression of Nck1.  

(A) Nck1 is upregulated in adipocytes from sc and vis fat in obesity compared to the wild type 

control. (B) Nck1 is upregulated in SVF from sc adipose tissue of ob/ob and HF diet mice. (C) 

Nck1 level is not regulated in obese patients. mRNA levels were normalized to G APDH, and 

values represent means n=3, +/ -  SD, **p'0.01.  
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Nck1 knockdown has no effect on mature adipocyte function  

Since Nck1 was regulated in obesity, it was interesting to see if the knockdown of the 

gene would affect mature adipocyte function. We perfor med  two functional assays on 

mature 3T3L -1:  lip olysis and glucose uptake assay. Cells were plated as described  

previously and differentiated with rosiglitazone. On the third day of differentiation 

cells were infected with adenovirus  to knockdown Nck1. Lipo lysis and glucose uptake 

assay were performed on the ninth  day after differentiation initiation. In the lipolysis 

assay cells were stimul ated with insulin and isoprotere nol (described in the materials 

and methods). We observed no changes in free fatty acid  release  upon Nck1 

knockdown  when compared  with the  scramble control, n either on the basal level nor 

upon stimulation with isop roterenol and insulin ( Figure 15 A).  Similarly no effect was 

observed on glucose uptake upon Nck1 knockdown compared to the contr ol, neither 

on a basal leve l nor upon ins ulin stimulation (Figure 15  B)  i ndicating that Nck1 does 

not affect mature adipocyte function.  

A            B

                                                                                        

 

C 

 

 

Figure 15  Lipolysis and glucose uptake upon Nck1 knockdown in 3T3 - L1.  

(A) glucose uptake upon Nck1  knockdown compared to scramble in 3T3 -L1 stimulated with 

10 nM insulin. (B) Free fatty acid release upon Nck1 knockdown, cells were s timulated  with 

10nM insulin, 6 $M isoproterenol.  (C) Western blot analysis of the Nck1 knockdown.  



Chapter 3  

 56  

Nck is important for differentiation of 3T3 -L1  

Nck1 was upregulated in obe sity, but didnÕt have any influence on mature adipocyte 

function. Therefore, we thought that it could affect the early steps of adipogenesis. 

In  the beginning we checked Nck expression level during process of differentiation  of 

3T3 -L1. 3T3 -L1 preadipocytes were treated with an induction medium containing 

IBMX, dexamethasone, insulin to induce thei r differentiation into adipocytes. The 

protein cell lysates were collected at different time points of differentiation and 

blotted against Nck. Nck expression was normalized to ' - tubulin level and analyzed 

with ImageJ software. Nck was expressed during pro cess of differentiation, reach ing 

maximum level at 12 h ( Figure 16 ). This  is an early critical clonal expansion time 

point of the adipogenic program.  

A 

 

B 

 

Figure 16  Nck during the process of 3T3 - L1 differentiation . 

(A)Wes tern blot against Nck and #- tubulin  at different time points of differentiation.  (B) 

Ima geJ analysis of western blots, presented as a mean from two independent experiments. 

Nck level reached maximum 12 h after differentiation induction and gradually decreased as 

differentiation progressed.  
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Nck1 knockdown decreases differentiation of 3T3 -L1 into adipocytes  

We investigated the effect of Nck1 on adipogenesis by knocking down the protein in 

3T3 -L1 cells. 3T3 -L1 is a cell line, which differentiation progr am mimics  hyperplasia 

of ad ipocytes [ 200 ] . The cells were plated at confluency 5 ( 10 3 cells per well. On the 

following day the cells were infected with lentivirus to knockdown Nck1. After 5 days 

differentiation was induced . Cells were fixed and stained for nuclei, cytoplasm and 

lipid droplets 9 days after initiat ion of d ifferentiation ( Figure 17 ) . Simultaneously 

protein cell lysates were collected to check the eff icie ncy of Nck1 knockdown (Figure 

17 ). The Operetta¨ image analysis showed a significant reduction in lipid droplet 

formation  upon Nck1 knockdown (Figure 17 ). Indicating a new function for this 

adaptor protein in the process of differentiation.  

 

A 

 

 

B 
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C 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17  Lack of Nck1 causes a decrease in differentiation of 3T3 - L1 . 

(A) Western blot and analysis of Nck knockdown efficiency in 3T3 -L1. (B)  Fluorescent staining 

(red: nuclei, blue: cytoplasm, green: lipid droplets)  of 3T3L -1 adipocytes upon Nck1 

knockdown. (C) Operetta  image analysis of differentiat ed 3T3L -1 cells. Values represent 

means, n=6, **p' 0.01, ***p'0.001 , t - test .  

Nck2 is not  highly  expressed in the clonal expansion phase of  3T3 -L1 

differentiation  

 
Since our antibody recognizes both Nck isomers, we wa nted to confirm  that the  

observed effect i s due only to Nck1  action. We collected samples at different time 

points of d ifferentiation and isolated RNA.  Nck1 mRNA expression was higher than 

Nck2 and  followed the trend observed for protein level, reaching a maximum 

expression 12 h after differentiation. Wherea s expression level of Nck2 was not 

changed during c lonal expansion phase ( Figure 18 ).  

 

 

Figure 18  Relative mRNA level of Nck1 and Nck2 during 3T3 - L1 

differentiation.  

qPCR of  different time points of differentiation 0, 6, 12, 24 h.  
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Nck1 k nockdown decreases proliferation and has no effect on apoptosis of 

3T3L -1 

In order to verify  if reduced differentiation was correlated with changes in cells 

proliferation, EdU staining was per formed. 3T3 -L1 were plated as previously 

described and Nck1 was knockdow ned on the following day. 24 h  before 

differentiation induction the cells were stained for EdU and the proliferation assay 

was performed 12 h after differentiation initiation.  EdU inco rporation into newly 

synthesized DNA strands of actively proliferating cells  was assessed.  A significant  

reduction of proliferation was observed upon Nck1 knockdown compared to scramble 

control (Figure 19 ).  Since a decrease in proliferation might be correl ated with cell 

apoptosis, w e measured denaturated DNA with anti body mixture and  the 

experimental s et up was the same as  in proliferation assay. We observed no change 

in the number of apoptopic cells upon  Nck1 knockdown when  co mpared with 

scramble control (Figure 19 ).  

 

A                                                           B                                                                                                                                                    

 

 

Figure 19  Nck1 knockdown decreases proliferation and has no effect on 

apoptosis.  

(A) Percentage of EdU positive cells upon Nck1 knockdown 12 h after differentiation initiation . 

(B) Nck1 knockdown had no effect on apoptosis, assessed by the amount of ssDNA. Value s 

represent means, n=6, **p' 0.01, ***p'0.001, t test.  
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Nck1 and  ER stress response  

Since Nck was shown to  play a role in ER stress response by  inter act ing  with § -

subunit of the eukary otic initiation factor 2 (eIF2) in hepatocytes [ 158 ]  and 

activating  IRE1", we wanted to check if the observed reduction in 3T3 -L1 

differentiation is in part linked to the ER stress.  Protein lysates were collected in 

different time points of differentiation and blotted against the following UPR markers: 

eIF2", PeIF2", ATF6 , ATF4,  CHOP, GRP9 4 and  GRP78. Only  the expression of two 

chaperone proteins GRP78 and GRP94  was affected and followed similar trend  to Nck  

expression , reaching a maximum  level  twelve hours  after diff erentiation induction 

(Figure 20 ).  

 

 

 

Figure 20  Chaperone proteins expression during 3T3 - L1 differentiation.  

Western blot of GRP78 and GRP94 expression. The maximum expression level is reached 12 h 

after differentiation induction.  

 

In order to check the regulation of the  UPR components  upon Nck1 knockdown, we 

collec ted protein cell lysates 12 h after differentiation induction.  We observed 

impaired phosphorylation of eI F2 upon Nck1 inactivation. Furthermore , the level of 

GRP94 and GRP78 was also reduced upon Nck1 knockdo wn com pared to the 

scramble  control  (Figure 21). The observations suggest  tha t lack of Nck1 prevents  

3T3 -L1 cells from coping with ER stress response , which was  manifested by the 

reduction in eIf2" phosphorylation and a decrease in GRP94, 78 level.  
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Figure 21  Nck1 knockdown affects expression of ER stress markers . 

Protein lysates of 3T3 -L1, 12 h after induction of differentiation were blotted against eIF2", p -

eIF2", GRP78, 94 using  #- tubulin as a loading control .  

 

Additionally we treat ed cells with tunicamycin (Tn), a chemical that induces ER stress 

by inhibiting N - linked protein glycosylation. The action of Tn was manifested by 

upregulation  of CHOP and Peif2" compared to the basal condition (Figure 22). An 

upregulation in CHOP upon Nck 1 knockdown in the basal condition is an indicator of 

an apoptopic phenotype.  We speculate that Nck1 knockdown contributes to the 

stressed condition, that in turn affect s t he adipogenic program of 3T3 -L1.  

 

 

 

Figure 22  Nck1 knockdown affects expression of ER stress markers upon 

tunicamycin treatment.  

Protein lysates of 3T3 -L1, 12 h after induction of differentiation were blotted against eIF2", p -

eIF2", CHOP, using # - tubulin as a loading control.  
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Nck1 knockdown has no ef fect on cell cycle in 3T3 -L1 

The observed reduction in cell proliferation upon Nck1 knockdown c ould  be explained 

by disturbances in the cell cycle. Cell division c ycle consists of four phases: G 1, S, G 2, 

M. Additionall y cells that stopped dividing enter a G0 phase  called a quiescent state . 

In the G 1 phase cells grow in size and the G 1 checkpoint mechanism ensures that cells 

can progress to the DNA replication in the S phase. In the G 2 phase the cells continue 

to grow and the G 2 checkpoint ensures that the c ells are ready to enter mitosis and 

divide.  In the M phase the cells stop to grow  and are divided into two daughter cells.  

We performed cell cycle analysis by staining DNA with PI (propidium iodide). 3T3 -L1 

were harvested 12 h after differentiation initiat ion, stained with PI and analyzed with 

flow cytometry. We observed no changes in the DNA content neither in the G 1 nor in 

the S phase. However t here was a tendency towards an increase in the DNA content 

in the G 2 phase upon Nck1 knockdo wn when compared to the control (Figure 23).  

 

 

 

Figure 23  DNA content in cell cycle phases upon Nck1 knockdown.  

Flow cytometry analysis of the cell cycle, 12 h after differentiation initiation.  
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Discussion and outlook  

Nck is an adaptor protein which transduces signal from receptor tyrosine kinases to 

downstream targets. Nck  was shown to be involved in actin dynamics and cell 

migration in PDGF§  stimulated cells [ 152 ] , as well as in modulation of protein 

translation by interacting with the § subunit of eIF2 [ 158 ] . We presented here a 

novel role for an adaptor protein Nck1 in the process of 3T3 -L1 differentiation.  We 

found that Nck1 is expressed throughout the diff erentiation process and reaches  a 

maximum level 12 h after differentiation induction.  Indicating its importance during 

clonal expansion phase, an additional round of replication necessary for adipocyte 

di fferentiation [ 201 ] . Additionally , a similar tendency was observed for chaperone  

proteins, in particular for GRP78. It is clear th at d uring differentiation cells undergo 

physiological stress due to an increase d demand on protein synthesis.  It was 

interesting to observe that  knockdown of Nck1 caused a reduction in 3T3 -L1 

differentiation (Figure 17 ), accompanied by a significant reduction in cell 

proliferation. However , there was no change i n the number of apoptopic cells, 

suggesting that the mild stress signal was not sufficient  to trigger apoptosis (Figure 

19 B ).  

Since our antibody recognizes both Nck isomers, it was  possible that Nck2 could 

contribute to the observed phenotype. We compared mRNA expression profile of both 

isomers during the early phase of differentiation and fou nd that Nck1 expression 

level was  higher than Nck2 (Figure 18 ). Furthermore , mRNA Nck1 expr ession 

followed  a trend previously observed for the protein level.  

Nck1 was previously implicated to participate in the UPR response by interacting with 

endoplasmic reticulum stress se nsors eIF2 and IRE1  [ 160 , 202 ] , and we 

hypothesized that disturbances in the ER response could ex plain the observed 

phenotype.  Nck1 knockdown resulted in a reduction of GRP94 and GRP78 level, as 

well as phosphorylation of eIF2" when comapred to the scramble control .  

In addition we stimulated 3T3 -L1 with tunicamycin to increase the stress response.  

As expected tunicamycin treatment  upregulated  protein levels of PeIF2" and CHOP, 

which are considered  to be  markers of ER stress response.  However, a change in 

CHOP level, was only observed  in the untreated cells.   

Wy hypothesize,  that Nck1 by reducing eI F2" phosphorylation , decreases UPR 

response and sustains protein translation machinery. Consequently , accumulation of 

unfolded proteins occurs and the cells display altered proliferation and differentiation 

status. Normally the dephosphorylation of eIF2" i s beneficial for the stressed cells  

being an indication of reaching cellular homeostasis. However , we  showed that GRPs  

level is also affected.  Meaning the folding capacity of ER is reduced upon Nck1 
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knockdown and might lead to an accu mulation of misfolded proteins. It was 

surprising that we didnÕt observe any change in the number of apoptopic cells despite 

an increase in CHOP protein level in the basal condition. Some reports show that 

other signals are required to induce apoptosis, as the overexpression of  CHOP in 

MEFs does not induce apoptosis [ 203 ] .  

PERK/eIF2" signaling is an essent ial pathway for CHOP induction  and  we observed an 

increase in the protein level of CHOP upon Nck1 knockdown. The upregulation of 

CHOP, despite reduced PERK/eIF2" signaling might  have been  due to the action of 

other UPR signaling branches [ 204 ] .  

It was previously shown that CHOP overexpression leads  to induction of growth 

arrest [ 205 ] . Growth arrest is essential for differentiation process of 3T3 -L1 and the 

observed reduction in proliferation and differentiation could have been a result of cell 

cycle disruption. We observed no significant change in the DNA content between 

Nck1  knockdown and scramble control (Figure 23), indicating that other factors are 

responsible for the observed phenotype. We also speculated that the reduction in 

differentiation might have been due to inhibiton of C/EBPs function by CHOP, 

howerver western bl ot analysis of C/EBP "  showed no changes in the expression level.  

We postulate that ER stress is the main contributor to the presented phenotype and 

disruption in the UPR response results in differentiation reduction. It would be off 

importance to check th e effect of Nck1 on IRE1 "  sign aling, since Latreille et al.  

showed that Nck1 regulates activation of IRE1 "  and mediates JNK signaling. 

However , our prelim inary data showed no change in IRE1 "  activity due to low level of 

XBP1 expression  in 3T3 -L1 cells. We also did nÕt see a change in the phosphor ylation 

status of JNK.  

It would be also interesting  to compare observed phenotype with an in vivo  situation. 

For example to isolate stromal vascular fraction from Nck1 knock out mice and to 

differentiate cells ex vivo.  Another option to study the effect of Nck1 on 

differentiation in vivo,  would be ge neration of a mouse model with the CreLoxP 

system , under preadipocyte specific gene promoter.  One could use Pref -1 promoter, 

however Pref -1 is not a marker of preadipoc ytes commited to become adipocytes. It 

is known that Pref -1 positive cells can differentiate not only to adipocytes, but also to 

chondrocytes and osteoblasts [ 206 ] . 
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Mater ials and methods  

Real - time PCR  

Total RNA was isolated with Trizol reagent and transcribed to cDNA using High 

Capacity cDNA Reverse Transcription Kit  (AB). mRNA expression was assessed by 

real - time PCR using SybrGreen (AB) according to the manufacturerÕs protocol. 

Primers that we re used are listed in Appendix 2 . 

Differentiation and automated analysis of adipocyte differentiation  

3T3 -L1 were seeded at 5 000 cells/well in collagen -coated (Sigma) 96 -well plates . On 

the following day cells were infected with lentivirus (Sigma) to knock down Nck1 (1:1 

dilution). On the third day differentiation was induced with an  induction cocktail 

containing: 1µg/mL insulin , 1µM dexamethasone, 115  µg/mL isobutyl -

methy lxanthine.  Infection  efficiency was verified by GFP expression. On the ninth day 

of differentiation cells were washed with PBS and  fixed with 4 % formaldehyde and 

stained with BODIPY for lipid droplets, Hoechst for nuclei and Syto60 for cytosolic 

staining (all Invitrogen).  18  pictures per well were taken  with an automated 

microscope imaging system Operetta (PekinElmer). Pictures were analyzed with 

Harmony ¨  software provided by aforementioned company.  

Proliferation assay  

Cell proliferation was determined by measuring EdU incorporation. 3T3 -L1 pre -

adipocytes  were seeded  in black 96 -well plates and on the following day infected with 

adenovirus to knockdown Nck1. Three days after seeding cells were incubat ed for 

12h with induction medium containing 10 $M  EdU. Cells were the n fixed with 4% 

formaldehyde  in PBS for 15 minutes  and permeabilized with  0.1% triton X -100 

(Sigma -Aldrich, Switzerland) in PBS for 15 minutes. EDU incorporation  into newly 

synthesized DN A was detected using the fluorescent Alexa Fluor¨ 488 azide from the 

Click - iT¨ EDU Alexa Fluor¨ 488 Assay.  Nuclear staining was done with HCS 

NuclearMaskª Blue for 30 minutes. Cell proliferation analysis was performed using 

the High Content Imaging System  Operetta ¨  (PerkinElmer , Switzerland )  and EDU 

positive cells were calculated with Harmony  3.0 Software ( PerkinElmer , Switzerland ).  
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Apoptosis assay  

In order to assess the level of apoptosis, ELISA apoptosis detection kit (Enzo life 

science, Switzerland) was used . The 3T3 -L1 were seeded in a 96 well plate and 

infected with adenovirus on the following day. 12 h after induction of differentiation 

the cel ls were treated with formamid e, which denatures DNA in apoptotic cells, but 

not in necrotic cells or in cells with DNA breaks in the absence of apoptosis . 

Denatured DNA was detected with a monoclonal antibody to single stranded DNA 

(ssDNA). The assay was carried out according to the manufacturerÕs instructions.  

ER stress induction  

3T3 -L1 were seeded and infected with adenovirus as described before.  On the third 

day the cells were ind uced to differentiate. Additionally the induction cocktail was 

supplemented with 10 $g/ml tunicamycin (Sigma). Protein lysates were harvested 12 

h after differentiation induction.  

Western Blotting  

Whole cell extracts were obtained by lysing the cells with RIPA buffer ( 50 mM Tris 

HCl ph 7.5; 0.15 M NaCl; 2mM EDTA; 1%DOC, 1% NP40; all from Sigma ). Protein 

lysates were subjected to 12% SDS -PAGE and western blotting.  Cell extracts were 

blotted against # - tubulin (mouse anti # - tubulin antibody, Sigma ), Nck (mous e anti 

Nck, BD bioscience), GRP94,78 ( mouse anti KDEL, Stressgen ), CHOP -10 (rabbit anti 

GADD153, Santa Cruz Biotechnology), eIF2" (rabbit anti eIF2", Santa Cruz 

Biotechmology), PeIF2" (rabbit anti PeIF2" (Ser51), Cell Signa ling).   

Glucose uptake assay  

3T3 -L1 were seeded in a 96 well plate  coated with collagen  at density 5x10 3 

cells/well . Three days after seeding cells were induced to differentiate (as described 

previously). On the third day of differentiation cells were infected with adenovirus to 

knock down Nck1. Glucose uptake assay was performed on the ninth day of 

differentiation. Cells were stimulated with 10nM insulin for 2 hours in Krebs - ringer 

buffer , washed twice with PBS,  lysed with 1M NaOH  and 14C incorporation was 

measured (Beckman counter).  

PI staining  and FACS analysis  

3T3 -L1 were infected with adenovirus to knock down Nck1 . 12h a fter differentiation 

induction cells were washed in PBS, trypsinized (0.25%), resuspended in the medium 

and spinned at 1000 rpm. Followed by fixation in 4% paraforma ldehyde in PBS for 10 

min , spinning at 1000 rpm and washing with PBS. Afterwards the cells were 
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permeabelized in 0.05% Triton ¨  X-100 for 10 min, spinned and washed with PBS. 

RNA was digested by incubating the cells with  0.1 mg/ml  RNase A (Invitrogen) in PBS  

for 40 min at 37 0C, followed by spinning and washing with PBS. Cells were stained 

with 2.5 mg/ml PI (Sigma) in PBS for 30 min in the dark at room temperature, 

spinned, washed with FACS buffer ( 3%FBS, 1%P/S, 1mM EDTA in PBS) , centrifuged 

and resuspended in  500 ul FACS buffer. The analysis was performed using  

MACSQuant ¨  Analyzer (Miltenyi Biotec)  and the data were analyzed with FlowJo TM.  
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Summary  

In the presented thesis we approached microarray data from  two angles. One implied 

a novel bioinformatical tool Explain TM to predict keynode molecules, that represent 

highly gene regulatory networks of different mouse models of obesity and might 

contribute to the development of metabolic complications.  

Such a com plex disease like obesity is not expected to be regulated by one gene or 

molecule. Therefore we predicted key molecules that cooperate together. By 

knocking down the keynode in vivo we expect a certain subset of genes that is 

activated or inhibited by the keynode to be regulated and that we would get here an 

overlap between the original experiment and the knock down experiment. There is a 

possibility that the knock down of the keynode could be somehow compensated by 

the system. However, it is unlikely since  we chose keynodes that had already a 

phenotype in lipolysis assay. Another option would be a partial compensation, so that 

some genes are regulated much stronger than originally, others much less. The final 

validation of the modeling is still in progress.  

Additionally on the basis of the number of conditions and significance of regulation in 

the microarray analysis, we chose Nck1 as a gene of interest. Furthermore, Nck1 

appeared  in the top 100 downregulated keynodes in obesity. In this case we applied 

bio chemical and molecular biology techniques and found that Nck1 knockdown 

affects differentiation process of 3T3 -L1. It has been already shown that 

differentiating cells have an increased demand on protein synthesis, which results in 

a physiological stress [ 1]. We showed that Nck1 knockdown sustains the stress by 

reducing the folding capacity of the ER, which leads to decrease in preadipocyte 

differentiation. It is known that UPR is activated in conditions related to obesity and 

type 2 diabetes [2] and ER str ess in adipose tissue induces inflammation and affects 

insulin signaling. However, in our hands Nck1 knockdown had no effect on JNK 

phosphorylation, nor on apoptosis, which might indicate that stress signal was too 

mild, or there was a compensation from ot her branches of the UPR. Overall Nck1 

contributed to the unresolved stress condition and affected growth of preadipocytes.  
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Appendix 1  
Average intensities for selected comparisons.  
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Appendix 2  
GO annotations. (A) Lean versus obese comparison for down - regulated genes, the most similar 

terms, (B) the most different terms. (C) Lean versus obese comparison for up - regulated 

genes, the most different terms. (D) Subcutaneous versus visceral comparison.  (E) the most 

different. (F) Subcutaneous versus visceral comparison for the up - regulated genes, the most 

similar terms. (G) the most different.  

A 

    ----   locomotion  

   ----   cell motility  

   ----   biological adhesion  

   ----   cell adhesion  

   ----   developmental process  

   ----   cell migration  

   ----   cell motion  

   ----   regulation of cellular    component    organization  

   ----   cell differentiation  

   ----   multicellular organismal development  

 

B 

  

----  immune system process  

 ----  immune response  

 ----  regulation of immune system  process  

 ----  leukocyte activation  

 ----  cell activation  

 ----  inflammatory response  

 ----  response to other organism  

 ----  response to biotic stimulus  

 ----  defense response  

 ----  regulation of immune  response  

 

C 

  

             ----  intracellular part  

    ----  intracellular  

    ---   intracellular membrane -    bounded    organelle  

   ----   mitochondrion  

   ----   organelle  

   ----   intracellular organelle  

   ----   nucleus  

   ----   organelle part  

    ----  intracellular organelle  

             ----  nuclear part  
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D 

 

----  response to chemical stimulus  

----  organ development  

----  cell adhesion  

 

E 

----  process:immune system process  

----  immune response  

----  regulation of immune system process  

----  cell activation  

----  leukocyte activation  

----  response to biotic stimulus  

----  response to wounding  

----  response to other organism  

----  inflammatory response  

----  regulation of immune response  

 

F 

                                                                                                                      ----  cell proliferation  

----  regulation of cell proliferation  

----  muscle tissue development  

----  striated muscle tissue development  

----  muscle system process  

----  cell death  

----  positive regulation of cell proliferation  

----  apoptosis  

----  programmed cell death  

----  neuron projection  

 

G 

 

----  anatomical structure development  

----  system development  

----  organ development  

----  developmental process  

----  multicellular organismal development  

----  cellular developmental process  

----  cell differentiation  

----  anatomical structure morphogenesis  

----  organ morphogenesis  

----  intracellular  
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Appendix 3  
The most significantl y regulated keynode molecules. The regulation column contains condition 

and direct ion of keynode regulation; lo Ðlean versus obese, sv -subcutaneous versus visceral; 

up Ðup - regulated, down Ð down - regulated.  

p - value  

Gene  BKL description  

(T - test)  

p - value 

(Mann -

Whitney U 

test)  

Regulation  

Adrbk1  Beta -adrenergic rec. kinase 1  0.00013491  0.00326061  lo-down; sv -up  

Agtr2  Angiotensin II receptor type 2  0.00051371  0.0104497  lo-up  

Akap5  The A -kinase anchor protein  0.00169554  0.00254169  
lo-down; sv -

down  

Araf  
Homolog of v - raf murine sarcoma 3611 

viral oncogene  
0.0148404  0.00930877  

lo-down; lo -up; 

sv-down  

Bcar1  Breast cancer anti -estrogen resistance 1  0.0305346  0.0093032  lo-down  

Braf  Braf transforming gene  0.0148404  0.00930877  
lo-down; lo -up; 

sv-down  

Ccnb1  Cyclin B1  8.15E -05  0.00948656  sv-up  

Ccnb2  Cyclin B2  8.15E -05  0.00948656  sv-up  

Cdc25a  Cell division cycle 25 homolog A  5.20E -05  0.00410738  lo-up; sv -up  

Cdc25b  Cell division cycle 25 homolog B  5.20E -05  0.00410738  lo-up; sv -up  

Cdc25c  Cell division cycle 25 homolog C  5.20E -05  0.00410738  lo-up; sv -up  

Cdc42  Cell division cycle 42 homolog  0.00146065  0.0232574  lo-up  

Ceacam1  CEA- related cell adhesion molecule 1  5.96E -08  0.00346886  
lo-down; sv -

down  

Crebbp  CREB binding protein  7.25E -05  0.00308994  
lo-down; sv-

down  

Csf2rb  
Colony stimulating factor 2 receptor beta 

low -affinity  
1.94E -05  5.79E -05  lo-down  

Dcx  Doublecortin  0.00123982  0.00101149  sv-down  

Dusp10  Dual specificity phosphatase 10  0.00995117  0.00514933  
lo-down; lo -up; 

sv-down  

Dusp4  Dual specificity phosphatase 4  2.75E -12  0.00354637  lo-up  

Dusp8  Dual specificity phosphatase 8  3.91E -07  0.00284128  lo-up  

Ep300  E1A binding protein p300  0.0147553  0.00317807  lo-up; sv -down  

Erbb2  
Homolog 2 of v -erb -b2 erythroblastic 

eukemia viral oncogene  
0.00912509  0.012933  lo-up; sv -up  

F2  Coagulation factor II  0.0136414  0.00674077  lo-up  
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Fga  Fibrinogen alpha polypeptide  2.72E -05  0.00077762  sv-up  

Fgb  Fibrinogen B beta polypeptide  2.72E -05  0.00077762  sv-up  

Fgg  Fibrinogen gamma polypeptide  2.72E -05  0.00077762  sv-up  

Fn1  Fibronectin 1  0.00180938  0.00121715  sv-down  

Frs2  
Fibroblast growth factor receptor substrate 

2 
0.00021025  5.13E -05  lo-down  

Frs3  
Fibroblast growth factor receptor substrate 

3 
0.00021025  5.13E -05  lo-down  

Gab1  
Growth factor receptor bound protein 2 

associated protein 1  
3.50E -07  0.013584  sv-down  

Gsk3a  Glycogen synthase kinase 3 alpha  0.00212715  0.00632091  sv-down  

Gsk3b  Glycogen synthase kinase 3 beta  0.00212715  0.00632091  sv-down  

Hipk2  Homeodomain interacting protein kinase 2  0.0471192  0.0176124  sv-down  

Hspa1a  Heat shock protein 1A  0.00661793  0.0024889  sv-down  

Hspa1b  Heat shock protein 1B  0.00661793  0.0024889  sv-down  

Hspa2  Heat shock 70kDa protein 2  0.00661793  0.0024889  sv-down  

Hspa4  Heat shock protein 4  0.00661793  0.0024889  sv-down  

Hspa5  Heat shock protein 5  0.00661793  0.0024889  sv-down  

Ifngr1  Interferon gamma receptor 1  0.00457528  0.00673798  sv-up  

Igf1r  Insulin - like growth factor I receptor  0.0307123  0.00820675  lo-up; sv -up  

Il10ra  Interleukin 10 receptor alpha  0.00383911  0.0083887  sv-up  

Il2  Interleukin 2  0.00185662  0.014406  sv-up  

Il2rb  Interleukin 2 receptor beta chain  0.00094716  0.039551  sv-up  

Il4  Interleukin 4  0.0031477  0.0202894  sv-up  

Il6st  Interleukin 6 signal transducer  0.00019318  0.00162934  sv-up  

Il7r  Interleukin 7 receptor  0.00099817  0.00414448  sv-up; sv -down  

Irs1  Insulin receptor substrate 1  0.00428634  0.00201907  lo-down  

Irs2  Insulin receptor substrate 2  0.00108757  0.0208731  sv-up; lo -down  

Irs3  Insulin receptor substrate 3  0.00200163  0.04161  sv-up  

Itga2b  Integrin alpha 2b  0.00045903  0.002762  sv-up  

Itgav  Integrin alpha V  0.00033112  0.005562  sv-up  

Itgb3  Integrin beta 3  0.00039508  0.004162  sv-up  

Jak3  Janus kinase 3  0.00308945  0.0118305  lo-up; sv -up  

Kat2b  p300/CBP -associated factor  0.00614472  0.00813135  sv-down  

Kdr  Kinase insert domain receptor  0.00204888  0.00868671  lo-down; svdown  
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Lyn  
Yamaguchi sarcoma viral oncogene 

homolog  
0.011832  0.00970599  lo-down; sv -up  

Map2k4  Mitogen activated protein kinase kinase 4  0.0514934  0.0200368  lo-up  

Map2k7  Mitogen activated protein kinase kinase 7  0.00695039  0.00386048  
lo-down; lo -up; 

sv-down  

Map3k10  
Protein with strong similarity to human 

MAP3K10  
0.0470488  0.0185604  lo-up  

Map3k11  
Mitogen activated protein kinase kinase 

kinase 11  
0.048464  0.0197353  lo-up  

Map3k12  
Mitogen -activated protein kinase kinase 

kinase 12  
1.26E -05  0.00574105  sv-down  

Map3k2  
Mitogen -activated protein kinase kinase 

kinase 2  
0.0139943  0.0197314  lo-up  

Map3k3  MEK kinase 3  0.0143211  0.0191359  lo-up  

Map3k4  
Mitogen -activated protein kinase kinase 

kinase 4  
0.0126091  0.00209728  lo-up  

Map3k8  
Mitogen activated protein kinase kinase 

kinase 8  
0.00596468  0.0408215  lo-up  

Mapk1  Mitogen activated protein kinase 1  0.0109402  0.0119545  
lo-down; lo -up; 

sv-down  

Mapk3  Mitogen activated protein kinase 3  3.21E -06  0.0017625  lo-down  

Mapk7  Mitogen activated protein kinase 7  0.0176474  0.018629  
lo-down; lo -up; 

sv-down  

Mapk8ip1  
Mitogen activated protein kinase 8 

interacting protein 1  
0.00922993  0.00621076  

lo-down; sv -

down  

Mapk9  Mitogen activated protein kinase 9  0.00123982  0.00101149  sv-down  

Mos  Moloney sarcoma oncogene  0.0020941  0.0183787  lo-up; sv -up  

Mtor  Mechanistic target of rapamycin  0.00801716  0.0111842  
lo-down; lo -up; 

sv-up  

Pak1  p21 CDKN1A activated kinase 1  0.0060348  0.00582095  
lo-down; lo -up; 

sv-down  

Pak4  p21 activated kinase 4  4.31E -09  0.00068444  sv-down  

Park2  Parkin 2  0.00923715  0.00208617  sv-down  

Pdgfra  
Platelet -derived growth factor receptor 

alpha  
0.070691  0.039188  lo-down  

Pkmyt1  
Protein kinase membrane associated 

tyrosine - threonine 1  
7.87E -05  0.00948656  sv-up  

Prkaca  
Protein kinase cAMP dependent catalytic 

alpha  
0.0251745  0.00747126  lo-up  

Prkacb  Protein  kinase cAMP -dependent cat . beta  0.0251745  0.00747126  lo-up  
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Prkca  Protein kinase C alpha  8.78E -07  0.00275825  sv-down  

Prlr  Prolactin receptor  7.80E -06  0.002762  sv-up  

Ptpn11  
Protein tyrosine phosphatase non - receptor 

type 11  
0.00057176  0.00988161  

lo-down; sv -

down  

Ptpn6  
Protein tyrosine phosphatase non - receptor 

type 6  
0.0317187  0.0205732  

lo-down; sv -

down  

Raf1  Murine sarcoma 3611 oncogene 1  0.0148404  0.00930877  
lo-down; lo -up; 

sv-down  

Rock2  
Rho-associated coiled -coil containing 

protein kinase 2  
0.00160605  0.00643954  

lo-up; sv -up; sv -

down  

Sirpa  Signal - regulatory protein alpha  0.00059013  0.00374777  sv-down  

Slamf1  
Signaling lymphocytic activation molecule 

family member 1  
3.74E -06  4.53E -05  lo-down  

Sncaip  
Protein with strong similarity to human 

SNCAIP 
0.00419551  0.00156775  sv-down  

Socs1  Suppressor of cytokine signaling 1  0.00769457  0.00978031  sv-up  

Stub1  
STIP1 homology and U -Box containing 

protein 1  
1.50E -09  0.00350324  sv-down  

Syk  Spleen tyrosine kinase  0.00064317  0.00077556  sv-down  

Tec  
Cytoplasmic tyrosine kinase Dscr28C 

related  
0.00634235  0.00518484  lo-down  

Tnfrsf11a  
Tumor necrosis factor receptor 

superfamily member 11a NFKB activator  
0.0203853  0.0083854  sv-down  

Wee1  WEE 1 homolog  0.00089243  0.00521507  lo-up; sv -up  
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Appendix 4 
mi RNAi constructs used f or gene silencing  

Gene  n Invitrogen ID  Sequence  

Adrbk1  1 NM_130863.1_391_sense  CCTGTGGACATGCTCTAGCATTCGTCAGTCAGTGGCCAAAACGAATGCTACGGAGCATGTCCAC 

  2 NM_130863.1_910_sense  CCTGTCAAGGCCCAGTGATCTCAGTCAGTCAGTGGCCAAAACTGAGATCATCCTGGGCCTTGAC 

  3 NM_130863.1_1510_sense  CCTGTACAGTTCCTGCACTGTCCGTCAGTCAGTGGCCAAAACGGACAGTGACCAGGAACTGTAC 

  4 NM_130863.1_1836_sense  CCTGTGATCTGTGTCTTCCACTGGTCAGTCAGTGGCCAAAACCAGTGGAAGAGACACAGATCAC 

Agtr2  1 NM_007429.4_247_sense  TGCTGATTAAAGGCGGACTCATTGGTGTTTTGGCCACTGACTGACACCAATGACCGCCTTTAAT 

  2 NM_007429.4_302_sense  TGCTGTGTAGTAGAGAACAGGAATTGGTTTTGGCCACTGACTGACCAATTCCTTCTCTACTACA 

  3 NM_007429.4_1156_sense  TGCTGAATGGGAACTCTAAACACACTGTTTTGGCCACTGACTGACAGTGTGTTGAGTTCCCATT 

  4 NM_007429.4_1190_sense  TGCTGAAGACATAGTCTCTCTCTTGCGTTTTGGCCACTGACTGACGCAAGAGAGACTATGTCTT 

Akap5  1 NM_001101471.1_594_sense  TGCTGTTTCCTGTGTGTCACAAGGCCGTTTTGGCCACTGACTGACGGCCTTGTCACACAGGAAA 

  2 NM_001101471.1_948_sense  TGCTGTTCTATGGCGATCACATTCTCGTTTTGGCCACTGACTGACGAGAATGTTCGCCATAGAA 

  3 NM_001101471.1_1617_sense  TGCTGAACAACTGTAGCTTCCTTTGCGTTTTGGCCACTGACTGACGCAAAGGACTACAGTTGTT 

  4 NM_001101471.1_2287_sense  TGCTGTTCGTTTGCTTTCTTCTGATCGTTTTGGCCACTGACTGACGATCAGAAAAGCAAACGAA 

Araf  1 NM_009703.2_188_sense  TGCTGTACACTTTGACAGTGCCAACTGTTTTGGCCACTGACTGACAGTTGGCAGTCAAAGTGTA 

  2 NM_009703.2_562_sense  TGCTGTACTCATGTCAACGCAGACGGGTTTTGGCCACTGACTGACCCGTCTGCTGACATGAGTA 

  3 NM_009703.2_942_sense  TGCTGTTCTGAAGGTAACTTGGAATGGTTTTGGCCACTGACTGACCATTCCAATACCTTCAGAA 

  4 NM_009703.2_1414_sense  TGCTGTATTGTTGGACTTTAGGTCTCGTTTTGGCCACTGACTGACGAGACCTAGTCCAACAATA 

Bcar1  1 NM_009954.2_290_sense  TGCTGATACATGCCAACCAGAATCTTGTTTTGGCCACTGACTGACAAGATTCTTTGGCATGTAT 

  2 NM_009954.2_802_sense  TGCTGTACTCATCCTGCTCCGTCTGAGTTTTGGCCACTGACTGACTCAGACGGCAGGATGAGTA 

  3 NM_009954.2_1190_sense  TGCTGATCATATACATCCTCAGCTGCGTTTTGGCCACTGACTGACGCAGCTGAATGTATATGAT 

  4 NM_009954.2_2400_sense  TGCTGTGAAGAAGGCGTCCACTGCATGTTTTGGCCACTGACTGACATGCAGTGCGCCTTCTTCA 

Braf  1 NM_139294.5_983_sense  TGCTGAGAACTTGGAGACAAACAGCAGTTTTGGCCACTGACTGACTGCTGTTTCTCCAAGTTCT 

  2 NM_139294.5_1646_sense  TGCTGTTCTCTGTCCCACTGTAATCTGTTTTGGCCACTGACTGACAGATTACAGGGACAGAGAA 

  3 NM_139294.5_1955_sense  TGCTGAATCCATGCCCTGTGCAGTCTGTTTTGGCCACTGACTGACAGACTGCAGGGCATGGATT 

  4 NM_139294.5_2461_sense  TGCTGATTCAAGGAAGGTTCTGATGCGTTTTGGCCACTGACTGACGCATCAGACTTCCTTGAAT 

Ccnb1  1 NM_172301.3_682_sense  TGCTGTAGCCAGTCAATGAGGATAGCGTTTTGGCCACTGACTGACGCTATCCTTTGACTGGCTA 

  2 NM_172301.3_711_sense  TGCTGAGCAGCCTAAATTTCATCTGAGTTTTGGCCACTGACTGACTCAGATGATTTAGGCTGCT 

  3 NM_172301.3_744_sense  TGCTGATAATGGACACAGTCATGTACGTTTTGGCCACTGACTGACGTACATGAGTGTCCATTAT 

  4 NM_172301.3_826_sense  TGCTGTTTGCTTGCAATAAACATGGCGTTTTGGCCACTGACTGACGCCATGTTTTGCAAGCAAA 

Ccnb2  1 NM_007630.2_342_sense  TGCTGATCTGCACTGGTTTCACAGAGGTTTTGGCCACTGACTGACCTCTGTGACCAGTGCAGAT 

  2 NM_007630.2_561_sense  TGCTGAAGAAGTGTGGATTAATGGACGTTTTGGCCACTGACTGACGTCCATTACCACACTTCTT 

  3 NM_007630.2_1158_sense  TGCTGTTGACTTTCACAACGTTCTTGGTTTTGGCCACTGACTGACCAAGAACGGTGAAAGTCAA 

  4 NM_007630.2_1249_sense  TGCTGTTTGGAGTTCAGCTGAGGGATGTTTTGGCCACTGACTGACATCCCTCATGAACTCCAAA 

Cdc25a  1 NM_007658.3_677_sense  TGCTGTTTCTTTACTGTCCAAGGGCCGTTTTGGCCACTGACTGACGGCCCTTGCAGTAAAGAAA 

  2 NM_007658.3_937_sense  TGCTGTTCATTTGAAGATAGCATCCGGTTTTGGCCACTGACTGACCGGATGCTCTTCAAATGAA 

  3 NM_007658.3_1401_sense  TGCTGAAGAGATAACCCTTGGAGAAAGTTTTGGCCACTGACTGACTTTCTCCAGGTTATCTCTT 

  4 NM_007658.3_1929_sense  TGCTGTTCTTCAGGCGACTGTACATCGTTTTGGCCACTGACTGACGATGTACACGCCTGAAGAA 

Cdc25b  1 NM_023117.2_818_sense  TGCTGTCCTGTGGCATCTTGAAGATAGTTTTGGCCACTGACTGACTATCTTCAATGCCACAGGA 

  2 NM_023117.2_1084_sense  TGCTGTAATGAGGTTCTCCATGCCCGGTTTTGGCCACTGACTGACCGGGCATGGAACCTCATTA 

  3 NM_023117.2_1565_sense  TGCTGTTCACAGCATTCTTGATATGCGTTTTGGCCACTGACTGACGCATATCAAATGCTGTGAA 

  4 NM_023117.2_1934_sense  TGCTGTCTTGCAGCCTGCTACAAAGTGTTTTGGCCACTGACTGACACTTTGTAAGGCTGCAAGA 
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Cdc25c  1 NM_009860.2_670_sense  TGCTGAATCCTTGCCAGTTAACTGTCGTTTTGGCCACTGACTGACGACAGTTATGGCAAGGATT 

  2 NM_009860.2_1027_sense  TGCTGTTAGACTTAAGCCCTTGGCGTGTTTTGGCCACTGACTGACACGCCAAGCTTAAGTCTAA 

  3 NM_009860.2_1301_sense  TGCTGTGACTGTGCAGGTTTAAGGCTGTTTTGGCCACTGACTGACAGCCTTAACTGCACAGTCA 

  4 NM_009860.2_1467_sense  TGCTGATATAATGCCGGATACTGGTTGTTTTGGCCACTGACTGACAACCAGTACGGCATTATAT 

Cdc42  1 NM_009861.2_230_sense  TGCTGAACAGTTGGTACATATTCCGAGTTTTGGCCACTGACTGACTCGGAATATACCAACTGTT 

  2 NM_009861.2_274_sense  TGCTGTATGGCTCTCCACCAATCATAGTTTTGGCCACTGACTGACTATGATTGGGAGAGCCATA 

  3 NM_009861.2_338_sense  TGCTGATAACTTAGCGGTCGTAGTCTGTTTTGGCCACTGACTGACAGACTACGCGCTAAGTTAT 

  4 NM_009861.2_455_sense  TGCTGCAAGAAAGGAGTCTTTGGACAGTTTTGGCCACTGACTGACTGTCCAAACTCCTTTCTTG 

Ceacam1  1 NM_001039185.1_566_sense  TGCTGTAATGATACGGAGTCGTCACCGTTTTGGCCACTGACTGACGGTGACGACCGTATCATTA 

  2 NM_001039185.1_849_sense  TGCTGAGAGGTTGAGGTTTGACCCTGGTTTTGGCCACTGACTGACCAGGGTCACCTCAACCTCT 

  3 NM_001039185.1_1150_sense  TGCTGTTGAAGAGCCACTGGATGTTGGTTTTGGCCACTGACTGACCAACATCCTGGCTCTTCAA 

  4 NM_001039185.1_1419_sense  TGCTGTGGAATAGAGGAAATATGCCAGTTTTGGCCACTGACTGACTGGCATATCCTCTATTCCA 

Crebbp  1 NM_001025432.1_1087_sense  TGCTGAAAGCAGGTAAACTATTGACCGTTTTGGCCACTGACTGACGGTCAATATTACCTGCTTT 

  2 NM_001025432.1_3072_sense  TGCTGTATCAATGCTGGCTGCTGCCTGTTTTGGCCACTGACTGACAGGCAGCACAGCATTGATA 

  3 NM_001025432.1_3830_sense  TGCTGAGGAATTGTACACAGCTGCTTGTTTTGGCCACTGACTGACAAGCAGCTGTACAATTCCT 

  4 NM_001025432.1_5207_sense  TGCTGTAAGGAAGAGAATTCCCAGTGGTTTTGGCCACTGACTGACCACTGGGATCTCTTCCTTA 

Csf2rb  1 NM_007780.4_1355_sense  TGCTGCAATGAATGAGTAAGCCATCTGTTTTGGCCACTGACTGACAGATGGCTCTCATTCATTG 

  2 NM_007780.4_1475_sense  TGCTGAGTATGAGGTGTCTGGCTCCAGTTTTGGCCACTGACTGACTGGAGCCACACCTCATACT 

  3 NM_007780.4_1506_sense  TGCTGTTAGAGATGGGCTTGACCCTCGTTTTGGCCACTGACTGACGAGGGTCACCCATCTCTAA 

  4 NM_007780.4_1648_sense  TGCTGTACAGAGACACAGCCAAAGCGGTTTTGGCCACTGACTGACCGCTTTGGGTGTCTCTGTA 

Dcx  1 NM_001110222.1_281_sense  TGCTGATTTCTAGATGCTTTGTCTCGGTTTTGGCCACTGACTGACCGAGACAACATCTAGAAAT 

  2 NM_001110222.1_546_sense  TGCTGTATAAATGTAGCGCACTCCCTGTTTTGGCCACTGACTGACAGGGAGTGCTACATTTATA 

  3 NM_001110222.1_955_sense  TGCTGAAATCATGGAGACAGGTGACCGTTTTGGCCACTGACTGACGGTCACCTCTCCATGATTT 

  4 NM_001110222.1_1311_sense  TGCTGAATCAGAGTCATCCAATGACAGTTTTGGCCACTGACTGACTGTCATTGTGACTCTGATT 

Dusp10  1 NM_022019.5_206_sense  TGCTGAACAAAGGTTGAGATCCTGAGGTTTTGGCCACTGACTGACCTCAGGATCAACCTTTGTT 

  2 NM_022019.5_412_sense  TGCTGTTGAGTCTGGGCCTGATGATCGTTTTGGCCACTGACTGACGATCATCACCCAGACTCAA 

  3 NM_022019.5_713_sense  TGCTGTAATGTGGACAGCTCCTTGGAGTTTTGGCCACTGACTGACTCCAAGGATGTCCACATTA 

  4 NM_022019.5_1464_sense  TGCTGATAATTGGTCGTTTGCCTTTGGTTTTGGCCACTGACTGACCAAAGGCACGACCAATTAT 

Dusp4  1 NM_176933.4_170_sense  TGCTGTTCTCATCCCGGTTCATCAGCGTTTTGGCCACTGACTGACGCTGATGACGGGATGAGAA 

  2 NM_176933.4_801_sense  TGCTGTGAAGAGACATTCAGGAGGGCGTTTTGGCCACTGACTGACGCCCTCCTATGTCTCTTCA 

  3 NM_176933.4_838_sense  TGCTGTGTACTGGTAATGACCCTCAAGTTTTGGCCACTGACTGACTTGAGGGTTTACCAGTACA 

  4 NM_176933.4_920_sense  TGCTGTTTACTGCGTCGATGTACTCGGTTTTGGCCACTGACTGACCGAGTACAGACGCAGTAAA 

Dusp8  1 NM_008748.2_121_sense  TGCTGTTTCTTTGCGTCCATCACCTTGTTTTGGCCACTGACTGACAAGGTGATACGCAAAGAAA 

  2 NM_008748.2_621_sense  TGCTGATCAGATCCTTGTTCAAGACAGTTTTGGCCACTGACTGACTGTCTTGAAAGGATCTGAT 

  3 NM_008748.2_984_sense  TGCTGAGCAGCTTCAGACTCCTCTCAGTTTTGGCCACTGACTGACTGAGAGGACTGAAGCTGCT 

  4 NM_008748.2_1508_sense  TGCTGCAAAGTTCAGGCCCAGACCATGTTTTGGCCACTGACTGACATGGTCTGCCTGAACTTTG 

Ep300  1 NM_177821.6_1222_sense  TGCTGTGAATTTGGAGACCAAGGCCAGTTTTGGCCACTGACTGACTGGCCTTGCTCCAAATTCA 

  2 NM_177821.6_4372_sense  TGCTGTGAACAACCCGAACAGTGACCGTTTTGGCCACTGACTGACGGTCACTGCGGGTTGTTCA 

  3 NM_177821.6_5403_sense  TGCTGTGCAGGTGTAGACAAAGCGATGTTTTGGCCACTGACTGACATCGCTTTCTACACCTGCA 

  4 NM_177821.6_6961_sense  TGCTGATCATCTGCCGTCTTAAGATGGTTTTGGCCACTGACTGACCATCTTAACGGCAGATGAT 

Erbb2  1 NM_001003817.1_823_sense  TGCTGTACAGATGGTGCCAGTCAAGAGTTTTGGCCACTGACTGACTCTTGACTCACCATCTGTA 

  2 NM_001003817.1_2339_sense  TGCTGAGCACCTTCAGCTTCCTTAGCGTTTTGGCCACTGACTGACGCTAAGGACTGAAGGTGCT 

  3 NM_001003817.1_2838_sense  TGCTGTTCCAATGCCATCCACTTGATGTTTTGGCCACTGACTGACATCAAGTGTGGCATTGGAA 

  4 NM_001003817.1_3596_sense  TGCTGACCTCTGGCTGGTTCACATACGTTTTGGCCACTGACTGACGTATGTGACAGCCAGAGGT 
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F2 1 NM_010168.2_345_sense  TGCTGTTCACACCCAGATCCATAGCAGTTTTGGCCACTGACTGACTGCTATGGCTGGGTGTGAA 

  2 NM_010168.2_1248_sense  TGCTGTTCTCAGTGAAGTTCTTGTCCGTTTTGGCCACTGACTGACGGACAAGATTCACTGAGAA 

  3 NM_010168.2_1525_sense  TGCTGTGTCCATGTCTCCCGAAGGTTGTTTTGGCCACTGACTGACAACCTTCGAGACATGGACA 

  4 NM_010168.2_1753_sense  TGCTGGACAATACCCATTTGATACCAGTTTTGGCCACTGACTGACTGGTATCATGGGTATTGTC 

Fga 1 NM_001111048.1_380_sense  TGCTGTACTCCATGATATTCCTGGTCGTTTTGGCCACTGACTGACGACCAGGAATCATGGAGTA 

  2 NM_001111048.1_801_sense  TGCTGTGTTAATGCCTTCCACTCTGGGTTTTGGCCACTGACTGACCCAGAGTGAGGCATTAACA 

  3 NM_001111048.1_1013_sense  TGCTGTTCCGATTTCCATCACTTCCAGTTTTGGCCACTGACTGACTGGAAGTGGGAAATCGGAA 

  4 NM_001111048.1_1272_sense  TGCTGTTTAGAGCATGAACGATGTGTGTTTTGGCCACTGACTGACACACATCGCATGCTCTAAA 

Fgb 1 NM_181849.2_368_sense  TGCTGAACTCAGCAATACTACTCTTGGTTTTGGCCACTGACTGACCAAGAGTAATTGCTGAGTT 

  2 NM_181849.2_696_sense  TGCTGTTTCCCAGACACCACTGGAATGTTTTGGCCACTGACTGACATTCCAGTTGTCTGGGAAA 

  3 NM_181849.2_960_sense  TGCTGATCATTGCCAAGCCAATATTCGTTTTGGCCACTGACTGACGAATATTGTTGGCAATGAT 

  4 NM_181849.2_1387_sense  TGCTGAGTTCATCCACACCACACCATGTTTTGGCCACTGACTGACATGGTGTGGTGGATGAACT 

Fgg 1 NM_133862.1_82_sense  TGCTGTCTGGTAGCCACATATGCCAGGTTTTGGCCACTGACTGACCTGGCATATGGCTACCAGA 

  2 NM_133862.1_105_sense  TGCTGTCATCTAGGATGCAACAGTTAGTTTTGGCCACTGACTGACTAACTGTTATCCTAGATGA 

  3 NM_133862.1_399_sense  TGCTGTGTAAATACCGAATGCTTGTCGTTTTGGCCACTGACTGACGACAAGCACGGTATTTACA 

  4 NM_133862.1_686_sense  TGCTGTCTTCTTGAAATCCAAACTGCGTTTTGGCCACTGACTGACGCAGTTTGTTTCAAGAAGA 

Fn1 1 NM_010233.1_1742_sense  TGCTGAAGTAATGTCATCAACGATGCGTTTTGGCCACTGACTGACGCATCGTTTGACATTACTT 

  2 NM_010233.1_3190_sense  TGCTGTTCATTGACAAACTGGAGGTTGTTTTGGCCACTGACTGACAACCTCCATTGTCAATGAA 

  3 NM_010233.1_4874_sense  TGCTGTGTAATAGCGCACAGAGACGGGTTTTGGCCACTGACTGACCCGTCTCTGCGCTATTACA 

  4 NM_010233.1_6242_sense  TGCTGTAATGTAGCCAGTAATCCTGGGTTTTGGCCACTGACTGACCCAGGATTTGGCTACATTA 

Frs2  1 NM_177798.3_478_sense  TGCTGTACAGAATCAGCTCTGTGTCTGTTTTGGCCACTGACTGACAGACACAGCTGATTCTGTA 

  2 NM_177798.3_1069_sense  TGCTGTTAAGAAGCACTTGCGGGTCCGTTTTGGCCACTGACTGACGGACCCGCGTGCTTCTTAA 

  3 NM_177798.3_1375_sense  TGCTGAATAGTGCAGGTCTTCTCTGCGTTTTGGCCACTGACTGACGCAGAGAACCTGCACTATT 

  4 NM_177798.3_1444_sense  TGCTGTCATCTTCATCCCTACTGAGCGTTTTGGCCACTGACTGACGCTCAGTAGATGAAGATGA 

Frs3  1 NM_144939.2_276_sense  TGCTGTGAACTTGGTAGGGTGGTTGTGTTTTGGCCACTGACTGACACAACCACTACCAAGTTCA 

  2 NM_144939.2_427_sense  TGCTGAAGAGATTGGAGTCGTAGCCAGTTTTGGCCACTGACTGACTGGCTACGTCCAATCTCTT 

  3 NM_144939.2_798_sense  TGCTGTGACATAGGTGTGAGACTGCTGTTTTGGCCACTGACTGACAGCAGTCTCACCTATGTCA 

  4 NM_144939.2_1591_sense  TGCTGAGGTCAATCACGGCATACGAGGTTTTGGCCACTGACTGACCTCGTATGGTGATTGACCT 

Gab1  1 NM_021356.2_954_sense  TGCTGAACACAAACCACCTTCTCTTCGTTTTGGCCACTGACTGACGAAGAGAATGGTTTGTGTT 

  2 NM_021356.2_1775_sense  TGCTGAACTGATGGATACATGTCTCAGTTTTGGCCACTGACTGACTGAGACATATCCATCAGTT 

  3 NM_021356.2_2249_sense  TGCTGTAAAGCTGCCGGAATGTTGTCGTTTTGGCCACTGACTGACGACAACATCGGCAGCTTTA 

  4 NM_021356.2_2940_sense  TGCTGTTCACATTCTTGGTGGGTGTCGTTTTGGCCACTGACTGACGACACCCAAAGAATGTGAA 

Gsk3a  1 NM_001031667.1_1115_sense  TGCTGAGAAGTAGCTCAGCAAGTACAGTTTTGGCCACTGACTGACTGTACTTGGAGCTACTTCT 

  2 NM_001031667.1_1611_sense  TGCTGATCAGATGGCTGCCAATCTTGGTTTTGGCCACTGACTGACCAAGATTGAGCCATCTGAT 

  3 NM_001031667.1_249_sense  TGCTGTCCTGGCTCCGCGAACGAGCTGTTTTGGCCACTGACTGACAGCTCGTTCGGAGCCAGGA 

  4 NM_001031667.1_1015_sense  TGCTGAGCAGATGTAGGACACATTGGGTTTTGGCCACTGACTGACCCAATGTGCTACATCTGCT 

Gsk3b  1 NM_019827.6_1685_sense  TGCTGTTTCGTGTCTGTATAACTGACGTTTTGGCCACTGACTGACGTCAGTTACAGACACGAAA 

  2 NM_019827.6_1980_sense  TGCTGTGACATAGATCACAGGGAGTGGTTTTGGCCACTGACTGACCACTCCCTGATCTATGTCA 

  3 NM_019827.6_2457_sense  TGCTGTGCACAGTGCAATTGCCTCTGGTTTTGGCCACTGACTGACCAGAGGCATGCACTGTGCA 

  4 NM_019827.6_2763_sense  TGCTGTGGAGTTGGAAGCTGATGCAGGTTTTGGCCACTGACTGACCTGCATCATTCCAACTCCA 

Hipk2  1 NM_001136065.1_353_sense  TGCTGTGCTCTGGCTGTACACTTTGCGTTTTGGCCACTGACTGACGCAAAGTGCAGCCAGAGCA 

  2 NM_001136065.1_968_sense  TGCTGAATTGTAGTCATCAGCGCTCTGTTTTGGCCACTGACTGACAGAGCGCTTGACTACAATT 

  3 NM_001136065.1_1944_sense  TGCTGTTAAAGGTCATGGTCAAGTTGGTTTTGGCCACTGACTGACCAACTTGAATGACCTTTAA 

  4 NM_001136065.1_2840_sense  TGCTGTTTGCTTGGAGACTGTGCTGGGTTTTGGCCACTGACTGACCCAGCACACTCCAAGCAAA 
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Hspa1a  1 NM_010479.2_2180_sense  TGCTGATATCTGTCTCCTAGCCAGCAGTTTTGGCCACTGACTGACTGCTGGCTGAGACAGATAT 

  2 NM_010479.2_2320_sense  TGCTGTTAACAGGGAAGATAAAGCCCGTTTTGGCCACTGACTGACGGGCTTTATTCCCTGTTAA 

  3 NM_010479.2_2512_sense  TGCTGAACACAAAGAACTCAACAGTCGTTTTGGCCACTGACTGACGACTGTTGTTCTTTGTGTT 

  4 NM_010479.2_2680_sense  TGCTGTTCACCTCCAAGTTCACCAACGTTTTGGCCACTGACTGACGTTGGTGATTGGAGGTGAA 

Hspa1b  1 NM_010478.2_2202_sense  TGCTGAGCAGCTATCAAGTGCAAAGAGTTTTGGCCACTGACTGACTCTTTGCATGATAGCTGCT 

  2 NM_010478.2_2227_sense  TGCTGTAACCTTGACAGTAATCGGTGGTTTTGGCCACTGACTGACCACCGATTTGTCAAGGTTA 

  3 NM_010478.2_2254_sense  TGCTGAAACTGAACCATGAAGAAGACGTTTTGGCCACTGACTGACGTCTTCTTTGGTTCAGTTT 

  4 NM_010478.2_2293_sense  TGCTGAACAGTCAACGCAATTACCTTGTTTTGGCCACTGACTGACAAGGTAATCGTTGACTGTT 

Hspa2  1 NM_008301.4_523_sense  TGCTGTAGTGAGGACCATGGAAGAAAGTTTTGGCCACTGACTGACTTTCTTCCGGTCCTCACTA 

  2 NM_008301.4_902_sense  TGCTGTTGTGTTTGCGCTTGAACTCCGTTTTGGCCACTGACTGACGGAGTTCACGCAAACACAA 

  3 NM_008301.4_1366_sense  TGCTGTTTCGATGCCGAGCGACAATGGTTTTGGCCACTGACTGACCATTGTCGCGGCATCGAAA 

  4 NM_008301.4_1814_sense  TGCTGTCCACGGTCTGCTTGATGTTGGTTTTGGCCACTGACTGACCAACATCACAGACCGTGGA 

Hspa4  1 NM_008300.3_656_sense  TGCTGAAGCATGGCAGTCACTTGTTCGTTTTGGCCACTGACTGACGAACAAGTCTGCCATGCTT 

  2 NM_008300.3_1152_sense  TGCTGTCAAAGGGAGGTCTGAAGCATGTTTTGGCCACTGACTGACATGCTTCACCTCCCTTTGA 

  3 NM_008300.3_1847_sense  TGCTGTTCCTTTGCATTCTGATCCGTGTTTTGGCCACTGACTGACACGGATCAATGCAAAGGAA 

  4 NM_008300.3_2548_sense  TGCTGTTAAGCTTGCTATTCATCCACGTTTTGGCCACTGACTGACGTGGATGAAGCAAGCTTAA 

Hspa5  1 NM_001163434.1_770_sense  TGCTGTATCCAGGCCATATGCAATAGGTTTTGGCCACTGACTGACCTATTGCATGGCCTGGATA 

  2 NM_001163434.1_1117_sense  TGCTGTTCAAATTTGGCCCGAGTAAGGTTTTGGCCACTGACTGACCTTACTCGCCAAATTTGAA 

  3 NM_001163434.1_1516_sense  TGCTGTACAGTTGGCTGATTATCGGAGTTTTGGCCACTGACTGACTCCGATAAAGCCAACTGTA 

  4 NM_001163434.1_1692_sense  TGCTGTTTCCTGTACCTTTGTCTTCAGTTTTGGCCACTGACTGACTGAAGACAGGTACAGGAAA 

Ifngr1  1 NM_010511.2_146_sense  TGCTGAGCAGAATCATCCTGCCAGCTGTTTTGGCCACTGACTGACAGCTGGCAATGATTCTGCT 

  2 NM_010511.2_745_sense  TGCTGAGATGTTTAACTCACACAGAGGTTTTGGCCACTGACTGACCTCTGTGTGTTAAACATCT 

  3 NM_010511.2_868_sense  TGCTGAATCCTTTCTGTCATCATGGAGTTTTGGCCACTGACTGACTCCATGATCAGAAAGGATT 

  4 NM_010511.2_1460_sense  TGCTGAACATGTGCGGTTTGTCATAAGTTTTGGCCACTGACTGACTTATGACACCGCACATGTT 

Igf1r  1 NM_010513.2_917_sense  TGCTGAAGAGTTTCCAGCCACGGATGGTTTTGGCCACTGACTGACCATCCGTGTGGAAACTCTT 

  2 NM_010513.2_2162_sense  TGCTGTAAACTGTGAAGCTGATGAGAGTTTTGGCCACTGACTGACTCTCATCATTCACAGTTTA 

  3 NM_010513.2_3395_sense  TGCTGATCAGATGCATGAAGTTCTCAGTTTTGGCCACTGACTGACTGAGAACTATGCATCTGAT 

  4 NM_010513.2_3830_sense  TGCTGATTAGTTCCATGATGACCAGGGTTTTGGCCACTGACTGACCCTGGTCAATGGAACTAAT 

Igf2r  1 NM_010515.2_996_sense  TGCTGAAATGTTACTGTCACTGCAGGGTTTTGGCCACTGACTGACCCTGCAGTCAGTAACATTT 

  2 NM_010515.2_2697_sense  TGCTGTATCTTTGCAACTCCCAAGTTGTTTTGGCCACTGACTGACAACTTGGGTTGCAAAGATA 

  3 NM_010515.2_5285_sense  TGCTGTCCACAGGAACTTTGCATACTGTTTTGGCCACTGACTGACAGTATGCAGTTCCTGTGGA 

  4 NM_010515.2_7067_sense  TGCTGACCAGGAGAAGACTGAGGACTGTTTTGGCCACTGACTGACAGTCCTCACTTCTCCTGGT 

Il10ra  1 NM_008348.2_223_sense  TGCTGAGTAGGTGCTCTCAGACTGGTGTTTTGGCCACTGACTGACACCAGTCTGAGCACCTACT 

  2 NM_008348.2_495_sense  TGCTGATGGATTGTCCCATAGATGATGTTTTGGCCACTGACTGACATCATCTAGGACAATCCAT 

  3 NM_008348.2_1223_sense  TGCTGTATCCAAGCTGCTGCTTCCAGGTTTTGGCCACTGACTGACCTGGAAGCCAGCTTGGATA 

  4 NM_008348.2_1445_sense  TGCTGATCTCTTCGTCCAAGCATTCTGTTTTGGCCACTGACTGACAGAATGCTGACGAAGAGAT 

Il2  1 NM_008366.2_111_sense  TGCTGTGAAGTGGAGCTTGAAGTGGGGTTTTGGCCACTGACTGACCCCACTTCGCTCCACTTCA 

  2 NM_008366.2_485_sense  TGCTGAGAAAGTCCACCACAGTTGCTGTTTTGGCCACTGACTGACAGCAACTGGTGGACTTTCT 

  3 NM_008366.2_523_sense  TGCTGTTGAGATGATGCTTTGACAGAGTTTTGGCCACTGACTGACTCTGTCAACATCATCTCAA 

  4 NM_008366.2_852_sense4  TGCTGTTTAGCGCTTACTTTGTGCTGGTTTTGGCCACTGACTGACCAGCACAATAAGCGCTAAA 

Il2rb  1 NM_008368.3_241_sense  TGCTGTCTTCATGGCTCCACATGCAAGTTTTGGCCACTGACTGACTTGCATGTAGCCATGAAGA 

  2 NM_008368.3_448_sense  TGCTGTTTACCCTACGCCAACCCTTCGTTTTGGCCACTGACTGACGAAGGGTTCGTAGGGTAAA 

  3 NM_008368.3_654_sense  TGCTGTCTGCTTGAGGCTTAATACGGGTTTTGGCCACTGACTGACCCGTATTACCTCAAGCAGA 

  4 NM_008368.3_1701_sense  TGCTGTTAGGTGGACTGAATCTTGGGGTTTTGGCCACTGACTGACCCCAAGATAGTCCACCTAA 



Appendix  

 80  

Il4  1 NM_021283.2_107_sense  TGCTGTGGATATGGCTCCTGGTACATGTTTTGGCCACTGACTGACATGTACCAAGCCATATCCA 

  2 NM_021283.2_273_sense  TGCTGAAATATGCGAAGCACCTTGGAGTTTTGGCCACTGACTGACTCCAAGGTTTCGCATATTT 

  3 NM_021283.2_382_sense  TGCTGTGCAGCTTATCGATGAATCCAGTTTTGGCCACTGACTGACTGGATTCAGATAAGCTGCA 

  4 NM_021283.2_452_sense  TGCTGTCCATTTGCATGATGCTCTTTGTTTTGGCCACTGACTGACAAAGAGCAATGCAAATGGA 

Il6st  1 NM_010560.3_292_sense  TGCTGTGCGCTAGCCAAATCCTTGGTGTTTTGGCCACTGACTGACACCAAGGATGGCTAGCGCA 

  2 NM_010560.3_786_sense  TGCTGTTGACTGGCAATCAGGAAACTGTTTTGGCCACTGACTGACAGTTTCCTTTGCCAGTCAA 

  3 NM_010560.3_1969_sense  TGCTGTCCACATGCACAACCATCTCCGTTTTGGCCACTGACTGACGGAGATGGGTGCATGTGGA 

  4 NM_010560.3_2663_sense  TGCTGTACACTATCCACCAGCTGCAGGTTTTGGCCACTGACTGACCTGCAGCTTGGATAGTGTA 

Il7r  1 NM_008372.4_270_sense  TGCTGTTGACTTCCATCCACTTCCAAGTTTTGGCCACTGACTGACTTGGAAGTATGGAAGTCAA 

  2 NM_008372.4_875_sense  TGCTGAACACAGAGAACAAACTCAGAGTTTTGGCCACTGACTGACTCTGAGTTTTCTCTGTGTT 

  3 NM_008372.4_1010_sense  TGCTGTTGAAACTCACATTCAGACTCGTTTTGGCCACTGACTGACGAGTCTGAGTGAGTTTCAA 

  4 NM_008372.4_1474_sense  TGCTGTAGACATGGTGACATACGCTTGTTTTGGCCACTGACTGACAAGCGTATCACCATGTCTA 

Irs1  1 NM_010570.4_1410_sense  TGCTGTAACCTGCCAGACCTCCTTGAGTTTTGGCCACTGACTGACTCAAGGAGCTGGCAGGTTA 

  2 NM_010570.4_2099_sense  TGCTGACTACTAGATGACAGACTCACGTTTTGGCCACTGACTGACGTGAGTCTCATCTAGTAGT 

  3 NM_010570.4_3114_sense  TGCTGTGTTCATGTAGTCACCTGTGCGTTTTGGCCACTGACTGACGCACAGGTCTACATGAACA 

  4 NM_010570.4_4153_sense  TGCTGTTATGGTTGGGACTGAGGTTCGTTTTGGCCACTGACTGACGAACCTCACCCAACCATAA 

Irs2  1 NM_001081212.1_285_sense  TGCTGTTGATGTTCAGACAGCAGTCGGTTTTGGCCACTGACTGACCGACTGCTCTGAACATCAA 

  2 NM_001081212.1_1795_sense  TGCTGTGAACTACCAGAGAAGGTGGCGTTTTGGCCACTGACTGACGCCACCTTCTGGTAGTTCA 

  3 NM_001081212.1_2891_sense  TGCTGTATAGTCAGAGAGTGGAGAGCGTTTTGGCCACTGACTGACGCTCTCCACTCTGACTATA 

  4 NM_001081212.1_3718_sense  TGCTGATCGATGGCGATATAGTTGAGGTTTTGGCCACTGACTGACCTCAACTATCGCCATCGAT 

Irs3  1 NM_010571.3_490_sense  TGCTGTATAGATGACGATCAGGTGGCGTTTTGGCCACTGACTGACGCCACCTGCGTCATCTATA 

  2 NM_010571.3_1037_sense  TGCTGTTTGGAGGATTTCCCTGTGGCGTTTTGGCCACTGACTGACGCCACAGGAATCCTCCAAA 

  3 NM_010571.3_1322_sense  TGCTGTCGAGCTGCTTATTAGGATCTGTTTTGGCCACTGACTGACAGATCCTAAAGCAGCTCGA 

  4 NM_010571.3_1657_sense  TGCTGACTTGATGCTGGCATAGCTATGTTTTGGCCACTGACTGACATAGCTATCAGCATCAAGT 

Itga2b  1 NM_010575.2_1239_sense  TGCTGTGCAGAAACAAATAAACGCGGGTTTTGGCCACTGACTGACCCGCGTTTTTGTTTCTGCA 

  2 NM_010575.2_1671_sense  TGCTGTGATCCAGGACACAGTTCTTCGTTTTGGCCACTGACTGACGAAGAACTGTCCTGGATCA 

  3 NM_010575.2_2045_sense  TGCTGAATCCAGGATGATCCGTGTCTGTTTTGGCCACTGACTGACAGACACGGCATCCTGGATT 

  4 NM_010575.2_2436_sense  TGCTGTTTGGATTCTGGCTGTTCTTGGTTTTGGCCACTGACTGACCAAGAACACAGAATCCAAA 

Itgav  1 NM_008402.2_633_sense  TGCTGTGTTGAATCAAACTCAATGGGGTTTTGGCCACTGACTGACCCCATTGATTGATTCAACA 

  2 NM_008402.2_1169_sense  TGCTGTAAACCATTCCCAAAGTCCTTGTTTTGGCCACTGACTGACAAGGACTTGGAATGGTTTA 

  3 NM_008402.2_2344_sense  TGCTGAAACGATGAGCTCAGCTTCATGTTTTGGCCACTGACTGACATGAAGCTGCTCATCGTTT 

  4 NM_008402.2_3348_sense  TGCTGTACAAATACCAACACAGCCAGGTTTTGGCCACTGACTGACCTGGCTGTTGGTATTTGTA 

Itgb3  1 NM_016780.2_151_sense  TGCTGTGGACTCTCCAACAACAACGCGTTTTGGCCACTGACTGACGCGTTGTTTGGAGAGTCCA 

  2 NM_016780.2_999_sense  TGCTGAGTGGAGGCAGAGTAGTGGTTGTTTTGGCCACTGACTGACAACCACTACTGCCTCCACT 

  3 NM_016780.2_1819_sense  TGCTGTGCAGTAGTAGCCAGTCCAGTGTTTTGGCCACTGACTGACACTGGACTCTACTACTGCA 

  4 NM_016780.2_2401_sense  TGCTGTGGAGGTGGCCTCTTTATACAGTTTTGGCCACTGACTGACTGTATAAAGGCCACCTCCA 

Jak3  1 NM_010589.5_199_sense  TGCTGTAAACAGGCAGGATGCCACAGGTTTTGGCCACTGACTGACCTGTGGCACTGCCTGTTTA 

  2 NM_010589.5_1384_sense  TGCTGTCTACTCGCAGCCCAGAATTCGTTTTGGCCACTGACTGACGAATTCTGCTGCGAGTAGA 

  3 NM_010589.5_1792_sense  TGCTGAATTCCTGCACCATGATGCTGGTTTTGGCCACTGACTGACCAGCATCAGTGCAGGAATT 

  4 NM_010589.5_2466_sense  TGCTGAAGAGATGTACTTAAGGTGTCGTTTTGGCCACTGACTGACGACACCTTGTACATCTCTT 

Kat2b  1 NM_020005.3_493_sense  TGCTGTTTGGTATCTGCATCTTCTTCGTTTTGGCCACTGACTGACGAAGAAGACAGATACCAAA 

  2 NM_020005.3_760_sense  TGCTGATCATTGGGAGACCGTAGTCTGTTTTGGCCACTGACTGACAGACTACGCTCCCAATGAT 

  3 NM_020005.3_1461_sense  TGCTGTTTGGTTTCTGGTTCAGGGAGGTTTTGGCCACTGACTGACCTCCCTGACAGAAACCAAA 

  4 NM_020005.3_2041_sense  TGCTGTTCTATAGGAATCTGCCGAACGTTTTGGCCACTGACTGACGTTCGGCATTCCTATAGAA 
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Kdr  1 NM_010612.2_1372_sense  TGCTGTGTAGTTGGACTCAATGGGCCGTTTTGGCCACTGACTGACGGCCCATTGTCCAACTACA 

  2 NM_010612.2_1945_sense  TGCTGACAACAGGGACACACTCTCCTGTTTTGGCCACTGACTGACAGGAGAGTGTCCCTGTTGT 

  3 NM_010612.2_2984_sense  TGCTGTCCACAATCACCATGAGAGGCGTTTTGGCCACTGACTGACGCCTCTCAGTGATTGTGGA 

  4 NM_010612.2_4035_sense  TGCTGTTCTGATGCAAGGACCATCCCGTTTTGGCCACTGACTGACGGGATGGTTTGCATCAGAA 

Lyn  1 NM_001111096.1_367_sense  TGCTGAGGAACTGGCCTTTGCTGTTTGTTTTGGCCACTGACTGACAAACAGCAGGCCAGTTCCT 

  2 NM_001111096.1_1419_sense  TGCTGTACTCGTTATCTTCGATGACTGTTTTGGCCACTGACTGACAGTCATCGGATAACGAGTA 

  3 NM_001111096.1_1587_sense  TGCTGATCACATCTGCGTTGGTTCTCGTTTTGGCCACTGACTGACGAGAACCAGCAGATGTGAT 

  4 NM_001111096.1_1744_sense  TGCTGTTCTGTGGCTGTATAGAAGTCGTTTTGGCCACTGACTGACGACTTCTACAGCCACAGAA 

Map2k4  1 NM_009157.4_218_sense  TGCTGTTAGGATTCAGAGTAAACCGTGTTTTGGCCACTGACTGACACGGTTTACTGAATCCTAA 

  2 NM_009157.4_586_sense  TGCTGTATCGAACGAGGTAGACATGAGTTTTGGCCACTGACTGACTCATGTCTCTCGTTCGATA 

  3 NM_009157.4_836_sense  TGCTGATATACGGCCTACACCCAGCAGTTTTGGCCACTGACTGACTGCTGGGTAGGCCGTATAT 

  4 NM_009157.4_1127_sense  TGCTGATAAAGGGATGTTTCAGAAGCGTTTTGGCCACTGACTGACGCTTCTGACATCCCTTTAT 

Map2k7  1 NM_001042557.2_290_sense  TGCTGAGAGTGATCACAATAATGGGCGTTTTGGCCACTGACTGACGCCCATTAGTGATCACTCT 

  2 NM_001042557.2_751_sense  TGCTGTGCCAAAGCACTGAACGATGTGTTTTGGCCACTGACTGACACATCGTTGTGCTTTGGCA 

  3 NM_001042557.2_1018_sense  TGCTGTGGCTTTGGAGTCAACAAGGCGTTTTGGCCACTGACTGACGCCTTGTTCTCCAAAGCCA 

  4 NM_001042557.2_1433_sense  TGCTGTGACTCAGGACTCCACTAGTCGTTTTGGCCACTGACTGACGACTAGTGGTCCTGAGTCA 

Map3k2  1 NM_011946.3_562_sense  TGCTGATGAAGGACAGCCAAATCTTGGTTTTGGCCACTGACTGACCAAGATTTCTGTCCTTCAT 

  2 NM_011946.3_1048_sense  TGCTGATTCCGGGCAATCTGGTGTAGGTTTTGGCCACTGACTGACCTACACCATTGCCCGGAAT 

  3 NM_011946.3_1638_sense  TGCTGTCAACATCATAGCAGAGGTAGGTTTTGGCCACTGACTGACCTACCTCTTATGATGTTGA 

  4 NM_011946.3_2203_sense  TGCTGTTCAAATTCAGCCCAAGGTGGGTTTTGGCCACTGACTGACCCACCTTGCTGAATTTGAA 

Map3k3  1 NM_011947.3_92_sense  TGCTGATATCCAGACAACCGGGTTCGGTTTTGGCCACTGACTGACCGAACCCGTGTCTGGATAT 

  2 NM_011947.3_92_antisense  CCTGATATCCAGACACGGGTTCGGTCAGTCAGTGGCCAAAACCGAACCCGGTTGTCTGGATATC 

  3 NM_011947.3_606_sense  TGCTGTGTTGATGCTCGTATAGGATCGTTTTGGCCACTGACTGACGATCCTATGAGCATCAACA 

  4 NM_011947.3_606_antisense  CCTGTGTTGATGCTCATAGGATCGTCAGTCAGTGGCCAAAACGATCCTATACGAGCATCAACAC 

  1 NM_011947.3_1181_sense  TGCTGCTTAGAAGCAAGTTCACGTCCGTTTTGGCCACTGACTGACGGACGTGATTGCTTCTAAG 

  2 NM_011947.3_1181_antisense  CCTGCTTAGAAGCAATCACGTCCGTCAGTCAGTGGCCAAAACGGACGTGAACTTGCTTCTAAGC 

  3 NM_011947.3_1822_sense  TGCTGACAAATATGCGCCTCAGGAAGGTTTTGGCCACTGACTGACCTTCCTGACGCATATTTGT 

  4 NM_011947.3_1822_antisense  CCTGACAAATATGCGTCAGGAAGGTCAGTCAGTGGCCAAAACCTTCCTGAGGCGCATATTTGTC 

Map3k4  1 NM_011948.2_880_sense  TGCTGCATTGATGATGTCTGGGATGGGTTTTGGCCACTGACTGACCCATCCCACATCATCAATG 

  2 NM_011948.2_1953_sense  TGCTGTTTACACTCTCGCACTAGCTGGTTTTGGCCACTGACTGACCAGCTAGTGAGAGTGTAAA 

  3 NM_011948.2_3306_sense  TGCTGAATAAAGGCAGGTTCAATGGCGTTTTGGCCACTGACTGACGCCATTGACTGCCTTTATT 

  4 NM_011948.2_4234_sense  TGCTGTGAAGATGTACATCTCTTCCCGTTTTGGCCACTGACTGACGGGAAGAGGTACATCTTCA 

Map3k8  1 NM_007746.2_215_sense  TGCTGTTCACTTGCATAAAGGTTCTCGTTTTGGCCACTGACTGACGAGAACCTATGCAAGTGAA 

  2 NM_007746.2_616_sense  TGCTGATAGGGATCAGTTTGCACGCCGTTTTGGCCACTGACTGACGGCGTGCACTGATCCCTAT 

  3 NM_007746.2_865_sense  TGCTGATATCATGGTGGATCACTTTCGTTTTGGCCACTGACTGACGAAAGTGACACCATGATAT 

  4 NM_007746.2_1473_sense  TGCTGTATTGAAGTAGCCAGCCAGAGGTTTTGGCCACTGACTGACCTCTGGCTCTACTTCAATA 

Mapk1  1 NM_011949.3_568_sense  TGCTGTCAAGAGCTTGTAAAGGTCCGGTTTTGGCCACTGACTGACCGGACCTTCAAGCTCTTGA 

  2 NM_011949.3_810_sense  TGCTGTTCTGGAGCTCTGTACCAACGGTTTTGGCCACTGACTGACCGTTGGTAGAGCTCCAGAA 

  3 NM_011949.3_960_sense  TGCTGTGGAGATCCAAGAATACCCAGGTTTTGGCCACTGACTGACCTGGGTATTTGGATCTCCA 

  4 NM_011949.3_1182_sense  TGCTGATCACTTGGGTCATAATACTGGTTTTGGCCACTGACTGACCAGTATTAACCCAAGTGAT 

Mapk3  1 NM_011952.2_359_sense  TGCTGTAAACATCTCTCATGGCTTCCGTTTTGGCCACTGACTGACGGAAGCCAAGAGATGTTTA 

  2 NM_011952.2_527_sense  TGCTGTTGATAAGCAGATTGGAAGGCGTTTTGGCCACTGACTGACGCCTTCCACTGCTTATCAA 

  3 NM_011952.2_896_sense  TGCTGTTAGGAAAGAGCTTGGCCCAAGTTTTGGCCACTGACTGACTTGGGCCACTCTTTCCTAA 

  4 NM_011952.2_1001_sense  TGCTGTACTGTTCCAGGTAAGGGTGAGTTTTGGCCACTGACTGACTCACCCTTCTGGAACAGTA 
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Mapk7  1 NM_011841.1_606_sense  TGCTGTCCAGTACCACATAGACAGATGTTTTGGCCACTGACTGACATCTGTCTGTGGTACTGGA 

  2 NM_011841.1_1039_sense  TGCTGTGACGGAGTTCCCAACACCATGTTTTGGCCACTGACTGACATGGTGTTGAACTCCGTCA 

  3 NM_011841.1_1633_sense  TGCTGTTTGAGGGCTGCTTTGGTATTGTTTTGGCCACTGACTGACAATACCAACAGCCCTCAAA 

  4 NM_011841.1_2412_sense  TGCTGAATTCCTCCAGATCAAAGCCAGTTTTGGCCACTGACTGACTGGCTTTGCTGGAGGAATT 
Mapk8ip

1 1 NM_011162.4_245_sense  TGCTGAACTCCTCCAGGCTGATGTCAGTTTTGGCCACTGACTGACTGACATCACTGGAGGAGTT 

  2 NM_011162.4_644_sense  TGCTGTTATTATTCAGCGTGTCCTGAGTTTTGGCCACTGACTGACTCAGGACACTGAATAATAA 

  3 NM_011162.4_1696_sense  TGCTGTGTTATAGGCCTCATACCAATGTTTTGGCCACTGACTGACATTGGTATGGCCTATAACA 

  4 NM_011162.4_2217_sense  TGCTGAGGACAGGTATACTCCACAAAGTTTTGGCCACTGACTGACTTTGTGGAATACCTGTCCT 

Mos 1 NM_020021.2_450_sense  TGCTGAGTCTATGGAGAACCAGGCCAGTTTTGGCCACTGACTGACTGGCCTGGCTCCATAGACT 

  2 NM_020021.2_507_sense  TGCTGTATACACCGAGCCAAACCCTCGTTTTGGCCACTGACTGACGAGGGTTTCTCGGTGTATA 

  3 NM_020021.2_558_sense  TGCTGTGCACTTGTTTACTTGCTTGAGTTTTGGCCACTGACTGACTCAAGCAAAAACAAGTGCA 

  4 NM_020021.2_1279_sense  TGCTGTTGAGGTCCCTTTGGAGCAGTGTTTTGGCCACTGACTGACACTGCTCCAGGGACCTCAA 

Mtor  1 NM_020009.2_293_sense  TGCTGCATAGAAGCGAGTAGACTCCTGTTTTGGCCACTGACTGACAGGAGTCTTCGCTTCTATG 

  2 NM_020009.2_2709_sense  TGCTGTTCAGCAGCACTTCAAGCAAAGTTTTGGCCACTGACTGACTTTGCTTGGTGCTGCTGAA 

  3 NM_020009.2_4916_sense  TGCTGTGTACTGGATAACCTCTTCCAGTTTTGGCCACTGACTGACTGGAAGAGTATCCAGTACA 

  4 NM_020009.2_7405_sense  TGCTGATTTGTGTCCATCAGCCTCCAGTTTTGGCCACTGACTGACTGGAGGCTTGGACACAAAT 

Nck1  1 NM_010878.2_261_sense  TGCTGAACAATAGATGCTTTCCGAGCGTTTTGGCCACTGACTGACGCTCGGAACATCTATTGTT 

  2 NM_010878.2_392_sense  TGCTGAAAGCAGGCATGTTAAGGTCAGTTTTGGCCACTGACTGACTGACCTTAATGCCTGCTTT 

  3 NM_010878.2_528_sense  TGCTGTGAAGGAAACCATCCAATTTGGTTTTGGCCACTGACTGACCAAATTGGGGTTTCCTTCA 

  4 NM_010878.2_717_sense  TGCTGAATAACATCCATTACATCGCCGTTTTGGCCACTGACTGACGGCGATGTTGGATGTTATT 

Pak1  1 NM_011035.2_309_sense  TGCTGTAGGGTTCCAGTGTCTTTGCTGTTTTGGCCACTGACTGACAGCAAAGACTGGAACCCTA 

  2 NM_011035.2_595_sense  TGCTGATTCCAACACATCCAGAACAGGTTTTGGCCACTGACTGACCTGTTCTGTGTGTTGGAAT 

  3 NM_011035.2_1071_sense  TGCTGATCCATTGCAGTATACACTGTGTTTTGGCCACTGACTGACACAGTGTACTGCAATGGAT 

  4 NM_011035.2_1806_sense  TGCTGAATCAGTGGAGTCAGGCTAGAGTTTTGGCCACTGACTGACTCTAGCCTCTCCACTGATT 

Pak2  1 NM_177326.2_316_sense  TGCTGAACAGAAGGCAAAGGTTTCAAGTTTTGGCCACTGACTGACTTGAAACCTGCCTTCTGTT 

  2 NM_177326.2_847_sense  TGCTGTTTGTCTGAAGACTTGGCACCGTTTTGGCCACTGACTGACGGTGCCAACTTCAGACAAA 

  3 NM_177326.2_1248_sense  TGCTGTGTAAACACTCTCTGCACACGGTTTTGGCCACTGACTGACCGTGTGCAGAGTGTTTACA 

  4 NM_177326.2_1725_sense  TGCTGATCAGTGGCGTCAAGCTAGACGTTTTGGCCACTGACTGACGTCTAGCTACGCCACTGAT 

Pak4  1 NM_027470.3_297_sense  TGCTGATCTCCACCCGCTTCTTCTTCGTTTTGGCCACTGACTGACGAAGAAGACGGGTGGAGAT 

  2 NM_027470.3_1359_sense  TGCTGAGCAGTTCACGTCTTTGCTGCGTTTTGGCCACTGACTGACGCAGCAAACGTGAACTGCT 

  3 NM_027470.3_1521_sense  TGCTGATCTGTTCCTCGTTCATCCTGGTTTTGGCCACTGACTGACCAGGATGAGAGGAACAGAT 

  4 NM_027470.3_1800_sense  TGCTGTCCACCATCTCGATCACCATCGTTTTGGCCACTGACTGACGATGGTGAGAGATGGTGGA 

Park2  1 NM_016694.3_149_sense  TGCTGAGATGCTGGTGTCAGAATCGAGTTTTGGCCACTGACTGACTCGATTCTCACCAGCATCT 

  2 NM_016694.3_495_sense  TGCTGTTAACTGGACCTCTGGCTGCTGTTTTGGCCACTGACTGACAGCAGCCAGGTCCAGTTAA 

  3 NM_016694.3_984_sense  TGCTGTGATGGAGCTCTTTAATCAGGGTTTTGGCCACTGACTGACCCTGATTAGAGCTCCATCA 

  4 NM_016694.3_1464_sense  TGCTGAACCAGTGATCTCCCATGCAGGTTTTGGCCACTGACTGACCTGCATGGGATCACTGGTT 

Pdgfra  1 NM_011058.2_239_sense  TGCTGAATAAGAGCTGGCAGGAGATGGTTTTGGCCACTGACTGACCATCTCCTCAGCTCTTATT 

  2 NM_011058.2_1063_sense  TGCTGTTTCCTTGACCTCTTTAGTGGGTTTTGGCCACTGACTGACCCACTAAAGGTCAAGGAAA 

  3 NM_011058.2_1998_sense  TGCTGATAAGCTGTACCTTCGACCACGTTTTGGCCACTGACTGACGTGGTCGAGTACAGCTTAT 

  4 NM_011058.2_2738_sense  TGCTGTTCACAGGCAGGAAAGTACTGGTTTTGGCCACTGACTGACCAGTACTTCTGCCTGTGAA 

Pkmyt1  1 NM_023058.3_762_sense  TGCTGTCCATATGAGCCATGACCCAGGTTTTGGCCACTGACTGACCTGGGTCAGCTCATATGGA 

  2 NM_023058.3_993_sense  TGCTGTTCACAGTGTTGCTGCAGGCTGTTTTGGCCACTGACTGACAGCCTGCAAACACTGTGAA 

  3 NM_023058.3_1245_sense  TGCTGATAAGAGCCCTGCAGCAGTTCGTTTTGGCCACTGACTGACGAACTGCTAGGGCTCTTAT 

  4 NM_023058.3_1704_sense  TGCTGTATGCTGTCATTATCCCAGCTGTTTTGGCCACTGACTGACAGCTGGGAATGACAGCATA 
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Prkaca  1 NM_008854.4_245_sense  TGCTGAACTCTTTCACGCTCTCCTGCGTTTTGGCCACTGACTGACGCAGGAGAGTGAAAGAGTT 

  2 NM_008854.4_577_sense  TGCTGACATCTCGCCACCAGCTACATGTTTTGGCCACTGACTGACATGTAGCTTGGCGAGATGT 

  3 NM_008854.4_894_sense  TGCTGACCAGCAGCCATCTCGTAGATGTTTTGGCCACTGACTGACATCTACGATGGCTGCTGGT 

  4 NM_008854.4_1181_sense  TGCTGTAGTCGTCAAAGTTACTCGTGGTTTTGGCCACTGACTGACCACGAGTATTTGACGACTA 

Prkacb  1 NM_011100.4_299_sense  TGCTGAACTCTTTCACGCTCTCCACTGTTTTGGCCACTGACTGACAGTGGAGAGTGAAAGAGTT 

  2 NM_011100.4_661_sense  TGCTGTGAACCTTCCAATTCTTCTCAGTTTTGGCCACTGACTGACTGAGAAGATGGAAGGTTCA 

  3 NM_011100.4_980_sense  TGCTGTGAATTGGCTGGTCAGCAAAGGTTTTGGCCACTGACTGACCTTTGCTGCAGCCAATTCA 

  4 NM_011100.4_1191_sense  TGCTGTATGAATGGAGCCTCAACCTTGTTTTGGCCACTGACTGACAAGGTTGACTCCATTCATA 

Prkca  1 NM_011101.3_319_sense  TGCTGTGAATTTGTGGTCTTTCACCTGTTTTGGCCACTGACTGACAGGTGAAACCACAAATTCA 

  2 NM_011101.3_1004_sense  TGCTGTTCATTAGCTCTGAGACACCAGTTTTGGCCACTGACTGACTGGTGTCTGAGCTAATGAA 

  3 NM_011101.3_1507_sense  TGCTGTAAATTTCCCGACTTGCTGAAGTTTTGGCCACTGACTGACTTCAGCAACGGGAAATTTA 

  4 NM_011101.3_2220_sense  TGCTGTCATACTGCACTTTGCAAGATGTTTTGGCCACTGACTGACATCTTGCAGTGCAGTATGA 

Prlr  1 NM_011169.5_800_sense  TGCTGTCCAGGTGGTGACTGTCCATTGTTTTGGCCACTGACTGACAATGGACACACCACCTGGA 

  2 NM_011169.5_1365_sense  TGCTGATCTACTCCAGTATCCATGGTGTTTTGGCCACTGACTGACACCATGGACTGGAGTAGAT 

  3 NM_011169.5_1570_sense  TGCTGTTCTCTAGCAGATGAGTATCAGTTTTGGCCACTGACTGACTGATACTCCTGCTAGAGAA 

  4 NM_011169.5_1775_sense  TGCTGATAGCTTCCATGACCAGAGTCGTTTTGGCCACTGACTGACGACTCTGGATGGAAGCTAT 

Ptpn11  1 NM_011202.3_216_sense  TGCTGATTCTCTGCCTCCACACCAGTGTTTTGGCCACTGACTGACACTGGTGTAGGCAGAGAAT 

  2 NM_011202.3_888_sense  TGCTGTTTATCTGTGGTCTCAGCCAGGTTTTGGCCACTGACTGACCTGGCTGACCACAGATAAA 

  3 NM_011202.3_1420_sense  TGCTGAGACGGTTCTCTCTGTGTTTCGTTTTGGCCACTGACTGACGAAACACAGAGAACCGTCT 

  4 NM_011202.3_1726_sense  TGCTGCAGCCATGTAGATAAACCGGTGTTTTGGCCACTGACTGACACCGGTTTCTACATGGCTG 

Ptpn6  1 NM_013545.2_700_sense  TGCTGATAGCGTCCACCCTCACACATGTTTTGGCCACTGACTGACATGTGTGAGTGGACGCTAT 

  2 NM_013545.2_1020_sense  TGCTGTCAAAGGGAAGAATGTTCTTGGTTTTGGCCACTGACTGACCAAGAACACTTCCCTTTGA 

  3 NM_013545.2_1336_sense  TGCTGTGCTGTGTCATGCTCCCTACTGTTTTGGCCACTGACTGACAGTAGGGAATGACACAGCA 

  4 NM_013545.2_1749_sense  TGCTGATGATCTCCAGTTTCTTCTTGGTTTTGGCCACTGACTGACCAAGAAGACTGGAGATCAT 

Raf1  1 NM_029780.3_551_sense  TGCTGTGAGCTTGCCATCATCTGAGGGTTTTGGCCACTGACTGACCCTCAGATTGGCAAGCTCA 

  2 NM_029780.3_990_sense  TGCTGAGCAAGAGCTGTCTGATATTAGTTTTGGCCACTGACTGACTAATATCACAGCTCTTGCT 

  3 NM_029780.3_1743_sense  TGCTGATTAGCTGGAACATCTGGAATGTTTTGGCCACTGACTGACATTCCAGATTCCAGCTAAT 

  4 NM_029780.3_2238_sense  TGCTGTGCTGAAGCAGCTCGATGGAAGTTTTGGCCACTGACTGACTTCCATCGCTGCTTCAGCA 

Sncaip  1 NM_026408.3_511_sense  TGCTGTGGAGAAACTCGCTTCACTGGGTTTTGGCCACTGACTGACCCAGTGAAGAGTTTCTCCA 

  2 NM_026408.3_1129_sense  TGCTGTGAAGATTGCAGGTGGAAGGAGTTTTGGCCACTGACTGACTCCTTCCATGCAATCTTCA 

  3 NM_026408.3_1663_sense  TGCTGTTGTGAGGCGACATGAACAGCGTTTTGGCCACTGACTGACGCTGTTCATCGCCTCACAA 

  4 NM_026408.3_2538_sense  TGCTGAAGTCTGGTTCACTGCTCTCTGTTTTGGCCACTGACTGACAGAGAGCAGAACCAGACTT 

Socs1  1 NM_009896.2_169_sense  TGCTGATTGTCGGCTGCCACCTGGTTGTTTTGGCCACTGACTGACAACCAGGTCAGCCGACAAT 

  2 NM_009896.2_446_sense  TGCTGCCAAGAAGGTGCCCACGGGCTGTTTTGGCCACTGACTGACAGCCCGTGCACCTTCTTGG 

  3 NM_009896.2_531_sense  TGCTGTGGAAGTGCACGCGGATGCTCGTTTTGGCCACTGACTGACGAGCATCCGTGCACTTCCA 

  4 NM_009896.2_755_sense  TGCTGAACTCAGGTAGTCACGGAGTAGTTTTGGCCACTGACTGACTACTCCGTCTACCTGAGTT 

Stub1  1 NM_019719.3_592_sense  TGCTGTTTCCCTGCTCCTTGAGCTCTGTTTTGGCCACTGACTGACAGAGCTCAGAGCAGGGAAA 

  2 NM_019719.3_684_sense  TGCTGTAGTGTAGTACACTGCCACAAGTTTTGGCCACTGACTGACTTGTGGCAGTACTACACTA 

  3 NM_019719.3_787_sense  TGCTGAAGAAGTGCGCCTTCACAGACGTTTTGGCCACTGACTGACGTCTGTGAGCGCACTTCTT 

  4 NM_019719.3_860_sense  TGCTGCAAACTATAGGCTCGCTGCAGGTTTTGGCCACTGACTGACCTGCAGCGCCTATAGTTTG 

Syk  1 NM_011518.2_405_sense  TGCTGTTAAGTTCCCTCTCGATGGTGGTTTTGGCCACTGACTGACCACCATCGAGGGAACTTAA 

  2 NM_011518.2_1058_sense  TGCTGTGATCCTTGAGATTATTCCACGTTTTGGCCACTGACTGACGTGGAATACTCAAGGATCA 

  3 NM_011518.2_1566_sense  TGCTGTTCTGCTGCAGGTACTTGTTGGTTTTGGCCACTGACTGACCAACAAGTCTGCAGCAGAA 

  4 NM_011518.2_1995_sense  TGCTGTTCATCAGGTCGTACATCTCTGTTTTGGCCACTGACTGACAGAGATGTGACCTGATGAA 
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Tec 1 NM_001113460.1_921_sense  TGCTGTATTTCTGCAGTACCACTCATGTTTTGGCCACTGACTGACATGAGTGGCTGCAGAAATA 

  2 NM_001113460.1_1117_sense  TGCTGTTCTCTGCCAGGTAATACTTCGTTTTGGCCACTGACTGACGAAGTATTCTGGCAGAGAA 

  3 NM_001113460.1_1592_sense  TGCTGTTCACAGACATCTTGACACATGTTTTGGCCACTGACTGACATGTGTCAATGTCTGTGAA 

  4 NM_001113460.1_1947_sense  TGCTGAATATTTGGAAGCCAGCTTTGGTTTTGGCCACTGACTGACCAAAGCTGTTCCAAATATT 
Tnfrsf11

a 1 NM_009399.3_551_sense  TGCTGTTTCCAAGGAGGGTGCAGTTGGTTTTGGCCACTGACTGACCAACTGCACTCCTTGGAAA 

  2 NM_009399.3_713_sense  TGCTGTAAACGCCGAAGATGATGGCAGTTTTGGCCACTGACTGACTGCCATCATTCGGCGTTTA 

  3 NM_009399.3_1104_sense  TGCTGTTTGCTTCCCTGCTGGATTAGGTTTTGGCCACTGACTGACCTAATCCAAGGGAAGCAAA 

  4 NM_009399.3_1397_sense  TGCTGAATGGTCCACATTTCAGGGACGTTTTGGCCACTGACTGACGTCCCTGATGTGGACCATT 

Wee1  1 NM_009516.3_889_sense  TGCTGAACAGAGCCGGAATCAATAACGTTTTGGCCACTGACTGACGTTATTGACCGGCTCTGTT 

  2 NM_009516.3_1432_sense  TGCTGTATAGCATCAGCTAAACTCCCGTTTTGGCCACTGACTGACGGGAGTTTCTGATGCTATA 

  3 NM_009516.3_1758_sense  TGCTGTTCGGTAGATGGCTATAGTTCGTTTTGGCCACTGACTGACGAACTATACATCTACCGAA 

  4 NM_009516.3_2208_sense  TGCTGTATATAGTAAGGCTGACAGAGGTTTTGGCCACTGACTGACCTCTGTCACTTACTATATA 
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Appendix 5  
Relative free fatty acid release upon knockdown of selected keynodes. Raw data were 

normalized to the plate median.  

Gene  
rel. basal 

lipolysis  

rel. insulin 

suppressed 

lipolysis  

rel.isop. 

stimulated 

lipolysis  

insulin 

supression  

of basal 

lipolysis  

isop. 

induction of 

lipolysis vs 

basal 

lipolysis  

ins supression 

of isop. induced 

lipolysis  

Adrbk1  1.72  0.97  1.05  0.68  8.75  2.21  

Agtr2  0.97  1.19  0.89  1.26  8.84  1.96  

Akap5  1.13  0.97  1.12  0.84  7.47  1.94  

Araf  1.25  1.12  0.89  0.72  5.62  0.95  

Bcar1  0.84  0.95  1.05  0.68  7.97  0.72  

Braf  1.14  1.10  0.92  0.62  7.72  0.70  

Ccnb1  1.18  1.17  1.06  0.72  6.46  0.79  

Ccnb2  0.91  1.08  1.09  0.77  5.91  0.72  

Cdc25a  1.62  1.29  1.17  0.68  4.69  0.72  

Cdc25b  0.90  0.93  0.96  0.66  4.35  0.76  

Cdc25c  1.36  1.23  1.08  0.60  4.34  0.90  

Cdc42  0.78  0.77  0.94  0.65  6.44  0.67  

Ceacam1  1.08  1.07  1.01  0.60  4.42  0.95  

Crebbp  1.11  0.90  1.01  0.62  7.20  0.68  

Csf2rb  0.97  0.90  0.95  0.64  7.07  0.71  

Dcx  1.05  1.17  1.02  0.69  8.68  0.56  

Dusp10  1.26  0.96  1.16  0.49  8.19  0.50  

Dusp4  0.71  0.86  0.79  0.66  8.25  0.67  

Dusp8  0.73  0.93  0.92  0.73  9.38  0.68  

Ep300  0.93  0.96  0.98  0.68  9.70  0.79  

Erbb2  0.81  1.18  1.15  0.8  6.16  0.75  

F2  1.00  0.94  0.94  0.69  5.53  0.73  

Fga  1.01  0.99  1.03  0.55  11.19  1.40  

Fgb  1.34  1.43  1.12  0.61  7.16  0.73  

Fgg  1.06  1.01  0.89  0.75  5.28  0.86  

Fn1  0.99  1.04  0.94  0.67  8.60  0.75  

Frs2  1.30  1.38  0.98  0.71  5.37  0.82  

Frs3  0.92  1.16  0.89  0.72  7.07  0.63  
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Gab1  1.11  1.21  0.99  0.46  4.73  0.63  

Gsk3a  1.08  1.09  0.93  0.61  5.14  0.92  

Gsk3b  1.32  1.59  1.01  0.68  4.10  0.76  

Hipk2  0.76  0.93  0.92  1.04  9.54  0.77  

Hspa1a  0.74  1.17  1.02  1.16  36.32  0.79  

Hspa1b  1.12  0.96  0.89  0.67  6.82  0.78  

Hspa2  1.05  0.96  1.00  0.61  7.76  0.78  

Hspa4  0.94  1.04  1.02  0.75  11.08  0.78  

Hspa5  1.63  1.30  1.08  0.70  9.78  0.66  

Ifngr1  1.14  0.92  1.09  0.67  9.41  0.61  

Igf1r  1.03  0.96  2.01  0.63  9.66  0.68  

Il10ra  0.84  0.71  1.59  0.61  12.37  0.73  

Il2  0.97  0.81  2.11  0.58  8.37  0.69  

Il2rb  1.16  1.42  1.02  0.58  9.14  0.76  

Il4  1.27  1.07  1.04  0.59  9.97  0.79  

Il6st  0.87  0.97  0.96  0.90  7.25  0.84  

Il7r  0.94  0.80  1.02  0.78  6.87  0.83  

Irs1  0.85  0.90  1.11  0.96  7.72  0.55  

Irs2  0.97  1.33  1.16  0.85  6.92  0.71  

Irs3  0.81  1.12  0.86  0.83  3.72  0.77  

Itga2b  0.99  1.16  1.00  0.84  4.19  0.69  

Itgb3  1.06  1.85  0.96  1.43  2.73  0.72  

Jak3  1.01  0.95  1.10  0.68  5.08  0.63  

Kat2b  1.21  1.11  1.14  0.80  4.14  0.67  

Kdr  1.09  1.18  1.00  0.85  4.93  0.86  

Lyn  0.86  0.88  1.11  0.88  4.51  0.69  

Map2K4  0.86  0.86  1.05  0.88  4.52  0.69  

Map2K7  1.12  1.03  1.30  0.53  4.78  0.79  

Map3K2  0.97  0.99  1.25  0.70  6.05  0.87  

Map3K3  1.17  1.04  0.97  0.56  8.49  0.78  

Map3K4  1.25  1.22  1.07  0.55  7.86  0.84  

Map3K8  0.87  0.90  0.93  0.55  9.15  0.75  

Mapk1  1.14  1.11  1.21  0.51  7.97  0.65  

Mapk3  0.97  1.08  0.86  0.71  6.19  0.76  

Mapk7  1.18  1.27  1.08  0.72  6.11  0.75  
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Mapk8ip1  1.03  1.03  0.98  0.60  6.18  0.59  

Mos  0.95  0.89  0.99  0.65  7.94  0.84  

Mtor  1.03  1.09  0.97  0.72  7.65  0.71  

Pak1  0.99  0.91  0.93  0.61  7.90  0.74  

Pak4  1.11  1.04  1.15  0.50  7.73  0.63  

Park2  1.33  1.12  0.99  0.48  5.74  0.55  

Pkmyt1  1.16  1.08  1.00  0.63  5.03  0.66  

Prkaca  0.96  0.80  1.14  0.57  7.80  0.58  

Prkacb  1.75  1.49  1.13  0.63  6.85  0.63  

Prkca  1.26  1.60  0.52  0.80  4.86  0.93  

Prlr  0.84  1.82  0.74  1.22  7.17  0.73  

Ptpn11  1.01  0.84  1.11  0.52  8.69  0.54  

Ptpn6  1.39  1.15  0.94  0.53  5.42  0.77  

Raf1  0.86  1.04  0.87  0.79  8.46  0.78  

Rock2  0.87  1.02  1.03  0.73  9.41  0.90  

Sirpa  1.09  1.06  1.26  0.55  8.17  0.48  

Slamf1  1.05  1.04  1.05  0.56  6.52  0.55  

Sncalp  1.25  2.15  0.83  0.82  5.02  0.79  

Socs1  1.22  1.83  0.81  0.74  4.61  0.69  

Stub1  1.14  1.01  0.94  0.59  6.56  0.73  

Syk  1.49  1.18  1.03  0.48  5.33  0.73  

Tec  1.06  0.98  1.13  0.56  7.83  0.51  

Tnfrsf11a  0.77  0.78  1.03  0.64  10.48  0.61  

Wee1  0.92  1.04  0.95  0.48  9.62  0.59  

scramble  0.98  1.03  1.11  0.69  9.05  0.73  
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Appendix 6 

Primer sequences for qPCR analysis  

h36B4 - fw  CCAGGCGTCCTCGTGGAAGT 

h36B4 - rev  TGCTGCATCTGCTTGGAGCCCA 

hNck1 - fw  GGGCATGTTGAGGTCATAGAG 

hNck1 - rev  GCTCGGAAAGCATCTATTGTG 

m36B4 - fw  GCCGTGATGCCCAGGGAAGA 

m36B4 - rev  CATCTGCTTGGAGCCCACGTT 

mAgtr2 - fw  GGAGCTCGGAACTGAAAGC 

mAgtr2 - rev  CTGCAGCAACTCCAAATTCTT 

mDusp10 - fw  GGGCTACGCTTATTGATGAAAC 

mDusp10 - rev  CCTGTCTAAAGGAGATGGA 

mGAPDH - fw  CTGACGTGCCGCCTGGAGAAA 

mGAPDH -rev  CCGGCATCGAAGGTGGAAGAGT 

mHspa1a - fw  GGCCAGGGCTGGATTACT 

mHspa1a - rev  GCAAACCACCATGCAAGATTA 

mIl10ra - fw  CGCTTGGAATCCCGAATTA 

mIl10ra - rev  CTCAGGTTGGTCACAGTGAAAT 

mIl2 - fw  GCTGTTGATGGACCTACAGGA 

mIl2 - rev  TTCAATTCTGTGGCCTGCTT 

mItgb3 - fw  GTGGGAGGGCAGTCCTCTA 

mitgb3 - rev  CAGGATATCAGGACCCTTGG 

mNck1 - fw  CGGTCCTCAGGTGACTGG 

mNck1 - rev  CCTGCTGTGCCACATAATCA 

mNck2 - fw  TTGTAACTGCGTGCCAAAGA 

mNck2 - rev  TCCTGATGTCGAGCTCCTG 

mPark2 - fw  GCCCGGTGACCATGATAG 

mPark2 - rev  GTGTCAGAATCGACCTCCACT 

mPrkaca - fw  TCTGGAGTCCTCATCCTACGA 

mPrkaca - rev  CTGAAGTGGGATGGGAACC 

mPrkca - fw  TGAAGAAGGCAACATGGAACT 

mPrkca - rev  TTTGTTACCAGCAGGGCCTA 
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mPrlr - fw  TTTTGCACATGAACCCTGAA 

mPrlr - rev  GGCCCTTCTTCTTGCTACAG 

mSocs1 - fw  GTGGTTGTGGAGGGTGAGAT 

mSocs1 - rev  CCTGAGAGGTGGGATGAGG 

mWee1 - fw  CGTGGGAGAAAGAGCGTA 

mWee1 - rev  CATAATCACTGGCTTCCATGTC 
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