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ABSTRACT

Type 2 diabetes mellitus (T2D) is increasing worldwide at an epidemic rate
and is expected to reach 592 million inflicted individuals by 2035 as
compared to 382 million in 2013. Obesity is a major risk factor for insulin
resistance, defined as an impaired cellular effect of insulin, and this precedes
the development of T2D. Around 85% of subjects with T2D are overweight
or obese. However, the obesity-associated insulin resistance is not a direct
consequence of an increased fat mass per se but rather a reduced ability to
recruit new subcutaneous adipose cells following weight gain and the
associated dysregulated, inflamed and insulin-resistant adipose tissue
characterized by enlarged adipose cells (hypertrophic obesity).

The adipogenic potential of human pre-adipocytes differs between donors
and this is related to cell size and maintained activation of WNT-signaling in
precursor cells. The canonical WNT pathway allows the mesenchymal stem
cells to proliferate and prevents them from committing to the adipocyte
linage. We identified a novel secreted “adipokine” induced by WNT
activation, WNT1 inducible signaling pathway protein 2 (WISP2). WISP2 is
preferentially expressed in mesenchymal precursor cells and links
hypertrophic  obesity with canonical WNT-signaling. We found
transcriptional activation of WISP2 in the subcutaneous adipose tissue to be a
marker of the obesity-associated metabolic complications including degree of
insulin resistance, ectopic fat accumulation and hypertrophic obesity.
Mechanistically, we found canonical WNT signaling/WISP2 to regulate
adipogenic commitment and differentiation in two different ways; -
intracellular WISP2 retains the PPARYy transcriptional activator ZFP423 in a
cytosolic complex which, when dissociated by BMP4, allows nuclear entry of
ZFP423, induction of PPARYy and commitment into to the adipose lineage
and; - as a secreted molecule, WISP2 enhances cell proliferation and inhibits
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adipocyte differentiation by activating canonical WNT signaling and,
thereby, inhibiting PPARY activation.

To investigate the effect of WISP2 in vivo, we generated a transgenic mouse
model overexpressing WISP2 in the adipose tissue under the aP2-promoter.
We found WISP2 to be secreted by the adipose tissue and present in serum.
The mice had a similar body weight but were characterized by improved
insulin sensitivity, increased circulating levels of adiponectin and the novel
FAHFA lipids and increased Glut4 in both adipose tissue and skeletal
muscle. They were also characterized by markers of increased mesenchymal
stem cell growth and development with a markedly expanded BAT, a
“healthy” hyperplastic subcutaneous adipose tissue and increased lean body
mass. Serum from the Tg mice also increased the proliferation of both brown
adipose precursor cells and the mesenchymal stem-like CH3T101/2 cells and
this was inhibited by adding specific anti-WISP2 monoclonal antibodies to
the serum.

Taken together, WISP2 is a novel secreted autocrine/endocrine regulator of
mesenchymal stem cell growth and proliferation as well as their adipogenic
commitment. There is important cross-talk between WISP2 and BMP4 in the
regulation of adipogenic commitment and differentiation and BMP4 is also a
regulator of WISP2 transcriptional activation. WISP2 is a novel target in
hypertrophic obesity and the Metabolic Syndrome.

Keywords: Adipose tissue; BMP4; Canonical WNT pathway; Insulin
Resistance; Obesity; PPARy; Type 2 Diabetes; WISP2
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SAMMANFATTNING PA SVENSKA

Typ 2 diabetes okar med epidemisk hastighet varlden Gver och forvéintas na 592
miljoner drabbade ar 2035, jamfort med dagens 382 miljoner (6,4 % av den svenska
befolkningen).

Insulinresistens ar ett forstadium till typ 2 diabetes och innebér en nedsatt férmaga att
svara pa insulin som till exempel att ta upp socker fran blodet. Insulinresistens
orsakas av ett samspel mellan genetiska och omgivningsfaktorer sdsom &vervikt,
ohédlsosam livsstil och rokning.

En starkt bidragande orsak till insulinresistens och typ 2 diabetes ar en allt mer
utbredd overvikt hos befolkningen. Idag dr ca hilften av alla vuxna mén, en tredjedel
av alla kvinnor och vart femte barn verviktiga eller obesa. Ménga upplever dvervikt
som ett problem och det okar dven risken for flertalet sjukdomar sdsom typ 2
diabetes . Ca 85 % av alla som drabbas av typ 2 diabetes &r 6verviktiga eller obesa,
men ca 30 % av obesa individer &r metaboliskt friska. Orsaken till varfor vissa
overviktiga individer, men inte alla, drabbas av metabola komplikationer ar bland
annat kopplat till en nedsatt mognad och funktion av fettvdvnaden varvid det bildas
fa, men stora fettceller, sa kallad hypertrofisk fettansamling. Detta leder i sin tur till
att fett ansamlas pa platser i kroppen som normalt inte lagrar fett, dvs ektopisk
fettansamling, vilket inkluderar fettansamling i buken, levern, skelettmuskel, hjértat
och runt blodkérlen. Detta orsakar lipotoxicitet med flera metabola komplikationer,
inklusive insulinresistens.

For att motverka hypertrofisk fettansamling krdvs nybildning av fettceller nér
behovet att lagra fett okar. Detta sker frén sé kallade mesenkymala stamceller som
kan ge upphov till bade fettceller, muskelceller, benceller och broskceller. Forsta
steget kallas ”comittment”, och innebér att stamcellerna bara kan utvecklas till en av
dessa typer av celler. Nista steg inom utvecklingen av fettceller innebér att de
omogna cellerna genomgar differentiering och utvecklas till mogna fettceller med
forméga att lagra fettsyror och utséndra olika proteiner, sé kallade adipokiner. Dessa
processer dr komplicerade och strikt reglerade genom ett samspel av flera olika
molekyldra signaleringsvdgar. WNT signalen dr en signaleringsvég av stor betydelse
for fettcellernas differentiering och som maste stingas av for att tillata att
mesenkymala stamceller mognar ut till fettceller.

Vi har nyligen identifierat ett nytt sekretoriskt protein, WISP2, som framfor allt finns
och utsondras av mesenkymala stamceller och som aktiveras av WNT-signaleringen.
Det faktum att WISP2 utsondras till blodet gor att det kan vara en viktig
kommunikatér mellan fettvdven och andra vdvnader och ddrmed dr extra intressant.
Vi har visat att forekomsten av WISP2 i fettvdven kan kopplas samman med flera
riskfaktorer for typ 2 diabetes, att dess forekomst dkar i stora hypertrofa” fettceller
samt &r relaterat till nedsatt insulinkénslighet.

Formagan att differentiera human fettceller skiljer sig at mellan individer och detta ar
forsamrat vid forekomsten av “hypertrof” fetma och insulinresistens. Vi har nu visat
att en bibehallen aktivering av WNT-signalen och en 6kad férekomst av WISP2 ar
kopplat till en nedsatt mognadsgrad av fettcellerna. Vidare har vi visat att WISP2 kan
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forhindra fettcellsutmognaden och pa s sétt bidra till den nedsatta fettvavsfunktion
som dr kopplad till metabola komplikationer. Vi har funnit att det &r tva
underliggande molekyldra mekanismer som regleras av WISP2 och som involverar
reglering av savdl “comittmentsteget” som differentieringen via bland annat de
regulatoriska proteinerna ZNF432 och BMP4.

For att ytterligare studera effekten skapade vi en transgen musmodell med ett
fettvavsspecifikt Overuttryck av WISP2. De transgena mdssen visade sig vara
skyddade mot de negativa metabola forandringar som en hogfett-diet med pafdljande
fetma normalt leder till. Flera faktorer visade sig vara inblandade i den skyddande
effekten av WISP2, vilka till stor del verkar vara kopplade till en 6kad férmaga hos
de transgena mossen att rekrytera och differentiera mesenkymala stamceller.
Forutom en okad muskelmassa hade de transgena mdossen vésentligt mer brunt,
energibrannande fett och en sa kallad frisk” och vél differentierad vit fettvdv med
méanga sma celler (hyperplastisk fettvdv) istdllet for den mer ofordelaktiga,
hypertrofa fettvdven. Vidare fann vi att insulinkénsligheten och glukosupptaget var
forbattrat 1 bade fettvdven och skelettmuskulaturen och att detta var kopplat till en
okad sekretion av adiponectin, ett protein som frisétts av fettvdven och som tidigare
visats vara associerat med forbdttrad insulinkénslighet, samt ett okat uttryck av
glukostransportdren GLUT4. Ytterligare ett intressant fynd som kunde pévisas var att
de transgena mossen uppvisade 6kade nivaer av de nyligen identifierade gynnsamma
fettsyrorna FAHFA som bade forbéttrar insulinsekretion och insulinkénslighet och
som dr anti-inflammatoriska.

Merparten av de fordndringar som dokumenteras i de transgena mdssen kan forklaras
genom en Okad formaga att rekrytera mesenkymala stam celler. Denna hypotes
kunde vi bekréfta genom att serum fran de transgena mossen ledde till en okad
tillvixt av mesenkymala celler in vitro och att effekten forsvann da vi tillsatte
blockerande, specifika WISP2 antikroppar.

Sammantaget, presenteras i denna avhandling bevis for att WISP2 &r en ny adipokin
som utsondras fran fettviven och som har mdjlighet att paverka celler i dess
omgivning med huvudmal att paverka mesenkymala stamcellers tillvixt och
utmognad. Detta leder ocksa till en forbéttrad och insulinkénslighet och metabolism.
WISP2s forméga att reglera mesenkymala stamceller dr en intressant upptiackt som
ocksé kan leda till ny ldkemedelsutveckling mot fetma och typ 2 diabetes.



John Griinberg

LIST OF PAPERS

This thesis is based on the following studies, referred to in the text by their
Roman numerals:

L

II.

III.

Hammarstedt A, Hedjazifar S, Jenndahl L, Gogg S,
Griinberg JR, Gustafson B, Klimcakova E, Stich V,
Langin D, Laakso M, Smith U. WISP2 regulates
preadipocyte commitment and PPARY activation by
BMP4

Proceedings of the National Academy of Sciences of the
United States of America 2013; 110(7): 2563-2568

Griinberg JR, Hammarstedt A, Hedjazifar S, Smith U. The
novel secreted adipokine WNT1-inducible signaling
pathway protein 2 (WISP2) is a mesenchymal cell
activator of canonical WNT

Journal of Biological Chemistry 2014, 289(10), 6899-6907

Griinberg JR, Hoffmann JM, Hedjazifar S, Nerstedt A,
Jenndahl L, Castellot J, Wei L, Movérare Skrtic S, Biackhed
F, Syed I, Saghetelian A, Kahn B, Hammarstedt A, Smith U.
Increased brown fat and insulin sensitivity in obese mice
overexpressing WISP2 in the adipose tissue

Manuscript



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

CONTENT

ABBREVIATIONS ...iiiiiiiiiiiiiiieeeeestrreeeeeesssnsseeeeeesssssssseeeessssssssssseesesssssssseesess 11
I INTRODUCTION ....outiiieeieniiieeeeeassnnrreeeeeesssnsseseeeeessssssseeeesssssssssseeesssssssseees 13
1.1 Prevalence of type 2 diabetes .......ccceecveeriiirrriiiiiiieieeciee e 13
1.2 Obesity, type 2 diabetes mellitus and insulin resistance...................... 13
1.3 Metabolic syndrome & abdominal obesity .........ccccceevveerciirriieenenenee. 14
1.4 Adipose tissue distribution and metabolic complications................... 15
1.5  AdIPOSE tISSUEC ...uevieiiieeiiieeiie ettt e teeeiee et ieeesnte e et esneeenee e 16
1.5.1 Precursor cells in the adipose tiSSUE ........ceevvvrerveeriieriieeiieeieans 16
1.5.2 AdIPOGEINESIS ..eeeeeiiieiiieeiieeiee ettt et e e e eneeesabeeseeeas 17
1.5.3 Brown adip0oSe tISSUC ......cevveerieeiiieeiieeiieeriee et sieesiee e 18
1.54 Beige adipoSe tiISSUE ...ovvveriieriieiiieeiie et 18
1.6 Canonical WINT ......ooiiiiiiiiiiiecee e 19
1.6.1 Canonical WNT Signaling ........cccceeveiieniienieenieesieeeiee e 19
1.6.2 WISP2 .. 21
1.6.3 CCN-family & StrUCTUIE ....vveeeeieeiieeiieeiie et 21
1.6.4 WISP2 in human diS€ase .........cccecuerieriiriiriiniinicniceiceeeeeeee 22
2 ATIM e ettt et b et 23
3 IMETHODS. ..ciiieeettiiteeeeeeetreeeeeeessttrateeeesasassaaeeeeeassssssesesesssssssseeessessssseees 24
3.1  Ethical Statement ........ccoeereeniiniiniiiieiecceceeeeee e 24
3.2 Subjects and SAMPIES.......ccceeeriieriiieriieriie e 24
3.3 Isolation of adiPOCYLES ....cceveeueieriieeiieeieeeiee et 25
3.4 Cell culture eXperiments.........c.ceecveerueerieerieeerieeeiieeneeeseeeeseeeseeesnneas 25
3.5 Animal eXPeTimeEnts .......ccccveeeuiieriieriienieeeieeeieeeieeeneeeeeeeesaeeeseeeseneas 27
3.6 Quantitative validation of mRNA and proteins..........ccccceeeevveerveennen. 31
3.7 Statistical ANALYSES ...cccvieiiieeiieeiieeieeeee s 33
4 SUMMARY OF RESULTS......cuutiiiiieeeeiiiiieeeeeeesirteeeeessssenreeeessssssssseseessssnsnns 34
4.1 Paper o 34
4.2 Paper Il e e 35
4.3 Paper I 37
S DISCUSSION .....uciiiiiiieeieiiiiiieeeeeestrreeeeeeesetraeeeeesesssssseeeesssssssaeeessessssseees 39
5.1  WISP2 is associated with markers of Metabolic Syndrome ............... 39
5.2 WISP2 and adipOgenesiS.......cceeruieriieriieriieeiieeiieenireeieeeseeesveesnneas 40
5.3 WISP2 SigNAliNg...cccueiiiiieiiieiiieeieeeieesee et 41
5.4 WISP2 re@Ulation .....coecueieiiieeiiieeieeeieesiee et 42
5.5 WISP2 N VIVO ettt 43
6 CONCLUSION ....cutiiieiiiiieeiiieeeeireeeestreeesereeessebseeessseeessnsseeeassesessssseeesnnses 47
ACKNOWLEDGEMENT .....cuttiiitiiiiitiiiteeeeesserreeeeeessnsnsseeeessssssssseeeesesssssssseeeess 48
REFERENCES ....ovttiiiiiiiiitieeeeeseirttteeeseesasraeeeesessnsssaeeessssssssseeeesssssssssssesssnnnnns 50

10



John Griinberg

ABBREVIATIONS

2DOG 2["*C]deoxyglucose

2DOG-6P 2["*C]deoxyglucose-6-phosphate

aP2 Adipocyte protein 2

APC Adenomatous polyposis coli

a-SMA o -smooth muscle actin

BAT Brown adipose tissue

BCA Body composition analysis

BMI Body mass index

BMP Bone morphogenetic protein

BrdU Bromodeoxyuridine

CCN CTGF, Cyr61, Nov family

cDNA Complementary DNA

cEBP C/CAAT enhancer-binding protein
ChREBP Carbohydrate-responsive-element-binding protein
CTGF Connective tissue growth factor
Cyr61 Cysteine-rich angiogenic inducer 61
DEXA Dual energy X-ray absorptiometry
DKK1 Dickkopf 1

DNL De novo lipogenesis

DVL Dishevelled

EDL Extensor digitorum longus muscle
ELISA Enzyme-linked immunosorbent assay
ERK Extracellular signal-regulated kinases
eWAT Epididymal white adipose tissue
FABP4 Fatty acid binding protein 4

FAHFA Fatty acid esters of hydroxy fatty acids
FDR First-degree relative

FFA Free fatty acids

FZD Frizzled

GIR Glucose infusion rate

GLUT4 Glucose transporter type 4

GSK3p Glycogen synthase kinase 3 beta
GTT Glucose tolerance test

HFD High fat diet

HIF Hypoxia inducible factor

hMSC Human mesenchyme stem cells
IBMX Isobutylmethylxanthine

IHC Immunohistochemistry

IP Immunoprecipitation

ITT Insulin tolerance test
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JNK
KRM
LFD
LRP5/6
MAPK
NFkB
NOV
PDGF
PPARYy
PTT
qRT-PCR
RQ

SAT
SDS
sFRP
SREBP-1
SVF
SWAT
T2D
TBX1
TCF/LEF
TCP7L2
Tg
TGFp
TMEM26
TNFa
TSP1
TZD
UCP-1
UPR
VCO,
VO,
VSMC
VWC
WAT
WIF1
WISP
WNT

wt
ZFP423

c-Jun N-terminal kinases

Kremen 1/2

Low fat diet

Low-density lipoprotein-receptor-related protein-5 or -6
Mitogen-activated protein kinases

Nuclear factor kappa-light-chain-enhancer of activated B cells
Nephroblastoma overexpressed

Platelet-derived growth factor

Peroxisome proliferator activator receptor gamma
Pyruvate tolerance test

Quantitative real-time polymerase chain reaction
Respiratory exchange quotient

Subcutaneous adipose tissue

Sodium dodecyl sulfate

Secreted Frizzled-related protein

Sterol regulatory element-binding protein 1
Stromal vascular fraction

Subcutaneous white adipose tissue

Type 2 diabetes mellitus

T-box protein 1

T-cell factor/lymphoid enhancer factor
Transcription factor 7-like 2

Transgenic mice

Transforming growth factor beta

Transmembrane protein 26

Tumor necrosis factor alpha

Thrombospondin-1

Thiazolidinedione

Uncoupling protein-1

Unfolded protein response

Carbon dioxide production

Oxygen consumption

Vascular smooth muscle cells

von Willebrand factor type C domain

White adipose tissue

WNT inhibitory factor 1

WNT]1 inducible signaling pathway protein
Wingless-type MMTYV integration site family members
Wildtype mice

Zinc-finger protein 423
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1 INTRODUCTION

1.1 Prevalence of type 2 diabetes

Type 2 diabetes mellitus (T2D) is increasing worldwide at an epidemic rate
and is expected to reach 592 million inflicted individuals by 2035 as
compared to 382 million in 2013 (6,4% of the Swedish population) and
where the vast majority lives in low- and middle-income countries. The
health cost for diabetes was expected in 2010 to be 12% of the world’s total
health expenditure and in Sweden the cost per person with diabetes was in
2010 predicted to be more than 4000 USD. The global health expenditures
for diabetes in 2030 will be 30-34% larger than those of 2010. These results
show that this epidemic imposes a major economical burden on the society
worldwide and prevention efforts are needed (1,2).

1.2 Obesity, type 2 diabetes mellitus and
insulin resistance

Obesity in both men and women is associated with a greater risk of
developing chronic diseases like T2D, hypertension, cancer and heart disease
and it is increased with increasing body mass index (BMI). World Health
Organization has categorized BMI as: underweight <18.5, healthy weight
range < 24.9, overweight < 29.9 and obese as > 30. Compared with healthy
weight, overweight/obese men and women have a 3.5-4.6/10.0-11.2 relative
risk of developing diabetes over a 10-year period and more severe obesity
with a BMI > 35.0 has a 17.0-23.4 risk (3).

About 85% of patients with T2D are overweight or obese (4). However,
about 30% of obese individuals are metabolically healthy and, conversely,
around 20-30% of normal weight individuals develop these metabolic
abnormalities (5,6).

Insulin resistance is an essential component of T2D. Basically, this means
reduced insulin sensitivity, i.e., effect of insulin to lower plasma glucose by
suppressing  hepatic glucose production and stimulating glucose
uptake/utilization in peripheral tissues. Insulin resistance leads to higher
glucose levels in the blood (hyperglycemia), which makes the glucose
sensing B-cells in the pancreas secrete more insulin to compensate for the
imbalance (hyperinsulinemia). Enhanced insulin secretion can compensate
for insulin resistance and enhanced insulin sensitivity can compensate insulin
secretory defect (7).

13
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Obesity is associated with toxic cellular effects such as increased
inflammation, ER-stress, production of reactive oxygen species,
mitochondrial dysfunction, ectopic accumulation of lipids/triglycerides and
activation of serine-threonine kinases.

The inflammation is a low-grade chronic inflammation that can be considered
as an abnormal immune reaction triggered by nutrients or other intrinsic cues.
Usually it is referred to as meta-inflammation or para-inflammation and it
occurs in metabolically important organs such as liver and adipose tissue.
Together, these responses contribute to the insulin resistance in the liver,
skeletal muscle, adipose tissue and p-cells. Obesity-induced metabolic
impairments then lead to a vicious cycle where excess nutrients trigger an
inflammatory response that enhances insulin resistance, placing a greater
demand on the PB-cells. Eventually, this and other factors promote [-cell
dysfunction leading to insufficient insulin secretion and hyperglycemia (8-
10).

1.3 Metabolic syndrome & abdominal
obesity

The metabolic syndrome is a collection of risk factors that together are
associated with a higher risk for cardiovascular diseases and T2D. These risk
factors are elevated plasma glucose, dyslipidemia, hypertension, a
prothrombotic profile, and a state of inflammation. Elevated fasting or
postprandial plasma glucose fall under the range of either pre-diabetes or
diabetes. Dyslipidemia includes elevated very low-density lipoprotein-
triglycerides and decreased high-density lipoproteins. A prothrombotic
profile suggests impairments in procoagulant factors, anti-fibrinolytic factors,
platelet abnormalities and endothelial dysfunction. An inflammatory state is
illustrated by increased circulating cytokines and acute phase reactants
(11,12).

The major underlying risk factors of the metabolic syndrome are obesity and
insulin resistance. Risk association with obesity is measured as waist
circumference, and not primarily BMI, to assess visceral/abdominal obesity.
Therefore, it is not only degree of obesity that influences the risk of
metabolic disturbances but also where the fat is accumulated. Excess visceral
adipose tissue, reflected as increased abdominal girth or waist-to-hip ratio, is
an important factor for the correlation between metabolic aberrations and
obesity rather than the amount of subcutaneous abdominal fat (7,8,12,13).
This has raised the question about the difference between different adipose
tissue depots.
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1.4 Adipose tissue distribution and
metabolic complications

Human adipocytes can expand about 20 fold in diameter and several 1000-
times in volume (5) and the subcutaneous cell size can differ markedly
between individuals with the same BMI and amount of fat. The number of
cells in the adipose tissue is set after puberty with a 10% annual replacement
and the turnover rate is lower in individuals with enlarged cells (14-16). The
subcutaneous adipose tissue has a limited expandability and when the
subcutaneous adipose tissue expands, due to excess energy intake, it can be
accomplished in two principally different ways; either by expanding the
existing adipocytes (hypertrophy) or by recruiting new cells (hyperplasia).
Hypertrophic obesity is associated with local inflammation and a
dysregulated and insulin- resistant adipose tissue. When the subcutaneous
adipose tissue storage capacity is exceeded, lipids will accumulate in non-
adipose organs, i.e., the so-called ectopic fat accumulation. This includes
intra-abdominal and visceral areas, liver, skeletal muscle, heart and around
vessels (5,12,16,17). Importantly, a genetic predisposition for T2D, defined
as being a first-degree relative (FDR) to individuals with T2D, is associated
with inappropriate hypertrophy of abdominal subcutaneous adipose cells
even in non-obese individuals indicating an impaired subcutaneous
adipogenesis (18).

The increased size of the adipose cells triggers release of stress signals and
hypoxia can occur when vascularization is insufficient for the growing
adipose tissue. ER-stress is triggered by hypoxia or excess nutrients, leading
to an unfolded protein response (UPR). In the ER, proteins are translated,
folded and checked for quality before they are released. These functions are
decreased during ER-stress, and the number of misfolded proteins increases.
This triggers the UPR, which activates genes involved in producing, folding,
modifying and degrading proteins to decrease the ER-stress. UPR also
triggers activation of stress and inflammatory pathways and production of
cytokines that alters the insulin-signaling pathway (5,9). Stressed and
enlarged adipocytes also attract different immune cells including
macrophages. This leads to a positive feedback loop where infiltrating
macrophages recruit more immune cells and introduce a chronic state of
inflammation, the meta-inflammation pathway. Dysfunctional, hypertrophic
adipose tissue produces more inflammatory cytokines such as tumor necrosis
factor alpha (TNFa) and interleukin-6. Some of these cytokines contribute to
the insulin resistance and defect adipose tissue function (5,9,10,12,19).

15
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Dysfunctional fat in hypertrophic obesity is also associated with increased
fibrosis of the adipose tissue, which also causes activation of stress-related
pathways, inflammation and ectopic lipid accumulation (20).

The visceral fat is less insulin-sensitive and lipolytically more active than
subcutaneous fat and is therefore considered to release more free fatty acids
(FFA). Elevated FFAs in the peripheral circulation can interfere with the
insulin signaling pathway in target tissues leading to increased insulin
resistance (7,12,13). However, it is probably not the FFA per se that enhance
insulin resistance but rather their metabolites such as long-chain acyl-
coenzyme A, diacylglycerol and ceramides (5).

Adipocyte hypertrophy and associated characteristics
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Figure 1. Adipocyte expansion with a dysregulated subcutaneous adipose tissue
(SAT) promotes ectopic fat accumulation and the Metabolic Syndrome. Adipocyte
hypertrophy characterizes the SAT of insulin-resistant (IR) obesity and first-
degree relatives (FDR) of individuals with type 2 diabetes (Modified from(21)).

1.5 Adipose tissue

1.5.1 Precursor cells in the adipose tissue

The adipose tissue in mammals mainly consists of 2 types of fat: white
adipose tissue (WAT) and brown adipose tissue (BAT). There are also mixed
areas known as brown in white “brite” or beige adipose tissue. WAT and
BAT displays many similarities but WAT mainly stores excess energy,
whereas BAT generates heat through mitochondrial uncoupling of oxidation
(10,20,22).

The adipose tissue does not only consist of adipocytes and its precursor
preadipocytes, but also mesenchymal stem/precursor cells, immune cells,
fibroblasts and vascular cells. Adipocytes develop from multipotent
mesodermal stem cells residing in the adipose tissue. This process, i.e.

16



John Griinberg

adipogenesis, can be divided into two related steps. Firstly, during
determination/commitment the mesenchymal stem cells loose their ability to
differentiate into other mesenchymal linages and become committed to
preadipocytes. They are now no longer able to transform into osteoblasts,
myocytes or chondrocytes. Secondly, the preadipocytes differentiate to
become mature adipocytes, acquiring lipids droplets and gain the ability to
respond to hormones such as insulin and catecholamines (20,23,24).

1.5.2 Adipogenesis

In order to commit mesenchymal stem cells to the adipocyte linage, the bone
morphogenetic protein (BMP) family member 4 plays a key role (25-27).
BMP is part of the transforming growth factor beta (TGFp) superfamily and
signals through BMP receptors 1 and 2, which phosphorylate SMAD1/5/8.
Phosphorylated SMAD1/5/8 forms a complex with SMAD4 that translocates
to the nucleus and activates specific genes. BMPs have many cellular
antagonists and, for instance, Noggin can block differentiation to the
adipocytic linage by binding to BMP4 and prevent receptor activation
(22,25,28). BMP4 induces adipogenic commitment by binding to zinc-finger
protein 423 (ZFP423), a transcriptional activator of peroxisome proliferator
activator receptor gamma (PPARY), via a SMAD-binding domain (29).
Committed preadipocytes have the potential to be terminally differentiated to
mature lipid-accumulating adipocytes. This process involves a series of well-
characterized steps which have been extensively studied in vitro. This
includes mitogenic clonal expansion followed by a well-coordinated
activation of several transcription factors and where cEBPP and cEBPS are
upregulated followed by PPARy together with C/CAAT enhancer-binding
protein alpha (cEBPa). PPARy activates the promoter of cEBPa, and vice
versa, which creates a positive feedback loop in order to maintain the
differentiated state. This is followed by expression of genes that characterize
the mature adipose phenotype and are involved in insulin sensitivity,
lipogenesis and lipolysis such as lipoprotein lipase, adipocyte protein 2 (aP2)
/ fatty acid binding protein 4 (FABP4), the insulin receptor and glucose
transporter type 4 (GLUT4). Sterol regulatory element-binding protein 1
(SREBP-1) is also activated by cEBPB and cEBPJ, which regulates lipogenic
genes and can activate PPARy by enhancing expression as well as promoting
production of endogenous ligand. However, the identification of a definitive
endogenous PPARY agonist has not yet been successful (22,30-33).

Some inhibitors of adipogenesis are proinflammatory molecules such as
TNF-a (10,28,31), growth factors such as platelet-derived growth factor
(PDGF) and connective tissue growth factor (CTGF) (31,34). Many of these
inhibitory effects are mediated through mitogen-activated protein kinases
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(MAPK) including extracellular signal-regulated kinases (ERK) and c-Jun N-
terminal kinases. ERK1 is necessary for the proliferative phase of
differentiation but needs to be downregulated during the terminal
differentiation stage (30,31). MAPK are also regulated by the canonical
wingless-type MMTV integration site family members (WNT) signaling
(35).

1.5.3 Brown adipose tissue

BAT consists of highly specialized cells which waste energy through heat
production in the mitochondria. BAT contains many tightly packed
mitochondria where the BAT-specific protein, uncoupling protein-1 (UCP-1),
catalyzes a proton leak from the inner membrane which uncouples substrate
oxidation from ATP-synthesis.

The most powerful and physiological stimulus to activate BAT is cold
exposure or hormonal stimuli, like B-adrenergic agonists. (36-38).

BAT is present in all placental mammals and human babies have brown fat
depots which gradually reduce in size with aging. However, recent data
showed that classical BAT with UCP-1 positive cells does exist in the
supraclavicular and spinal regions of adult human. Human BAT consists of
both brown and white fat cells and data indicates that the brown adipose
tissue found in adult man has the molecular markers resembling murine beige
fat more closely than classical brown fat (37,39-41).

1.5.4 Beige adipose tissue

Within the white adipose tissue, a new type of adipose cells has been found.
They have been named beige or brite (brown in white) cells and have a
brown-like phenotype but probably a common origin with the white adipose
cells. Beige adipose cells have the characteristics of dissipating energy
through generation of heat like BAT, when stimulated. Beige cells are similar
to, but not identical to BAT cells, with lower levels of BAT genes such as
UCP-1, low uncoupled respiration and larger/unilocular lipid morphology
comparable to white adipose cells (20,41,42). Inducible browning effect
seems to be reversible; beige adipose cells can switch from being energy
storing to become energy-dissipating and back again, depending on
environmental conditions or stimuli (42-44).
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1.6 Canonical WNT
1.6.1 Canonical WNT signaling

The canonical WNT pathway inhibits mesenchymal stem cells from
committing to the adipocyte lineage and terminal differentiation. WNT
signaling also restrains adipocyte differentiation by inhibiting the expression
of PPARy and cEBPa. These transcription factors are induced directly by
cEBPPB and cEBPJ in response to adipogenic stimuli, which also serve to
switch off the canonical WNT pathway (23,45-47).

Canonical WNT signaling regulates mesenchymal stem cell fate. Activation
of WNT signaling promotes entry of mesenchymal precursor cells into the
myocyte and osteocyte lineages while suppressing commitment to the
adipocytic lineage and terminal differentiation (23,45,46,48).

Myoblasts
Insulin sensitivity
. T Lipid accumulation
Osteoblasts Adipogenic stimuli CIEBPs/PPARY  Adipokine secretion
+Wnt Wnt
@ @ =
@
e
@ @
+Wnt .
U Mesenchymal Pre-adipocytes Mature adipose cells
stom cells

Figure 2. Schematic figure over the regulation of adipogenesis from mesenchymal
stem cells and other uncommitted precursor cells. WNT silencing and BMP4
activation are required for adipogenic commitment and differentiation of
preadipocytes into mature adipose cells by activation of transcription factors of
the C/EBP family and the key regulator of adipogenesis, PPARy (Modified from

(16)).

The name WNT comes from a discovery in Drosophila where it was found
that the polarity gene Wingless and the proto-oncogene Int-1 had a common
origin, the WNT signaling pathway. The WNT signaling cascade controls a
multitude of biological processes during development and adult life,
especially stem cell biology. An abnormal WNT signaling underlies a wide
range of pathologies in humans; for example cancer, osteoporosis and
metabolic diseases. Single nuclear polymorphisms in WNT5B, WNT10B and
transcription factor 7-like 2 (TCF7L2, formerly called TCF4) are all linked to
an increased risk for T2D; TCF7L2 plays an important role in downstream
signals of the canonical WNT pathway (49,50).

In the mammalian WNT family, there are nineteen members who are
expressed in both embryos and adults. The WNT proteins are about 40 kDa
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and are cytosine-rich glycoproteins that in their active form bind locally to
cellular receptors. WNT proteins are lipid-modified in order to be secreted
from the cell and bind to a receptor; one of these is palmitoleic acid, a mono-
unsaturated fatty acid attached to a conserved serine (49,51). WNT molecules
affect cell proliferation, survival, fate and behavior by signaling through
different “canonical” and “non-canonical” pathways. Cytosolic B-catenin is
fundamental for the canonical pathway and, therefore, it is often referred to
as “WNT/ B-catenin dependent” and non-canonical pathway as “WNT/ B-
catenin independent”. In this thesis, only the canonical pathway will be
discussed.

Cells can release or present WNT proteins in an autocrine or paracrine
manner by binding to the cell-surface receptors of the Frizzled (FZD) family
and the low-density lipoprotein-receptor-related protein-5 or -6 (LRP5/6) co-
receptors. In the absence of WNT molecules, cytoplasmic B-catenin is
recruited to a destruction complex consisting of Axin, adenomatous polyposis
coli (APC) protein and glycogen synthase kinase 3 beta (GSK3p). This
results in ubiquitination of cytosolic B-catenin followed by proteosomal
degradation.

Normally, the cellular B-catenin levels are low but when WNT proteins bind
to the cell-surface receptors of the FZD family and LRP5/6, Axin is recruited
to the phosphorylated cytoplasmic tail of LRP6. This phosphorylation is
regulated by GSK3 and CK1ly. Another cytoplasmic protein that is activated
is Dishevelled (DVL), which interacts with the cytoplasmic part of FZD and
Axin, facilitating an interaction between the LRP tail, Axin and FZD. This
leads to inhibition of the Axin/GSK/APC complex, also called B-catenin
destruction complex, resulting in higher concentrations of stabilized
cytoplasmic B-catenin and its nuclear translocation. In the nucleus, B-catenin
interacts with the T-cell factor/lymphoid enhancer factor (TCF/LEF) family
of transcription factors and promotes specific gene expression to regulate the
transcription of WNT target genes, many of which are associated with cell
proliferation and cell fate decision (23,35,47,49).

WNT-signaling can be inhibited by a number of extracellular antagonists
acting in different ways. Secreted Frizzled-related protein (sFRP) 1 and 2,
and WNT inhibitory factor 1 (WIF1) bind to the WNT proteins and, thereby,
inhibit activation. Dickkopf 1 (DKK1) prevents the formation of the
LRP/FZD receptor complex by binding with high affinity to LRP5/6 and
Kremen 1/2 (KRM). This leads to specific inhibition of canonical WNT
signaling by endocytosis and removal of the WNT receptors (52). WNT
signaling is highly activated in precursor cells and needs to be downregulated
for activation of adipogenesis (24,53,54). Inappropriate WNT activation is
related to a poor adipogenesis and seen in obese patients with hypertrophic
obesity (26).
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Figure 3. Canonical WNT-signaling.

1.6.2 WISP2

One of the many genes activated by the canonical WNT signaling is the
WNTI inducible signaling pathway protein 2 (WISP2 also known as CCNY)
(55,56). Wisp2 has been shown to only be activated by the canonical WNT
and not non-canonical WNT signaling. WISP2 has a molecular weight of
27.5 kDa and the homology between mouse and human WISP2 is 73%
(57,58).

1.6.3 CCN-family & structure

Human and mouse WISP2 are homologues to the rat gene rCop/ and belong
to the CCN family of growth factors. The family consists of 6 members;
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CTGF or CCNI1, cysteine-rich angiogenic inducer 61 (Cyr61 or CCN2),
nephroblastoma overexpressed (NOV or CCN3), and WISP 1-3 (CCN4-6).
The CCN family of proteins is essential for embryonic development and
plays important roles in inflammation, wound healing, and injury repair in
the adult. Many are considered to be involved in the pathogenesis of fibrosis,
artherosclerosis and cancers (57,59-65).

The CCN family of proteins contains, apart from WISP2, of 4 conserved
cysteine-rich domains which display homology to conserved regions in a
variety of extracellular proteins. All CCN proteins have an N-terminal
signaling peptide, important for secretion (66). Module 1 is an insulin-like
growth factor-binding domain and Module 2 is a von Willebrand factor type
C domain (VWC) that may participate in protein complex formation. Module
3; the thrombospondin-1 domain (TSP1), involved in the binding to sulfated
glycosaminoglycans either on the cell surface or in the extracellular matrix.
Module 4 does not exist in WISP2 but is a cysteine-knot-containing module
recognized by many growth hormones and may participate in dimerization
and receptor binding. Between the VWC domain (Module 2) and the TPS1
domain (Module 3) there is a non-conserved central hinge-region, suggesting
possible translational processing by proteolytic digestion. Considering the
structure of CCN proteins, it not much of a surprise that they are involved in
many essential biological functions (57,66-68).

1.6.4 WISP2 in human disease

WISP2 is a secreted protein (69) and has been reported to have various
effects in different cancers. It has both growth-promoting and growth-
arresting properties depending on cell types and environment of the cells.
WISP2 has also been suggested to have potential tumor-suppressive
properties in colorectal cancer, breast cancer and bone metastases (70-75).
Wisp2 expression is unaltered during the osteogenic and chondrogenic
differentiation of mesenchymal stem cells, but downregulated during
adipogenic differentiation (74,76).

Many of the studies of WISP2 have been focused on osteoblasts, myocytes or
chondrocytes. However, mRNA expression of both human and mouse tissues
showed that WISP2/Wisp2 is by far most highly expressed in the adipose
tissue (77) and activation of canonical WNT inhibits adipogenic
differentiation and upregulates Wisp2 (55,56). The secretome of the human
adipose tissue showed that WISP2 is an adipokine, i.e.; secreted by the
adipose tissue. Furthermore, WISP2 expression is increased in obesity and, in
particular, in the subcutaneous adipose tissue (78).
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2 AIM

The overall aim of this thesis is to characterize effects and molecular
mechanisms for the novel “adipokine” WISP2 in the regulation of
mesenchymal precursor/stem cell growth and adipogenic commitment and
the association with hypertrophic obesity and its metabolic consequences,
i.e.; insulin resistance and Type 2 diabetes.

The specific aims:
Paper 1. To investigate WISP2 in human hypertrophic adipose tissue and

its involvement in the regulation of adipogenic commitment by
BMP4.

Paper II. To characterize the signaling mechanisms for WISP2 and its
effects on adipogenesis and adipocyte differentiation.

Paper III. To evaluate the effects of WISP2 activation in the adipose tissue
in vivo using a transgenic mouse model.
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3 METHODS

3.1 Ethical statement

Informed consent was obtained from all subjects after the purpose and the
potential risks of the study were explained. The study protocols were
approved by the Ethics Committees of the University of Gothenburg, Charles
University (Prague), and the University of Kuopio and were in accordance
with the Declaration of Helsinki.

All animal experiments were performed after prior approval from the local
Ethics Committee for Animal Studies at the Administrative Court of Appeals
in Gothenburg, Sweden.

3.2 Subjects and samples

Nondiabetic subjects

Thirty-six healthy, nondiabetic subjects (Gothenburg cohort) were recruited.
Inclusion criteria were two first-degree relatives with type-2 diabetes or one
first-degree relative and two second-degree relatives, normal glucose
tolerance, fasting triglyceride concentration < 2.0mM, and no evidence of
hypertension, endocrine disease or metabolic disease. Subcutaneous adipose
tissue biopsies were obtained by needle aspiration from lower part of the
abdomen after local dermal anesthesia with lidocaine. Biopsies were
transferred to the laboratory for immediate processing.

Subcutaneous and Visceral Adipose Tissue Arrays of Subjects

Individuals scheduled to have abdominal surgery (Prague cohort) were
monitored and 53 women [age 21-66 y, body mass index (BMI) 17.3-48.5
kg/m2] were included. According to BMI and presence or absence of the
metabolic syndrome evaluated according to the International Diabetes
Federation criteria (79) participants were assigned into one of the four groups
(lean, overweight, obese, or obese with metabolic syndrome). A clinical
investigation was performed 7-14d before the surgery. Anthropometric
measurements and euglycemic—hyperinsulinemic clamps (80) were
performed at rest after an overnight fast. Body composition was evaluated
using bioelectrical impedance. Visceral and subcutaneous fat areas were
derived from computed tomography scans at the level of L4-5. During the
surgical procedures, paired samples of subcutaneous abdominal and visceral
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adipose tissue biopsies were obtained and processed immediately. The
samples were stored at—80 °C until analyzed.

Type-2 diabetic subjects

Ten drug-naive type-2 diabetic patients (Kuopio cohort) with mild diabetes
(fasting plasma glucose < 8.0 mmol/L), four men and six postmenopausal
women, were recruited. Exclusion criteria were evidence of peripheral
vascular disease or heart disease, blood pressure >160/85 mm Hg, and
treatment with calcium channel blockers or nonsteroidal anti-inflammatory
drugs on a regular basis. No prior anti-diabetic treatment was allowed.
Subcutaneous adipose tissue biopsies were obtained by needle aspiration
from lower part of the abdomen. The biopsies were stored at—80 °C until
analyzed.

3.3 lIsolation of adipocytes

The adipose tissue from human (Paper I) or mice (Paper III) biopsies were
handled according to referenced method. Briefly, adipose tissue were cut into
smaller pieces and digested with collagenase type II in Hank’s balanced salts
medium (pH 7.4) complemented with 4% BSA for 45-60 min at 37 °C in a
shaking water bath.

The cells were then filtered through a 250 um nylon mesh and washed 4
times in Hank’s medium (without glucose when glucose uptake was
measured (Paper III) and average cell diameter measured. Remaining
isolated adipocytes where either; snap frozen in liquid N, or stimulated for 15
min with or without insulin (1000pU/ml) and stored in lysate buffer for
protein extraction or used for glucose uptake measurements.

3.4 Cell culture experiments

Cells

To study the effect of WISP2 on commitment to the adipogenic phenotype in
vitro, NIH-3T3 fibroblasts, which do not have activated endogenous PPARY,
were used (81). The well-characterized preadipocyte cell line 3T3-L1 was
used to study the effect of WISP2 on adipocyte differentiation and mature
adipocytes. 3T3 L1 cells are an immortalized subclone of mouse 3T3
fibroblasts (82). Both cell lines where cultured in DMEM supplemented with
10% fetal bovine serum, 2 mM glutamine and 1 % antibiotics.

Human mesenchyme stem cells (hMSC) were also used and were cultured in
Mesenchymal Stem Cell Growth Medium.
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Human stromal vascular cells were extracted from abdominal subcutaneous
adipose tissue biopsies. The first non-floating cell fraction from the isolation
procedure contains the stromal vascular fraction (SVF). SVF were washed
and centrifuged to remove red blood cells and cultured in DMEM/F12 media
supplemented with 10% FBS, 2mM glutamine, 1% antibiotics until
confluence. Inflammatory cells (CD14- and CD45-positive), and early
progenitor cells (CD 133-positive) were removed by magnetic immune
separation.

Cell transfection

The main purpose of cellular transfection is to study the function of a gene by
overexpression/inhibition or to produce recombinant proteins (83). Foreign
nucleic acids can be introduced in the cell either by stable (long-term) or
transient (short-term) methods. To introduce the foreign DNA/RNA,
liposome-mediated transfection was used. In this thesis we transfected 3T3-
L1 preadipocytes stably with a vector carrying Wisp2 shRNA (Paper I) to
conditionally study the effect of WISP2 depletion during adipocyte
differentiation. For short-term experiments, we used siRNA or different
overexpressing plasmids. Detailed information is presented in Papers I, I1.

Cell differentiation

NIH3T3 fibroblasts and 3T3-L1 preadipocytes were grown to confluence and
remained quiescent for 48h before induction of differentiation. To
differentiate these cell lines, an adipogenic differentiation cocktail was added
containing DMEM with a combination of insulin, dexamethasone and
isobutylmethylxanthine (IBMX). Insulin increases the number of lipid
droplets (84), the glucocorticoid, dexamethasone, induces the expression of
C/EBP$ and inhibits the antagonist of adipogenesis, Pref-1 (85), and IBMX,
a phosphodiesterase, enhances differentiation through increased cAMP
levels. To activate PPARy in the NIH-3T3 fibroblasts, rosiglitazone, a
thiazolidinedione (TZD), was added to the cocktail. After 8 days, the
preadipocytes had become mature adipocytes with lipid droplets.

hMSC were grown until confluence after which three cycles of
induction/maintenance were performed according to manufacture’s
instructions. thWISP2 or WNT3a where added to supplemented adipogenic
induction medium/adipogenic maintenance medium.

Oil-Red O staining

To determine lipid accumulation, cells were fixed with paraformaldehyde,
stained with Oil Red O and washed with PBS. Quantification of optical
density was determined by dissolving the Oil Red O stained cells in 2-
propanol and measured at A 510 nm.
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Immunofluorescence staining

Cells were grown on glass slides and treated with respective agents. Cells
were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton
X-100. Samples were blocked with 20% FCS or goat serum and incubated
with specific antibodies. After washing in PBS, samples where incubated
with a secondary antibody conjugated with a fluorophore to visualize the
proteins and DAPI staining was used to visualize nuclei. Samples were
analyzed with a Leica SP5 confocal microscope.

Proliferation assay

To evaluate cell proliferation, a bromdeoxyuridine (BrdU) proliferation assay
kit was used. BrdU incorporates in newly synthesized DNA by replacing
thymidine. Briefly, C3H10 T1/2 mesenchymal cells and brown adipose
precursor cells were cultured with mouse serum from Tg and wt mice and
with or without anti-WISP2 antibody (58) for 48h. Cells were then fixed and
stained with BrdU antibody according to the manufacturer’s instructions.

3.5 Animal experiments

Generation and genotyping of transgenic mice overexpressing aP2-
Wisp2

The aP2-Wisp2 transgenic mice were generated as stated in Paper 111 created
in the laboratory of Fatima Bosch (Universitat Autonoma de Barcelona,
Spain) using microinjection of oocytes from C57B16/SJL mice (86). WISP2
transgenic (Tg) founders were then bred to generate F1 Tg mice and
subjected to PCR analysis and Southern blot to check the transgene
expression. The Tg F2 offspring was generated by backcrossing the F1 Tg
mice with wild type (wt) C57BL/6NTac mice (Taconic) for 10 generations
and then inbred for 4-7 generations (B6N.SJL/J-Tg(aP2-Wisp2)92Fbos ;
N10,F4-F7).

Animals

Only male mice were used for phenotyping. Animals were weaned at 3 weeks
of age and housed 2—5/cage in a temperature-controlled (21°C) facility with a
12-h light-dark cycle with free access to chow food and water. From the age
of 6 weeks, age-matched male transgenic mice and wild-type littermates were
fed either pelleted high-fat diet, HFD (45 kcal% fat), pelleted control low fat
diet, LFD (10 kcal% fat) or kept on chow diet, CD (16% protein). The HFD
had the same amount of proteins (20 kcal%) and minerals as the LFD. They
only differ in the ratio carbohydrates/fat; HFD 35/45 and HFD 70/10. Chow
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diet contained 22% calories from proteins, 12% from fat and 66% from
carbohydrates.

Body weight and blood sampling

Total body weight was recorded weekly during the period of either 11 weeks
on HFD or 17 weeks on HFD or LFD. Fasting glucose (4h food withdrawal)
was measured using an Accu-Check glucometer and blood sampling was
performed every 4th week. Blood for measuring glucose was taken from the
tip of the tail vein using a scalpel and blood for measuring metabolites was
taken from the submandibular vein using Goldenrod Animal Lancet (87).
Taking submandibular blood has the advantage of getting a large amount
very fast as well as reducing the stress on the animals. When small amounts
of blood is needed (fasting glucose) or repeated blood sampling is needed
(GTT/ITT/PTT); tail vein blood sampling is preferred.

Blood was stored in serum tubes until centrifuged. The supernatant serum
was stored in -80 for further analyses. Saline solution (9 mg/ml) was given as
fluid replacement.

Necropsy

The mice were euthanized using 5% isofluorane with a mixture of air. Blood
was collected by heart puncture for analysis of metabolites. Tissues and
organs were weighed and stored. Epididymal white adipose tissue (eWAT),
subcutaneous white adipose tissue (sWAT) and brown adipose tissue (BAT)
were placed in 37°C sterile Hank’s balanced salts medium without
collagenase II (pH 7.4), snap-frozen in liquid nitrogen and stored in -80 for
further analyses or stored in 4% paraformaldehyde (PFA) for 2 days and then
in 70% ethanol.

EDL muscle for glucose uptake was placed in 37°C sterile Hank’s medium
without collagenase II and glucose (See Glucose uptake).

Open field activity test

Activity test was performed to study locomotor activity and food intake. The
test lasted 23h; 11 h consisted of daylight (150 lux, 10:00-19:00 and 07:00—
09:00) and 12 h of nightlight (20 lux, 19:00-07:00). The equipment consists
of an opaque box (50x50%22.5 cm) that has a lower and a higher row of
infrared sensors built into the walls connected to a control unit for tracking of
the mouse. The mouse was placed in the center of the box, and the test was
performed for 23 h, which allowed the mouse to acquaint itself with the open
field test chamber for the first 3 h. Locomotion (increased by 1 every time the
animal breaks a new beam) was recorded. The amount of food was measured
before and after the test and daily food intake per animal was calculated.
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Indirect calorimetry

Respiratory exchange quotients (RQ) were assessed by a non-invasive in vivo
technique; The SOMEDIC Metabolic system (INCA®) which provides a
high-resolution calorimetric evaluation of energy expenditure using
measurements of oxygen consumption and carbon dioxide production. The
difference in gas concentrations between chamber inlet and outlet is used as
the basis for calculation of the RQ (CO,; produced divided by O, consumed).
Oxygen consumption (VO,) and carbon dioxide production (VCO,) were
recorded every 2 min for 23 h, 11h light and 12h dark. Animals had ad
libitum access to food and water during the measurements. The data for the
first hour were discarded to account for animal acclimatization to the testing
conditions. In all calculations, W*” has been used to correct for body size
according to Kleiber's law (88).

Body composition

Analysis of total body fat and lean body mass can be performed by dual
energy X-ray absorptiometry (DEXA) or minispec body composition analysis
(BCA). DEXA is not as accurate as the BCA, but it also evaluates bone
mineral density. In this thesis, DEXA was performed using Lunar PIXImus II
Densitometer (version 2.10.041), under anesthesia with isofluorane (89).
Computed tomography scans were performed with the peripheral quantitative
computed tomography (pQCT) XCT RESEARCH M (version 4.5B, Norland)
operating at a resolution of 70 um, as described previously (90).

Glucose tolerance tests (GTTs), insulin tolerance tests (ITTs) and
pyruvate tolerance test (PTTs)

Before the tolerance tests, mice were fasted for 4h . For GTT, glucose (1
g/kg) was injected intraperitoneally and repeated blood samples are taken for
determination of glucose and insulin levels according to Paper III. GTT
evaluates the disposal of a glucose load and the result is determined by
insulin secretion, insulin action and effectiveness of glucose (91).

During an ITT, the glucose concentration is monitored after an intraperitoneal
injection of human recombinant insulin (0.8 U/kg). The response in blood
glucose concentration to a bolus dose of insulin is indicative of whole-body
insulin action. Fasting glucose levels reflect hepatic gluconeogenesis, but
also reflect many other systemic parameters (91).

A pyruvate tolerance tests (PTT) investigates more specifically the process of
gluconeogenesis as pyruvate is converted to glucose through hepatic
gluconeogenesis. Sodium pyruvate (2 g/kg) was injected intraperitoneally
(ipPTT) and the response in blood glucose concentration followed.

Saline (9 mg/ml), insulin (0.8 U/kg) or glucose (1 g/kg), was given as fluid
replacement or to compensate for high/low plasma glucose at the end of the
examination.
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Euglycemic-hyperinsulinemic clamp studies in conscious mice

To measure metabolic insulin sensitivity directly, the “golden standard”
method is the hyperinsulinemic euglycemic clamp technique (80). Briefly,
insulin is intravenously infused at a constant rate whereas glucose is
simultaneously infused at a variable rate (GIR). At steady-state i.e.; when the
plasma insulin, blood glucose and GIR are stable over a period of time, GIR
provides a measurement of the whole-body insulin action (92-94).

Mice on a HFD (45 kcal% fat) for 10 weeks were anesthetized and were
given analgesia and fluid replacement subcutaneously. A catheter was
inserted in the left jugular vein and tunnulated behind the head where it was
connected to a Vascular Access Button anchored in an incision behind the
head. Post-surgery, mice where individually housed in cages with free access
to water and HFD. At least 3 days of recovery were given before the
experiments.

Mice were fasted for 4 hours and placed in individual plastic containers for
tail vein sampling. A fasting blood sample was taken to determine fasting
insulin levels and a priming dose of insulin (67 mU/kg) was injected.

Insulin (7.5 mU/min/kg) and glucose (30%) were infused; GIR was guided
by measuring glucose concentrations every 5 min. The mean glucose infusion
rate, normalized to body weight, was calculated at steady-state as an index of
insulin sensitivity. At steady state, 2["*C]deoxyglucose (3 puCi) was injected
and repeated blood samples were collected for determining
2["*C]deoxyglucose (2DOG) radioactivity and plasma insulin.

The mice were euthanized and tissue and blood were handled according to
Paper III. Briefly; 2DOG is converted to 2["*C]deoxyglucose-6-phosphate
(2DOG-6P) in the tissue and trapped since Glucose 6-phosphatase is only
present in liver. The disappearance of 2DOG from the blood and
conversation to 2DOG-6P in tissues is measured and, thus, the rate of glucose
uptake can be calculated.

Blood chemistry

The plasma concentration of insulin was determined using the Ultrasensitive
Mouse Insulin ELISA kit and plasma concentration of adiponectin using
Mouse Adiponectin/Acrp30 Quantikine ELISA Kit.

Serum triglycerides and cholesterol were measured in whole plasma using
colorimetric enzyme assays, Infinity Triglyceride and Infinity Cholesterol kit.
To analyze the blood concentration of PAHSAs, serum from Tg and wt mice
on HFD and LFD was used. Lipidomic analysis was performed with MS as
previously described (95). Briefly, PAHSA Levels = ((PAHSA peak
abundance/13C-9-PAHSA peak abundance)/(Vol. of the serum in
ml))*(Concentration of the internal standard).
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Histological analysis and immunohistochemistry

Immunohistochemistry (IHC) is using antibodies to detect antigens in cells or
tissue, the range of IHC is much broader than Western blots and ELISA, all
from amino acids and proteins to infectious agent and specific cell
populations (96).

Liver and BAT were immediately after dissection fixed in 4% phosphate-
buffered formaldehyde and embedded in paraffin. 6mm sections were stained
with hematoxylin and eosin. BAT sections were incubated with anti-UCP-1
antibody followed by anti-rabbit secondary biotinylated antibody and
diaminobenzidine staining and counterstained with hematoxylin solution.

Glucose uptake

Isolated adipocytes from eWAT and sWAT (97) and intact extensor
digitorum longus muscle (EDL) (98) where transferred to vials with glucose -
free Hank’s medium 199 supplemented with 4% BSA, 0.15 uM adenosine,
pH 7.4,. Insulin (10 nM for adipocytes, 100 nM for EDL) was added for 15
min followed by D-[U-"*C)-glucose (0.26 mCi/l, 0.86 uM) for 45 min.
Isolated adipocytes where separated from the medium through centrifugation
and transferred to scintillation tubes to measure incorporated radioactivity.
EDL muscles were immediately washed with cold PBS 3 times and digested
in 0.5 M NaOH at 50C° for 30 min. Cleared protein lysates were used to
measure incorporated radioactivity.

3.6 Quantitative validation of mRNA and
proteins

PCR and Southern blotting

The PCR method allows rapid amplification of DNA sequences. The PCR is
based on cycles of heating and cooling through a defined series of
temperature steps, for DNA melting and enzymatic replication of the DNA
region of interest.

PCR analysis was used in Paper Il to determine the genotype of the mice
from mouse-tail DNA. HotStarTaq Master Mix Kit was used with the
following primer pairs: forward, 5-CCAGGGAGAACCAAAGTTGA-3';
reverse, 5'-AAGATGGATCAGTGGGTTGC -3'.

The PCR product was mixed with a loading dye and placed on an agarose
gel. A DNA ladder with different defined molecular-size DNA fragments is
used to determine the size of the PCR product. A DNA staining agent is
mixed in the gel to visualize the DNA fragment by UV excitation.
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RNA isolation

RNA is purified from cells or homogenized tissue samples, using
commercially available kits. In this thesis, kit specific for fibrous tissues or
adipose tissue was used when appropriate (Paper [-1II). The extracted RNA
is synthesized to complementary DNA (cDNA) by reverse transcriptase and
DNA polymerase. The synthesized cDNA is more stable than RNA and is
used in qRT-PCR as template for expression analysis.

Quantitative real-time PCR (qRT-PCR)

TagMan-based detection (ABI prism 7900HT) also uses a fluorogenic
reporter probe which is specific for the gene of interest. Accumulation of
PCR products is detected by monitoring the increase in fluorescence of the
reporter probe over the background. The cycle number, at which enough
amplified product accumulates to yield a detectible fluorescent signal that is
higher than the minimal detection level (99), is the threshold cycle. To adjust
for dilution and pipetting errors, 18S rRNA was used as a housekeeping gene
to normalize the data. Detailed information how the quotient of expression
for each gene is calculated is described in each of the papers.

Protein extraction

Cultured cells and homogenized tissue (Paper I-11I) were carefully washed
and lysed on ice in lysis buffer (25 mM Tris-HCI, pH 7.4, 0.5 mM EGTA, 25
mM NaCl, 1% Nonidet P-40, 1 mM Na3;VO,4, 10 mM NaF, 0.2 mM leupeptin,
1 mM benzamidine, and 0.1 mM 4-(2-aminoethyl)benzenesulfonylfluoride
hydrochloride), centrifuged in 4°C (10000g, 10 min) and the supernatant,
containing the lysate, stored at -80°C.

Isolated adipocytes (Paper I and III) were separated from medium by
centrifugation (12000 rpm, 10 s) through dinonylphtalate, lysis buffer was
added and samples were rocked for 2h in 4°C. Detergent-insoluble material
was sedimented by centrifugation in 4°C (12000 rpm, 10 min) and
supernatant stored at -80°C.

The protein concentration was measured using the BCA protein assay kit in
duplicates.

Western blot and Immunoprecipitation

Western blot separates molecules according to their size by electrophoresis.
Small proteins move faster than large proteins through a SDS-polyacrylamide
gel, allowing separation by molecular weight. The proteins are then
transferred to nitrocellulose membranes to make them accessible to the
antibodies. The membranes are blocked, to avoid unspecific binding, and
incubated with primary antibodies and secondary antibody. The bands were
visualized with an Immun-Star HRP Chemiluminescent Kit for quantification
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with ChemiDocTM XRS System. For quantification details and data
normalization, see respective Papers.

Immunoprecipitation (IP) is used to isolate and concentrate a specific protein
from samples by using a specific antibody. In Paper II, IP was used to
identify WISP2 (58) in conditioned media where there is an abundance of
proteins that interferes with the detection under normal conditions.

Co- immunoprecipitation can be used to identify protein complexes and
protein-protein interactions. By targeting a known member of the protein
complex (WISP2 Paper I), there is a possibility that both the whole complex
and the known single member are precipitated by the specific antibody. After
denaturation of the complex, both the known member and the interaction
member will be present in the sample loaded on the SDS-polyacrylamide gel.
A specific antibody can then identify unknown members of the complex.

3.7 Statistical Analyses

The experimental data are presented as means £ SEM. To compare clinical
parameters (Paper I) between the groups of subjects from the Prague cohort,
log-transformed data were analyzed by one-way ANOVA with a Bonferroni
post hoc analysis using SPSS 17.0 statistical software. For the Gothenburg
and Kuopio cohorts, data (Paper I) analyses were carried out with StatView
(SAS Institute) or PASWstatistics (SPSS) programs for Macintosh. Pearson’s
correlation was used for samples with normal distribution, for non-normal
distribution Spearman’s correlation was applied.

A non-parametric Mann-Whitney unpaired test (Paper I, Ill) is used to
compare two independent samples or unpaired samples. Non-parametric
Wilcoxon paired test (Paper I, II) is used when comparing two related
samples or paired samples. Both tests can be used when non-normal
distribution or a mixture of normal distribution is present. These tests were
used to compare samples for n>6; otherwise Student’s t-test was used. p<0.05
was considered statistically significant.
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4 SUMMARY OF RESULTS

Details of the results can be found in Paper I-1II at the end of the thesis.

4.1 Paperl

WISP2 regulates preadipocyte commitment and PPARy activation by
BMP4

WISP2 expression and other markers of WNT activation were found to be
increased in human abdominal subcutaneous adipose tissue characterized by
hypertrophic obesity together with increased visceral fat accumulation and
insulin resistance. WISP2 activation in the subcutaneous adipose tissue, but
not in visceral fat, identified the presence or not of the Metabolic Syndrome
in equally obese individuals.

WISP2 is a novel adipokine, highly expressed and secreted by adipose
precursor cells. Silencing WISP2 induced spontaneous differentiation of 3T3-
L1 preadipocytes and allowed NIH 3T3 fibroblasts to become committed to
the adipose lineage by BMP4.

Mechanistically, we found that WISP2 forms a cytosolic complex with the
PPARy transcriptional activator ZFP423 and this complex is dissociated by
BMP4 in a SMAD-dependent manner, thereby allowing ZFP423 to enter the
nucleus and activate PPARY.

However, extracellular canonical WNT/WISP2 signaling also needs to be
inhibited to induce full adipogenic differentiation and PPARY activation. This
requires the inhibition of secreted WNT/WISP2 by inhibitors like DKKI.
Thus, adipogenic commitment and differentiation is regulated by the cross-
talk between BMP4 and canonical WNT signaling and where WISP2 plays a
key role. These results also link canonical WNT activation and WISP2 with
hypertrophic obesity and the Metabolic Syndrome as well as with insulin
resistance and visceral fat accumulation.
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WISP2 - at the crossroad of Wnt and BMP4 signaling WISP2 also inhibits adipogenic differentiation
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Figure 4. BMP4 can target ZFP423 to the nucleus under WNT/WISP2 activation
and allow the initial step of commitment. However, PPARy does not become
activated unless extracellular WNT/WISP2 also is inhibited. This allows
transcriptional activation of PPARy by ZFP423 (From Paper ).

In summary: Our results show that canonical WNT signaling inhibits
adipogenic commitment and differentiation through WISP2 which retains
ZFP423 in the cytosol and, as a secreted molecule, WISP2 also elicits an
intracellular signaling pathway that inhibits PPARY activation. Furthermore,
as a secreted molecule, WISP2 can exert both autocrine and paracrine (and
possibly endocrine) regulation and be an important adipokine mediating
cross-talk between the adipose tissue and other cells.

4.2 Paper ll

The Novel Secreted Adipokine WNTI1-Inducible-Signaling Pathway
Protein2/WISP2 is a Mesenchymal Cell Activator of Canonical WNT

We here address the signaling pathway of secreted WISP2 (full-length)
compared with intracellular WISP2 (truncated in N-terminal), which cannot
be secreted.

We found that full-length, but not intracellular (truncated and not secreted),
WISP2 increases [-catenin expression and nuclear-targeting serine
phosphorylation. Full-length WISP2, but not truncated, increased pS LRP5/6
phosphorylation. In line with these results, recombinant WISP2 as well as the
full-length protein activated the nuclear receptor for B-catenin in a Tcf/Lef
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reporter assay. WISP2 also inhibited Pparg activation and the WNT
antagonist DKK1 reversed the effect of secreted WISP2 further supporting its
interaction with the canonical WNT signaling pathway.

WISP2 maintains the mesenchymal stem cells undifferentiated by activating
canonical WNT. However, WISP2 differs from conventional WNT ligands in
that it does not have to be acylated/palmitoylated to be secreted. In previous
work (48), the canonical WNT ligand, WNT3a was found to also target
mature adipocytes through inhibition of differentiation and lipid
accumulation. And, indeed, secreted WISP2 was also able to partially de-
differentiate mature adipose cells with loss of lipid accumulation and
significant inhibition of several PPARY -regulated genes.

Thus, WISP2 activates canonical WNT with induction of B-catenin and
phosphorylation of the LRP5/6 receptor and, like other WNT ligands, also
promotes a transition towards a myofibroblast phenotype with induction of a-
smooth muscle actin (a—SMA). These data indicate that WISP2 can be
considered an endogenous and secreted ligand of the canonical WNT
pathway. In addition, WISP2 activates the MAPK’s pathway and exhibits a
mitogenic effect in preadipocytes.

Autocrine and paracrine effects of WISP2

Undifferentiated
Mesenchymal cells

—~ B-CATENIN

LRP/FZD?

[
///'S/e;:;;;’\\\ ’\ Canonical WNT activation
\/\ i /v/ DKK1
L
m ‘* F-e%ﬁ Other peripheral cells?
b4
3
Preadipocytes —_PPAR Adipocytes

Figure 5. WISP2 is both an intracellular and a secreted protein by mesenchymal
precursor cells. Intracellular WISP2 retains ZFP423, the transcriptional activator
of Pparg, from entering the nucleus and initiates adipogenic commitment of the
precursor cells. Secreted WISP2, in an autocrine manner, activates the canonical
WNT pathway through an unknown receptor and cellular signaling pathway
involving LRP5/6. This prevents PPARy activation and maintains the precursor
cells in an undifferentiated state. This effect of WISP2 is antagonized by the
canonical WNT inhibitor DKK1 (From Paper II).
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In summary: These results show that the secreted adipokine WISP2, which is
highly expressed in mesenchymal stem cells and early precursor cells, is a
regulator of adipogenesis and PPARYy activation as a canonical WNT ligand,
thereby keeping the cells in an undifferentiated state. WISP2 plays an
important role in adipogenesis by promoting precursor cell mitogenesis and
their commitment in response to BMP4 as well as the subsequent
differentiation and PPARYy activation.

4.3 Paper lll

Increased brown fat and insulin sensitivity in obese mice overexpressing
WISP2 in the adipose tissue

One important experimental tool in conducting research on adipose tissue in
vivo has been the adipose-specific transgenic or knockout mouse models. The
fatty acid binding protein adipocyte P2 (aP2) promoter has been used by the
research community for the past decades. aP2 is primarily, but not
exclusively, expressed in the adipose tissue and its expression is highly
regulated during adipocyte differentiation. A novel mouse model was
generated that overexpresses WISP2 under the aP2-promoter, aP2-Wisp2.
The transgenic mice (Tg) and the wildtype (wt) mice were challenged with a
high fat diet (HFD) or a low fat diet (LFD) for 17 weeks. No major
differences were found between wt and Tg mice on LFD.

The Tg mice on HFD had lower fasting glucose and insulin levels compared
to wt in spite of the same body weight. Glucose and insulin tolerance tests
were performed to further characterize their glucose tolerance and insulin
sensitivity. Data revealed that the HFD Tg mice had significantly improved
glucose tolerance and were more insulin-sensitive compared to their wt
littermates. This was further confirmed in hyperinsulinemic euglycemic
clamp examinations. These findings also where supported by increased
insulin-dependent glucose uptake in epididymal fat and EDL muscle ex vivo.
Pyruvate tolerance test showed low gluconeogenesis in HFD Tg, similar to
that seen in lean mice. Furthermore, HFD Tg mice had high levels of
circulating adiponectin, increased Glut4 skeletal and WAT and upregulation
of markers of adipose tissue lipogenesis. Serum levels of the novel fatty
acids-hydroxy fatty acids (FAHFAs) were also elevated in Tg HFD mice
which can account for their increased insulin sensitivity.

While there was no difference in total body weight, the Tg mice had more
lean body mass and significantly less percent fat although both epididymal
and, in particular, brown adipose tissue were increased in weight.
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Interestingly, subcutaneous adipose tissue did not differ in weight but
consisted of a greater number of smaller cells compared to the control mice,
implicating hyperplastic adipose tissue expansion.

Indirect calorimetry data demonstrated that Tg mice had higher energy
consumption, which is in line with an increased lean and brown adipose
tissue mass and a reduced adipose tissue.

Taken together, these findings suggested that WISP2 increases the
proliferation of mesenchymal stem/precursor cells leading to an increase in
lean body mass and a metabolically healthy hyperplastic expansion of the
adipose tissue when combined with a nutritional overload. This concept was
supported by the finding that serum from Tg mice increases the proliferation
of brown and white adipose tissue precursor cells, a response that was
inhibited by adding monoclonal anti-WISP2 antibodies. Another important
coupling between BMP4 and WISP2 was the finding that Wisp2 mRNA is
rapidly inhibited by BMP4 in mesenchymal stem cells while this was not
found for Wntl10b, another important canonical WNT ligand in adipose
precursor cells.

In summary:

Our data provide evidence for the concept that WISP2 is an endogenous and
secreted canonical WNT ligand by mesenchymal precursor cells, also
targeting these cells in an autocrine fashion to increase their proliferation and
tissue growth. WISP2 must be timely activated and silenced to enable
mesenchymal tissue growth and development. Thus, WISP2 plays an
important role in the development of metabolically important tissues and its
expression in human subcutaneous adipose tissue is also associated with
obesity- related metabolic complications.
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5 DISCUSSION

Development of T2D, like obesity, is associated with a genetic
predisposition. An important association between T2D and adipogenesis is
our recent finding that a genetic predisposition for T2D, but not for obesity,
is associated with an inappropriate expansion of the subcutaneous adipose
cells for a given BMI (26). This suggests that a genetic predisposition for
T2D is associated with an impaired ability to recruit new subcutaneous
adipose precursor cells, thereby enhancing ectopic lipid accumulation. This is
an important concept since it is well established that the subcutaneous
adipose tissue has a limited capacity to expand (17) and that this is under
genetic regulation.

Activation of the canonical WNT pathway promotes commitment of
mesenchymal stem cells into the myogenic and osteogenic linage while
suppressing commitment and terminal differentiation of the adipogenic
linage. Inappropriate activation of canonical WNT in the adipose tissue can
then be a driving force towards the development of hypertrophic adipose cells
and ectopic fat accumulation through the inhibition of recruitment and
commitment of precursor cells into the adipose lineage (26).

5.1 WISP2 is associated with markers of
Metabolic Syndrome

WISP2 is known to be activated by the canonical WNT signaling pathway
(57) and was previously found by our laboratory to be one of the genes
upregulated in the adipose tissue of FDR in microarrays. In Paper I, we
found the expression of WISP2 to be associated with WNT-regulated genes
such as CYCLINDI and markers of hypertrophic obesity i.e.; increased
subcutaneous cell size and waist circumference in non-diabetic individuals. It
was also positively correlated with markers of ectopic fat accumulation and
negatively correlated with insulin sensitivity. These data provide evidence for
increased activation of canonical WNT in hypertrophic obesity. WISP2 is
highly expressed in mesenchymal stem cells and preadipocytes and WISP2
protein is not found in isolated mature adipocytes. During differentiation of
both human preadipocytes and 3T3-L1 preadipocytes, WISP2/Wisp2 is
rapidly downregulated. However, it remains elevated in the adipose tissue in
hypertrophic obesity.

Inappropriate hypertrophic expansion of the subcutaneous adipose tissue is
associated with insulin resistance and the Metabolic Syndrome. Positive
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energy balance leads to accumulation of lipids in the subcutaneous adipose
tissue but this tissue has a limited expandability and, when exceeded, lipids
accumulate ectopically in visceral depots, liver, around the heart and other
places (5,12,17). Experimental studies have shown that this can then be
prevented by a hyperplastic response as seen, for instance, in mice
overexpressing adiponectin in the adipose tissue which leads to an extremely
overweight, but metabolic healthy, phenotype with small and insulin-
sensitive cells (100). Conversely, lipoatrophy leads to insulin resistance and
ectopic fat accumulation which can be reversed by adipose tissue
transplantation (101).

As shown in Paper I, WISP2 transcriptional activation is higher in
subcutaneous adipose tissue compared to visceral tissue and also higher in
equally obese individuals fulfilling the criteria for the Metabolic Syndrome.
WISP2 mRNA levels are also associated with other markers of the Metabolic
Syndrome, such as intra-abdominal fat mass and negatively correlated with
insulin sensitivity. This indicates that inappropriate WNT/WISP2 activation
in the subcutaneous fat is associated with a dysfunctional and hypertrophic
tissue expansion, ectopic fat accumulation, insulin resistance and its
metabolic complications.

5.2 WISP2 and adipogenesis

Recent studies have shown that other members of the CCN-family, NOV and
WISP1 (63,64) also are associated with metabolic disorders such as obesity
and inflammation. Both these proteins are secreted from the adipose tissue
but their effect on adipose tissue commitment/differentiation was not
investigated (NOV) or seen (WISP1). In Paper I, we show that WISP2 has
profound effects on both adipogenic commitment and differentiation. Like
other CCN proteins (66), WISP2 is both present in the cytosol and secreted
and prevents adipogenic commitment and PPARy-induced differentiation
through two different mechanisms. Cytosolic WISP2 forms a complex with
the PPARY transcriptional activator ZFP423 (29). This prevents the ZFP423
from entering the nucleus and activating transcriptional programs that allow
the cell to enter commitment to the adipocyte lineage. The WISP2/ZFP423-
complex is dissociated by BMP4 through the SMAD binding domain on
ZFP423, which then allows entry into the nucleus. This is an important
mechanism for adipogenic commitment as shown by the induction of
adipogenic markers when WISP2 is silenced in the presence of BMP4. The
presence of a BMP4 inhibitor, such as Noggin (26), prevents the ability of
BMP4 to dissociate the WISP2/ZFP423-complex and, as a consequence, also
adipogenic differentiation. In a recent study, it was shown that hypertrophic

40



John Griinberg

obesity is associated with an increased activation/secretion of the endogenous
BMP4 inhibitor Gremlinl while BMP4 protein actually is increased
indicating that hypertrophic obesity is a condition of BMP4 resistance (102).

Secreted WISP2 also inhibits adipogenesis and differentiation (Paper I,11)
and, like the canonical WNT3a ligand (48), it activates the canonical WNT
pathway and prevents PPARy-activation. Secreted WISP2 initiates
transcriptional activation of 7c¢f/Lef and directs P-catenin to the nucleus,
whereas silencing of Wisp2 leads to a decrease in B-catenin as well as its
nuclear-targeted phosphorylation. The specific receptor for WISP2 is
currently unknown but WISP2 activates the WNT coreceptor LRP5/6 via
phosphorylation. Thus, it likely that WISP2 signaling is via FZD/LRPS5/6
activation.

In Paper 11 WISP2, like WNT3a (48), was found to target mature adipocytes
ex vivo by activating the canonical WNT pathway and inhibiting adipogenic
genes while MAPK-kinases were activated. A partial dedifferentiation toward
the myofibroblast phenotype was also seen with increased expression of Ctgf,
a-SMA and other markers of WNT activation associated with fibrosis
(103,104). Interestingly, fibrosis did not seem to be increased in the aP2-
Wisp2 Tg mice in Paper III, possibly because of the hyperplastic adipose
tissue with smaller adipocytes in the subcutaneous depots. A heart muscle-
specific WISP2 overexpressing mouse model, using a-myosine heavy chain
as promoter, further supported these findings. WISP2 was shown to protect
from cardiac hypertrophy and fibrosis in response to pressure overload when
compared to a CTGF-overexpressing model (105). If this is because WISP2
does not directly induce fibrosis or it does not enhance the TGFp-pathway
like CTGF is unknown (105,106). The activation of both the canonical WNT
and TGFp signaling pathways have been shown to be required for induction
of fibrosis (107).

5.3 WISP2 signaling

LRP5/6 is a co-receptor for canonical WNT as well as several other pathways
including TGFB, CTGF and PDGFoa through physical interaction with
PDGFRp and TGFBR1 (104). In Paper II, we show that WISP2 does not
need acylation for its secretion while other WNT ligands have to be acylated
in order to be secreted and bind to the FZD receptors (49,51). Thus, WISP2
may bind to the LRP5/6 receptor directly and/or activate it through other
signaling pathways.
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Supporting evidence that WISP2 signals through the LRP5/6 receptor (Paper
1) is that the WNT inhibitor DKK1 antagonizes the inhibitory effect of
WISP2 on Pparg and Fabp4. DKK1 is a marker and mediator of well-
functioning adipogenesis (53) and can rescue the impaired differentiation
seen in hypertrophic obesity together with BMP4 (26). How DKK1 and other
canonical WNT antagonists are regulated is currently unclear, although
PPARYy ligands can increase the secretion of DKK1 during late differentiation
of 3T3-L1 cells and also in mature cells (108). However, this later effect is
seen when Pparg is induced and cannot account for terminating the
concurrent WNT activation needed for differentiation. Nevertheless, once
PPARy is activated it can suppress WNT-activation by increasing
degradation of [-catenin and thus maintaining the differentiated state
(108,109).

Recently, it was shown that WISP2 interacts with the cell surface receptor
integrin avp3 in vascular smooth muscle cells (VSMC) podosomes, but the
downstream signaling effects are unknown. WISP2 does, however, prevent
the matrix degradation required for cell migration in podosomes (110). This
is further supported by data from Castelot et al. where ectopic expression of
WISP2 in a mouse model for restenosis strongly suppresses VSMC migration
and proliferation. It was suggested that WISP2 protects against restenosis by
blocking the ability of medial VSMC podosomes to degrade matrix, thus
preventing migration into the intima (110).

Integrin avB3 is promiscuous receptor that binds a wide range of proteins
(110). It is possible that WISP2 simultaneously interacts with integrin avf3,
since stimulation of integrin avp3 in mesenchymal stem cells activates p38.
However, p38 reduces the levels of ERK and B-catenin, which promotes
adipogenesis (111). This is not seen in Paper 11, where both p38 and ERK are
simultaneously activated by WISP2 in mature adipocytes and the activity of
canonical WNT signaling and B-catenin levels are high, similar to that seen
for WNT3a (48). It is possible that WISP2 acts as a suppressor of integrin
avPB3 since increased levels of integrin avp3 binding sites in mesenchymal
cells cultured in adipogenic media leads to increased activity of p38 which
promotes adipogenic differentiation (111). Further experiments are needed to
test this hypothesis.

5.4 WISP2 regulation

Canonical WNT3a and GSK3 inhibition can moderately increase Wisp2 (2-
3 times) in mesenchymal stem/precursor cells (Paper I), but the detailed
regulation of WISP2 is largely unknown.
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The WISP2 promoter contains 7TCF, hypoxia inducible factor (HI/F) and
nuclear factor kappa-light-chain-enhancer of activated B cells (NFKB)
sequences as well as binding domains for PPARy and ZFP423. WISP2 is
regulated by hypoxia through the HIFa isoforms in low-invasive luminal-like
breast cancer cell lines, preferentially HIF2a. WISP2 is also negatively
correlated with tumor macrophage invasion in breast cancer samples which
could provide an additional marker for a better tumor prognosis (112).
WISP2 has also been reported to be directly regulated by estrogen in the
human breast cancer cell line MCF-7 and non-transformed human mammary
epithelial cells and is more highly expressed in less-aggressive breast cancer
cell lines (MCF-7) compared with highly aggressive (MDA-MB-231) (70-
73).

Expression data from 79 human and 61 mouse tissues showed that
WISP2/Wisp2 is by far most highly expressed in the adipose tissue
(upregulated 950 times) (77). Similar to the findings in Paper I, the
secretome of the human adipose tissue was analyzed and showed that WISP2
is a highly secreted adipokine that is downregulated in the visceral adipose
tissue, compared with the subcutaneous adipose tissue, and correlated to
obesity (78) Furthermore, WISP2 expression has been implicated to be a
marker of differential number and/or activity of precursor adipocyte cell
populations and extracellular matrix remodeling in cattle, which would be a
good predictor of intramuscular fat i.e., marbling of the meat that impacts
flavor and juiciness (113).

5.5 WISP2 in vivo

Wisp2 transcript begins to be expressed at the early medulla stage (12-16
cells) in embryogenesis and it persists in all three germ layers (endoderm,
mesoderm and ectoderm) throughout the embryonic development in mice.
The WISP2 protein is present in most cells in early embryos and is not
restricted to a particular germ layer in mice and humans. Tissue specificity
appears as the embryo develops. In adult rodents, WISP2 is widely
distributed in many cell types, both in the cytosol and the nuclei, but WISP2
has not been found in the nucleus of mouse and rat pancreas, liver and spleen
(114-117).

To further elucidate the role of WISP2 in the adipose tissue, an
overexpression model of WISP2 in mice regulated by the aP2/FABP4
promoter, aP2-Wisp2, was generated (Paper I1I).

The aP2 promoter is a widely used promoter (86,118,119). Transgenic Cre-
lines driven by the aP2 promoter demonstrate recombination in fat with
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minimal protein expression in most other tissues; still there is some
expression in capillaries of the myocardium and in perivascular cells.
Expression in other non-fat tissues such as testis and salivary gland may be
due to the different sites of transgenic integration (119).

The aP2 protein is a cytosolic fatty acid chaperone protein found mostly in
mature adipocytes where it facilitates the utilization of lipids in the metabolic
pathway and it has been shown that the aP2 promoter is already active at
embryonic day 9.5. At day 17.5, it is co-localized with lipids in the
mesenchymal stem cell population and becomes adipose-specific after birth
(120). This coincides with the development of the subcutaneous adipose
tissue which develops at embryonic day 14-18 (43). Global overexpression
and knock-out models under a not identified promoter have shown to be
embryonically lethal (121) but since the expression of the aP2 promoter starts
at mid-gestation and is not globally expressed, the aP2-Wisp2 mice are
viable.

Other in vivo models for studying the metabolic consequences of canonical
WNT have been published. WNT10b overexpression under the aP2-promoter
displayed an obesity-protected phenotype with reduced brown and white
adipose tissue, reduced weight and the mice were not insulin resistant (118).
Overexpressing activated p-catenin in PPARy-expressing adipose precursor
cells showed a similar lipodystrophic phenotype while using the later aP2-
promoter in differentiated cells did not produce a clear phenotype. Moreover,
mice overexpressing B-catenin in the precursor cells where found to release
unidentified factor(s) that increased glucose uptake in muscles ex vivo (122).

In Paper III, the aP2-Wisp2 show a completely different phenotype
compared with the aP2-Wnt10b mice, although WISP2 activates canonical
WNT in mesenchymal precursor cells. Transgenic mice (Tg) on high fat diet
(HFD) had similar body weight and were more insulin-sensitive during both
non- and steady state conditions and this was also validated ex vivo. There
were several markers of increased mesenchymal tissue growth such as
increased BAT, lean body mass and weight of skeletal muscles/heart. Serum
from Tg mice promoted proliferation of mesenchymal precursor cells and this
effect was inhibited by WISP2 monoclonal antibodies, verifying the direct
effect of elevated levels of WISP2 in the circulation.

During HFD in mice, both subcutaneous (SWAT) and epididymal adipose
tissue (eWAT) starts to expand through hypertrophy during an early stage.
After prolonged calorie excess (1 month), the eWAT initiates adipogenesis
i.e., hyperplasia, which is not seen in the sSWAT depots (43). However,
sWAT in the Tg mice was hyperplastic and characterized by smaller cells,
both by mean cell size and total distribution. This “healthy” adipose tissue
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profile can probably account for the finding that the Tg mice had higher
circulating adiponectin levels as well as transcriptional activation in the
adipose tissue. However, there were no signs of increased beige markers in
the white adipose tissues (7hxl, Tmem26 or Cdi37) that could dissipate
energy or improve insulin sensitivity (41,42,44). The increased BAT mass
did not show markers of increased activity, although it was not stimulated
since the mice were not exposed to cold-exposure or a f3-agonist. Thus, the
improved insulin sensitivity is most likely associated with positive metabolic
effects of the increased lean body mass combined with a ‘“healthy”
hyperplastic adipose tissue with increased levels adiponectin and adipose
tissue glucose metabolism.

The increased levels of Glut4 in both adipose tissue and skeletal muscle can
be mechanistically related to the increased insulin-stimulated glucose uptake.
Increased GLUT4 in the adipose tissue is associated with increased whole-
body insulin sensitivity (123). Mice overexpressing GLUT4 under the aP2-
promoter have recently been shown to also have increased de novo
lipogenesis (DNL) regulated by carbohydrate-responsive-element-binding
protein (ChREBPB) (95,123,124). ChREBP is activated by glucose,
independent of insulin, and is one of two major transcription factors for DNL.
The other is SREBP-1, which is activated by insulin (125,126). Activation of
DNL by ChREBPB in GLUT4 mice leads to increased induction and
secretion of lipid species that are metabolically beneficial, called fatty acid
esters of hydroxy fatty acids (FAHFAs), by the adipose tissue (95). In Paper
111, Chrebp was increased in both adipose depots as well as other members
important of the DNL (95,124). Consequently, we measured several of the
novel FAHFAs in serum and found that obesity induced by HFD was
associated with lower 13/12- and 5-PAHSA while the levels in the Tg HFD
mice were at least as high as in the non-obese mice. This finding can be a
likely mechanism for the increased insulin sensitivity in the HFD Tg mice
since FAHFAs also increase glucose uptake (95). It is unclear how increased
WISP2 leads to increased levels of FAHFAs but the ‘“healthy” and
hypercellular adipose tissue is a likely contributing factor.

To what extent WISP2/FAHFAs can be related to the unknown circulating
factor(s) mediating the increased glucose uptake seen in mice overexpressing
B-catenin in the precursor cells (122) is currently unclear.

The data presented in Paper III demonstrate that secreted WISP2, under the
control of the aP2-promoter in mice, leads to increased amount of BAT and
hyperplastic subcutaneous adipose tissue. This is the completely opposite to
the results seen in aP2-Wnt10b or the aP2-activated-f-catenin mice models as
discussed. This clearly indicates that the proliferative effect of WISP2, albeit
being a canonical WNT activator in the cell studies in Paper I, also allows
the precursor cells to enter adipogenesis and differentiation. Paper 11l shows
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that, in mesenchymal precursor cells, BMP4 can quite rapidly inhibit Wisp2
transcriptional activation but had no acute effect on Wntl0b. We also found
that Bmp4 expression is increased =165% in SWAT and eWAT as well as
BAT in Tg mice which may be secondary to the increased adipogenesis
which increases cellular BMP4 (102). However, this finding adds another
dimension on the cross-talk between BMP4 and WISP2, where BMP4 can
overcome WISP2 inhibition, but not WNT10b, on mesenchymal adipogenic
commitment and differentiation. Recent data also support the concept that
BMP4 is secreted by differentiated pre/adipocytes (102) and acts as a feed-
back regulator, promoting the entry of mesenchymal precursor cells into
adipogenic commitment and differentiation (26,127).

BMP4 can overcome WISP2 inhibition on adipogeneic commitment and differentiation

Undifferentiated
Mesenchymal cells

Ppargtinduction PPARYy acti

9

B-CATENIN

Secreted
BMP4

LRP/FZD?
Canonical WNT activation
DKK1

Secreted
WISP2
-
5 s

o]
Preadipocytes Adipocytes

Other peripheral cells?
#a-., :
~ ﬁv"

Mesenchymal
stem cell

Figure 6. WISP2 is both an intracellular and a secreted protein by mesenchymal
precursor cells. Intracellular WISP2 retains ZFP423 from entering the nucleus
and initiate adipogenic commitment of the precursor cells. Secreted WISP2
activates the canonical WNT pathway through an unknown cellular signaling
pathway involving LRP5/6. The proliferative effect of WISP2, in contrast to that of
WNT (10b) ligands, also allows the precursor cells to enter adipogenesis. BMP4
can overcome WISP2 inhibition on mesenchymal adipogenic commitment and
differentiation.
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6 CONCLUSION

Taken together, WISP2 is an endogenous and secreted auto/paracrine WNT
ligand, targeting mesenchymal precursor cells and promoting their growth
and expansion.

WISP2 plays several roles in the regulation of adipogenesis by both
promoting precursor cell proliferation and tissue growth, by regulating
precursor cell commitment in response to BMP4 as well as the subsequent
differentiation and PPARy induction. In addition, as a secreted molecule,
WISP2 can exert autocrine, paracrine and also endocrine regulation and be an
important adipokine mediating cross-talk between the adipose tissue and
other cells. In order to induce adipogenesis, WISP2 has to be inhibited by
external signals and where BMP4 seems to be a key regulator.

In conclusion, WISP2 is a novel regulator of mesenchymal tissue growth and
development and can, thereby, be an important target for preventing obesity-
related metabolic complications.

47



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

ACKNOWLEDGEMENT

It has been almost four and a half year since I started my PhD-research at the
Lundberg Laboratory for Diabetes Research and it has been a very exciting
period. I have learned so much, meet a lot of new friends and had a great
amount of fun. A lot of people have contributed so that this thesis could be
written, and I especially would like to thank the following:

First I would like to thank my main supervisor Ulf Smith who gave me the
opportunity to be part of his excellent research group and for all the support
and help. Your enthusiasm and knowledge for the field of diabetes is very
inspiring and it has been an honour to be your 19" PhD-student.

Ann Hammarstedt, my co-supervisor, for always being caring and helping.
Thanks for always having time to answer all my questions no matter how
busy you are. You have always a good and well-reasoned answer, regardless
if it is about science, methodology or running.

Shahram Hedjazifar for being very helpful with cell culturing and all your
support during my first conference. I have really enjoyed our friendship.

Jenny Hoffmann, my fellow PhD-student, you made our many hours up at
EBM goes faster with your cheerful mood and singing.

My co-authors, especially Annika Nerstedt and Lachmi Jenndahl, for all your
work and valuable comments. I also would like to thank Ida Sterner whose

technical assistance has been very appreciated.

Birgit Gustafson, Silvia Gogg and Margit Mahlapuu for all your help in
scientific matters, as well as interesting talks in between all the lab work.

Gunilla Lindell, Lisbeth FEriksson and Marie Magnusson, for all the
administrative help and for all the supportive chats during my thesis writing.

Manoj Amrutkar, Esther Nufiez Durdn, Belén Chanclon and Urszula Chursa
who made the lab a fun working place.

48



Carina Blomgren and Lena Silberberg for always being very helpful and
Bjorn Eliasson with the computer assistance.

Past co-workers at the lab, especially Emmelie Cansby who shared my
interest in IFK Goteborg and floorball, Maria Jodo Pereira for all the
entertaining times during EASD and Christian Andersson for enjoyable
discussions.

I would also like to thank all the helpful people at the Wallenberg
Laboratory, Kristina Skélén, Louise Mannerds-Holm, and Victoria Rotter
Sopasakis for the help with animal techniques. Aditi Chaudhari for being a
good friend and companion at DZD.

All the staff at CPI and EBM for the support and knowledge regarding
matters around techniques and handling.

Thank you to all my friends who have always been very interested in my
work and also for all the good times.

To my family that always has been very supportive and helpful, no matter
what. Thanks for all the encouragement and love.

Malin, my wife. You have always been there for me and have always been

understanding for my different work hours. I’'m truly grateful for all your
endless support and love. Alskar dig!

49



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

REF
1.

10.

ERENCES

Guariguata, L., Whiting, D. R., Hambleton, 1., Beagley, J.,
Linnenkamp, U., and Shaw, J. E. (2014) Global estimates of diabetes
prevalence for 2013 and projections for 2035. Diabetes research and
clinical practice 103, 137-149

Zhang, P., Zhang, X., Brown, J., Vistisen, D., Sicree, R., Shaw, J.,
and Nichols, G. (2010) Global healthcare expenditure on diabetes for
2010 and 2030. Diabetes research and clinical practice 87, 293-301
Field, A. E., Coakley, E. H., Must, A., Spadano, J. L., Laird, N.,
Dietz, W. H., Rimm, E., and Colditz, G. A. (2001) Impact of
overweight on the risk of developing common chronic diseases
during a 10-year period. Archives of internal medicine 161, 1581-
1586

Eberhardt, M. S., Ogden, C., Engelgau, M., Cadwell, B., Hedley, A.
A., and Saydah, S. H. (2005) Prevalence of overweight and obesity
among adults with diagnosed diabetes - United States, 1988-1994
and 1999-2002 (Reprinted from MMWR, vol 53, pg 1066-1068,
2004). Jama-J Am Med Assoc 293, 546-547

Snel, M., Jonker, J. T., Schoones, J., Lamb, H., de Roos, A., Pijl, H.,
Smit, J. W., Meinders, A. E., and Jazet, I. M. (2012) Ectopic fat and
insulin resistance: pathophysiology and effect of diet and lifestyle
interventions. International journal of endocrinology 2012, 983814
Ortega, F. B., Lee, D. C., Katzmarzyk, P. T., Ruiz, J. R., Sui, X. M.,
Church, T. S., and Blair, S. N. (2013) The intriguing metabolically
healthy but obese phenotype: cardiovascular prognosis and role of
fitness. Eur Heart J 34, 390-+

Fujimoto, W. Y. (2000) The importance of insulin resistance in the
pathogenesis of type 2 diabetes mellitus. The American journal of
medicine 108 Suppl 6a, 9S-14S

Eckel, R. H., Kahn, S. E., Ferrannini, E., Goldfine, A. B., Nathan, D.
M., Schwartz, M. W., Smith, R. J., and Smith, S. R. (2011) Obesity
and type 2 diabetes: what can be unified and what needs to be
individualized? J Clin Endocrinol Metab 96, 1654-1663

Hotamisligil, G. S., and Erbay, E. (2008) Nutrient sensing and
inflammation in metabolic diseases. Nature reviews. Immunology 8,
923-934

Gustafson, B., Hammarstedt, A., Andersson, C. X., and Smith, U.
(2007) Inflamed adipose tissue: a culprit underlying the metabolic
syndrome and atherosclerosis. Arterioscler Thromb Vasc Biol 27,
2276-2283

50



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Grundy, S. M. (2006) Metabolic syndrome: connecting and
reconciling cardiovascular and diabetes worlds. J Am Coll Cardiol
47,1093-1100

Despres, J. P., Lemieux, 1., Bergeron, J., Pibarot, P., Mathieu, P.,
Larose, E., Rodes-Cabau, J., Bertrand, O. F., and Poirier, P. (2008)
Abdominal obesity and the metabolic syndrome: contribution to
global cardiometabolic risk. Arterioscler Thromb Vasc Biol 28, 1039-
1049

Yang, X., and Smith, U. (2007) Adipose tissue distribution and risk
of metabolic disease: does thiazolidinedione-induced adipose tissue
redistribution provide a clue to the answer? Diabetologia 50, 1127-
1139

Spalding, K. L., Arner, E., Westermark, P. O., Bernard, S., Buchholz,
B. A., Bergmann, O., Blomqvist, L., Hoffstedt, J., Naslund, E.,
Britton, T., Concha, H., Hassan, M., Ryden, M., Frisen, J., and Arner,
P. (2008) Dynamics of fat cell turnover in humans. Nature 453, 783-
787

Arner, E., Westermark, P. O., Spalding, K. L., Britton, T., Ryden,
M., Frisen, J., Bernard, S., and Arner, P. (2010) Adipocyte turnover:
relevance to human adipose tissue morphology. Diabetes 59, 105-
109

Gustafson, B., Hammarstedt, A., Hedjazifar, S., and Smith, U. (2013)
Restricted Adipogenesis in Hypertrophic Obesity The Role of
WISP2, WNT, and BMP4. Diabetes 62, 2997-3004

Virtue, S., and Vidal-Puig, A. (2010) Adipose tissue expandability,
lipotoxicity and the Metabolic Syndrome - An allostatic perspective.
Biochim Biophys Acta 1801, 338-349

Arner, P., Arner, E., Hammarstedt, A., and Smith, U. (2011) Genetic
Predisposition for Type 2 Diabetes, but Not for Overweight/Obesity,
Is Associated with a Restricted Adipogenesis. Plos One 6

Smith, U., and Hammarstedt, A. (2010) Antagonistic effects of
thiazolidinediones and cytokines in lipotoxicity. Biochim Biophys
Acta 1801, 377-380

Rosen, E. D., and Spiegelman, B. M. (2014) What we talk about
when we talk about fat. Cell 156, 20-44

Gustafson, B., Hedjazifar, S., Gogg, S., Hammarstedt, A., and Smith,
U. (2015) Insulin resistance and impaired adipogenesis Trends in
endocrinology and metabolism: TEM, In press

Rosen, E. D., and MacDougald, O. A. (2006) Adipocyte
differentiation from the inside out. Nature reviews. Molecular cell
biology 7, 885-896

51



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Christodoulides, C., Lagathu, C., Sethi, J. K., and Vidal-Puig, A.
(2009) Adipogenesis and WNT signalling. Trends in endocrinology
and metabolism: TEM 20, 16-24

Tang, Q. Q., and Lane, M. D. (2012) Adipogenesis: from stem cell to
adipocyte. Annual review of biochemistry 81, 715-736

Tang, Q. Q., Otto, T. C., and Lane, M. D. (2004) Commitment of
C3HI10T1/2 pluripotent stem cells to the adipocyte lineage.
Proceedings of the National Academy of Sciences of the United
States of America 101, 9607-9611

Gustafson, B., and Smith, U. (2012) The WNT inhibitor Dickkopf 1
and bone morphogenetic protein 4 rescue adipogenesis in
hypertrophic obesity in humans. Diabetes 61, 1217-1224

Bowers, R. R., and Lane, M. D. (2007) A role for bone
morphogenetic protein-4 in adipocyte development. Cell Cycle 6,
385-389

Guo, X., and Wang, X. F. (2009) Signaling cross-talk between TGF-
beta/BMP and other pathways. Cell research 19, 71-88

Gupta, R. K., Arany, Z., Seale, P., Mepani, R. J., Ye, L., Conroe, H.
M., Roby, Y. A., Kulaga, H., Reed, R. R., and Spiegelman, B. M.
(2010) Transcriptional control of preadipocyte determination by
Z1p423. Nature 464, 619-623

Rosen, E. D., Walkey, C. J., Puigserver, P., and Spiegelman, B. M.
(2000) Transcriptional regulation of adipogenesis. Genes &
development 14, 1293-1307

Rosen, E. D., and Spiegelman, B. M. (2000) Molecular regulation of
adipogenesis. Annual review of cell and developmental biology 16,
145-171

Lowe, C. E., O'Rahilly, S., and Rochford, J. J. (2011) Adipogenesis
at a glance. J Cell Sci 124, 2681-2686

Ali, A. T., Hochfeld, W. E., Myburgh, R., and Pepper, M. S. (2013)
Adipocyte and adipogenesis. Eur J Cell Biol 92, 229-236

Tan, J. T. M., McLennan, S. V., Song, W. W., Lo, L. W. Y., Bonner,
J. G., Williams, P. F., and Twigg, S. M. (2008) Connective tissue
growth factor inhibits adipocyte differentiation. Am J Physiol-Cell Ph
295, C740-C751

Cervenka, 1., Wolf, J., Masek, J., Krejci, P., Wilcox, W. R., Kozubik,
A., Schulte, G., Gutkind, J. S., and Bryja, V. (2011) Mitogen-
activated protein kinases promote WNT/beta-catenin signaling via
phosphorylation of LRP6. Molecular and cellular biology 31, 179-
189

Tseng, Y. H., Kokkotou, E., Schulz, T. J., Huang, T. L., Winnay, J.
N., Taniguchi, C. M., Tran, T. T., Suzuki, R., Espinoza, D. O.,
Yamamoto, Y., Ahrens, M. J., Dudley, A. T., Norris, A. W.,

52



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Kulkarni, R. N., and Kahn, C. R. (2008) New role of bone
morphogenetic protein 7 in brown adipogenesis and energy
expenditure. Nature 454, 1000-1004

Yoneshiro, T., Aita, S., Matsushita, M., Kayahara, T., Kameya, T.,
Kawai, Y., Iwanaga, T., and Saito, M. (2013) Recruited brown
adipose tissue as an antiobesity agent in humans. The Journal of
clinical investigation 123, 3404-3408

Seale, P., Bjork, B., Yang, W., Kajimura, S., Chin, S., Kuang, S.,
Scime, A., Devarakonda, S., Conroe, H. M., Erdjument-Bromage, H.,
Tempst, P., Rudnicki, M. A., Beier, D. R., and Spiegelman, B. M.
(2008) PRDM16 controls a brown fat/skeletal muscle switch. Nature
454, 961-967

Cypess, A. M., Lehman, S., Williams, G., Tal, 1., Rodman, D.,
Goldfine, A. B., Kuo, F. C., Palmer, E. L., Tseng, Y. H., Doria, A.,
Kolodny, G. M., and Kahn, C. R. (2009) Identification and
importance of brown adipose tissue in adult humans. N Engl J Med
360, 1509-1517

Lidell, M. E., Betz, M. J., Dahlqvist Leinhard, O., Heglind, M.,
Elander, L., Slawik, M., Mussack, T., Nilsson, D., Romu, T., Nuutila,
P., Virtanen, K. A., Beuschlein, F., Persson, A., Borga, M., and
Enerback, S. (2013) Evidence for two types of brown adipose tissue
in humans. Nature medicine 19, 631-634

Wu, J., Bostrom, P., Sparks, L. M., Ye, L., Choi, J. H., Giang, A. H.,
Khandekar, M., Virtanen, K. A., Nuutila, P., Schaart, G., Huang, K.,
Tu, H., van Marken Lichtenbelt, W. D., Hoeks, J., Enerback, S.,
Schrauwen, P., and Spiegelman, B. M. (2012) Beige adipocytes are a
distinct type of thermogenic fat cell in mouse and human. Cell 150,
366-376

Park, A., Kim, W. K., and Bae, K. H. (2014) Distinction of white,
beige and brown adipocytes derived from mesenchymal stem cells.
World journal of stem cells 6, 33-42

Wang, Q. A., Tao, C., Gupta, R. K., and Scherer, P. E. (2013)
Tracking adipogenesis during white adipose tissue development,
expansion and regeneration. Nature medicine 19, 1338-1344

Harms, M., and Seale, P. (2013) Brown and beige fat: development,
function and therapeutic potential. Nature medicine 19, 1252-1263
Gustafson, B., Gogg, S., Hedjazifar, S., Jenndahl, L., Hammarstedt,
A., and Smith, U. (2009) Inflammation and impaired adipogenesis in
hypertrophic obesity in man. Am J Physiol Endocrinol Metab 297,
E999-E1003

Armani, A., Mammi, C., Marzolla, V., Calanchini, M., Antelmi, A.,
Rosano, G. M., Fabbri, A., and Caprio, M. (2010) Cellular models

53



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

for understanding adipogenesis, adipose dysfunction, and obesity. J
Cell Biochem 110, 564-572

Laudes, M. (2011) Role of WNT signalling in the determination of
human mesenchymal stem cells into preadipocytes. Journal of
molecular endocrinology 46, R65-72

Gustafson, B., and Smith, U. (2010) Activation of canonical
wingless-type MMTYV integration site family (Wnt) signaling in
mature adipocytes increases beta-catenin levels and leads to cell
dedifferentiation and insulin resistance. J Biol Chem 285, 14031-
14041

Clevers, H., and Nusse, R. (2012) Wnt/beta-catenin signaling and
disease. Cell 149, 1192-1205

Jin, T. (2008) The WNT signalling pathway and diabetes mellitus.
Diabetologia 51, 1771-1780

Willert, K., and Nusse, R. (2012) Wnt proteins. Cold Spring Harbor
perspectives in biology 4, a007864

Kawano, Y., and Kypta, R. (2003) Secreted antagonists of the Wnt
signalling pathway. J Cell Sci 116, 2627-2634

Christodoulides, C., Laudes, M., Cawthorn, W. P., Schinner, S.,
Soos, M., O'Rahilly, S., Sethi, J. K., and Vidal-Puig, A. (2006) The
Wnt antagonist Dickkopf-1 and its receptors are coordinately
regulated during early human adipogenesis. J Cell Sci 119, 2613-
2620

Ross, S. E., Hemati, N., Longo, K. A., Bennett, C. N., Lucas, P. C.,
Erickson, R. L., and MacDougald, O. A. (2000) Inhibition of
adipogenesis by Wnt signaling. Science 289, 950-953

Inadera, H., Shimomura, A., and Tachibana, S. (2009) Effect of Wnt-
1 inducible signaling pathway protein-2 (WISP-2/CCN5), a
downstream protein of Wnt signaling, on adipocyte differentiation.
Biochemical and biophysical research communications 379, 969-974
Longo, K. A., Kennell, J. A., Ochocinska, M. J., Ross, S. E., Wright,
W. S., and MacDougald, O. A. (2002) Wnt signaling protects 3T3-L1
preadipocytes from apoptosis through induction of insulin-like
growth factors. J Biol Chem 277, 38239-38244

Pennica, D., Swanson, T. A., Welsh, J. W., Roy, M. A., Lawrence, D.
A., Lee, J., Brush, J., Taneyhill, L. A., Deuel, B., Lew, M.,
Watanabe, C., Cohen, R. L., Melhem, M. F., Finley, G. G., Quirke,
P., Goddard, A. D., Hillan, K. J., Gurney, A. L., Botstein, D., and
Levine, A. J. (1998) WISP genes are members of the connective
tissue growth factor family that are up-regulated in Wnt-1-
transformed cells and aberrantly expressed in human colon tumors.
Proceedings of the National Academy of Sciences of the United
States of America 95, 14717-14722

54



58.

59.

60.

61.

62.

63.

64.

65.

Wei, L., McKeon, F., Russo, J. W., Lemire, J., and Castellot, J.
(2009) Domain-and species-specific monoclonal antibodies
recognize the Von Willebrand Factor-C domain of CCNS. J Cell
Commun Signal 3, 65-77

Minamizato, T., Sakamoto, K., Liu, T., Kokubo, H., Katsube, K.,
Perbal, B., Nakamura, S., and Yamaguchi, A. (2007) CCN3/NOV
inhibits BMP-2-induced osteoblast differentiation by interacting with
BMP and Notch signaling pathways. Biochemical and biophysical
research communications 354, 567-573

Zhang, R., Averboukh, L., Zhu, W., Zhang, H., Jo, H., Dempsey, P.
J., Coffey, R. J., Pardee, A. B., and Liang, P. (1998) Identification of
rCop-1, a new member of the CCN protein family, as a negative
regulator for cell transformation. Molecular and cellular biology 18,
6131-6141

Luo, Q., Kang, Q., Si, W. K., Jiang, W., Park, J. K., Peng, Y., Li, X.
M., Luu, H. H., Luo, J., Montag, A. G., Haydon, R. C., and He, T. C.
(2004) Connective tissue growth factor (CTGF) is regulated by Wnt
and bone morphogenetic proteins signaling in osteoblast
differentiation of mesenchymal stem cells. Journal of Biological
Chemistry 279, 55958-55968

Kireeva, M. L., Mo, F. E., Yang, G. P., and Lau, L. F. (1996) Cyr61,
a product of a growth factor-inducible immediate-early gene,
promotes cell proliferation, migration, and adhesion. Molecular and
cellular biology 16, 1326-1334

Pakradouni, J., Le Goff, W., Calmel, C., Antoine, B., Villard, E.,
Frisdal, E., Abifadel, M., Tordjman, J., Poitou, C., Bonnefont-
Rousselot, D., Bittar, R., Bruckert, E., Clement, K., Feve, B.,
Martinerie, C., and Guerin, M. (2013) Plasma NOV/CCN3 Levels
Are Closely Associated with Obesity in Patients with Metabolic
Disorders. Plos One 8, e66788

Murahovschi, V., Pivovarova, O., Ilkavets, 1., Dmitrieva, R. M.,
Docke, S., Keyhani-Nejad, F., Gogebakan, O., Osterhoff, M.,
Kemper, M., Hornemann, S., Markova, M., Kloting, N., Stockmann,
M., Weickert, M. O., Lamounier-Zepter, V., Neuhaus, P., Konradi,
A., Dooley, S., von Loeffelholz, C., Bluher, M., Pfeiffer, A. F., and
Rudovich, N. (2014) WISP1 is a novel adipokine linked to
inflammation in obesity. Diabetes, DOI: 10.2337/db2314-0444

Fang, F., Zhao, W. Y., Li, R. K., Yang, X. M., Li, J., Ao, J. P, Jiang,
S. H., Kong, F. Z., Tu, L., Zhuang, C., Qin, W. X., He, P., Zhang, W.
M., Cao, H., and Zhang, Z. G. (2014) Silencing of WISP3 suppresses
gastric cancer cell proliferation and metastasis and inhibits Wnt/beta-
catenin signaling. International journal of clinical and experimental
pathology 7, 6447-6461

55



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Perbal, B. (2013) CCN proteins: A centralized communication
network. J Cell Commun Signal 7, 169-177

Brigstock, D. R. (2003) The CCN family: a new stimulus package.
The Journal of endocrinology 178, 169-175

Jun, J. I, and Lau, L. F. (2011) Taking aim at the extracellular
matrix: CCN proteins as emerging therapeutic targets. Nature
reviews. Drug discovery 10, 945-963

Inadera, H., Dong, H. Y., and Matsushima, K. (2002) WISP-2 is a
secreted protein and can be a marker of estrogen exposure in MCF-7
cells. Biochemical and biophysical research communications 294,
602-608

Inadera, H., Hashimoto, S., Dong, H. Y., Suzuki, T., Nagai, S.,
Yamashita, T., Toyoda, N., and Matsushima, K. (2000) WISP-2 as a
novel estrogen-responsive gene in human breast cancer cells.
Biochemical and biophysical research communications 275, 108-114
Zoubine, M. N., Banerjee, S., Saxena, N. K., Campbell, D. R., and
Banerjee, S. K. (2001) WISP-2: a serum-inducible gene differentially
expressed in human normal breast epithelial cells and in MCF-7
breast tumor cells. Biochemical and biophysical research
communications 282, 421-425

Inadera, H. (2003) Estrogen-induced genes, WISP-2 and pS2,
respond divergently to protein kinase pathway. Biochemical and
biophysical research communications 309, 272-278

Banerjee, S. K., and Banerjee, S. (2012) CCNS5/WISP-2: A
micromanager of breast cancer progression. J Cell Commun Signal 6,
63-71

Kumar, S., Hand, A. T., Connor, J. R., Dodds, R. A., Ryan, P. J.,
Trill, J. J., Fisher, S. M., Nuttall, M. E., Lipshutz, D. B., Zou, C.,
Hwang, S. M., Votta, B. J., James, 1. E., Rieman, D. J., Gowen, M.,
and Lee, J. C. (1999) Identification and cloning of a connective tissue
growth factor-like cDNA from human osteoblasts encoding a novel
regulator of osteoblast functions. J Biol Chem 274, 17123-17131
Sabbah, M., Prunier, C., Ferrand, N., Megalophonos, V., Lambein,
K., De Wever, O., Nazaret, N., Lachuer, J., Dumont, S., and
Redeuilh, G. (2011) CCNS, a novel transcriptional repressor of the
transforming growth factor beta signaling pathway. Molecular and
cellular biology 31, 1459-1469

Schutze, N., Noth, U., Schneidereit, J., Hendrich, C., and Jakob, F.
(2005) Differential expression of CCN-family members in primary
human bone marrow-derived mesenchymal stem cells during
osteogenic, chondrogenic and adipogenic differentiation. Cell
communication and signaling : CCS 3, 5

http://biogps.org (ID:8839) accessed on 19 December 2014.

56



78.

79.

80.

1.

82.

83.

84.

85.

86.

87.

8.
9.

90.

Dahlman, 1., Elsen, M., Tennagels, N., Korn, M., Brockmann, B.,
Sell, H., Eckel, J., and Arner, P. (2012) Functional annotation of the
human fat cell secretome. Arch Physiol Biochem 118, 84-91

Alberti, K. G., Zimmet, P., and Shaw, J. (2006) Metabolic syndrome-
-a new world-wide definition. A Consensus Statement from the
International Diabetes Federation. Diabetic medicine : a journal of
the British Diabetic Association 23, 469-480

DeFronzo, R. A., Tobin, J. D., and Andres, R. (1979) Glucose clamp
technique: a method for quantifying insulin secretion and resistance.
The American journal of physiology 237, E214-223

El-Jack, A. K., Hamm, J. K., Pilch, P. F., and Farmer, S. R. (1999)
Reconstitution of insulin-sensitive glucose transport in fibroblasts
requires expression of both PPARgamma and C/EBPalpha. J Biol
Chem 274, 7946-7951

Green, H., and Kehinde, O. (1976) Spontaneous heritable changes
leading to increased adipose conversion in 3T3 cells. Cell 7, 105-113
Kim, T. K., and Eberwine, J. H. (2010) Mammalian cell transfection:
the present and the future. Analytical and bioanalytical chemistry
397,3173-3178

Green, H., and Kehinde, O. (1975) An established preadipose cell
line and its differentiation in culture. II. Factors affecting the adipose
conversion. Cell 5, 19-27

Mei, B., Zhao, L., Chen, L., and Sul, H. S. (2002) Only the large
soluble form of preadipocyte factor-1 (Pref-1), but not the small
soluble and membrane forms, inhibits adipocyte differentiation: role
of alternative splicing. The Biochemical journal 364, 137-144

Elias, 1., Franckhauser, S., Ferre, T., Vila, L., Tafuro, S., Munoz, S.,
Roca, C., Ramos, D., Pujol, A., Riu, E., Ruberte, J., and Bosch, F.
(2012) Adipose tissue overexpression of vascular endothelial growth
factor protects against diet-induced obesity and insulin resistance.
Diabetes 61, 1801-1813

Golde, W. T., Gollobin, P., and Rodriguez, L. L. (2005) A rapid,
simple, and humane method for submandibular bleeding of mice
using a lancet. Lab animal 34, 39-43

Kleiber, M. (1932) Body size and metabolism. Hilgardia 6, 315-353
Venken, K., Moverare-Skrtic, S., Kopchick, J. J., Coschigano, K. T.,
Ohlsson, C., Boonen, S., Bouillon, R., and Vanderschueren, D.
(2007) Impact of androgens, growth hormone, and IGF-I on bone and
muscle in male mice during puberty. Journal of bone and mineral
research : the official journal of the American Society for Bone and
Mineral Research 22, 72-82

Moverare-Skrtic, S., Henning, P., Liu, X., Nagano, K., Saito, H.,
Borjesson, A. E., Sjogren, K., Windahl, S. H., Farman, H., Kindlund,

57



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

91.

92.

93.

94.

95.

96.

97.

98.

B., Engdahl, C., Koskela, A., Zhang, F. P., Eriksson, E. E., Zaman,
F., Hammarstedt, A., Isaksson, H., Bally, M., Kassem, A., Lindholm,
C., Sandberg, O., Aspenberg, P., Savendahl, L., Feng, J. Q.,
Tuckermann, J., Tuukkanen, J., Poutanen, M., Baron, R., Lerner, U.
H., Gori, F., and Ohlsson, C. (2014) Osteoblast-derived WNT16
represses osteoclastogenesis and prevents cortical bone fragility
fractures. Nature medicine 20, 1279-1288

Ayala, J. E., Samuel, V. T., Morton, G. J., Obici, S., Croniger, C. M.,
Shulman, G. I, Wasserman, D. H., McGuinness, O. P., and
Consortium, N. I. H. M. M. P. C. (2010) Standard operating
procedures for describing and performing metabolic tests of glucose
homeostasis in mice. Disease models & mechanisms 3, 525-534
Muniyappa, R., Lee, S., Chen, H., and Quon, M. J. (2008) Current
approaches for assessing insulin sensitivity and resistance in vivo:
advantages, limitations, and appropriate usage. 4Am J Physiol
Endocrinol Metab 294, E15-26

Ayala, J. E., Bracy, D. P., Malabanan, C., James, F. D., Ansari, T.,
Fueger, P. T., McGuinness, O. P., and Wasserman, D. H. (2011)
Hyperinsulinemic-euglycemic clamps in conscious, unrestrained
mice. Journal of visualized experiments : JoVE (57), art. no. e3188
Ayala, J. E., Bracy, D. P., McGuinness, O. P., and Wasserman, D. H.
(2006) Considerations in the design of hyperinsulinemic-euglycemic
clamps in the conscious mouse. Diabetes 55, 390-397

Yore, M. M., Syed, 1., Moraes-Vieira, P. M., Zhang, T., Herman, M.
A., Homan, E. A., Patel, R. T., Lee, J., Chen, S., Peroni, O. D.,
Dhaneshwar, A. S., Hammarstedt, A., Smith, U., McGraw, T. E.,
Saghatelian, A., and Kahn, B. B. (2014) Discovery of a class of
endogenous mammalian lipids with anti-diabetic and anti-
inflammatory effects. Cell 159, 318-332

Matos, L. L., Trufelli, D. C., de Matos, M. G., and da Silva Pinhal,
M. A. (2010) Immunohistochemistry as an important tool in
biomarkers detection and clinical practice. Biomarker insights S, 9-
20

Nerstedt, A., Cansby, E., Andersson, C. X., Laakso, M., Stancakova,
A., Bluher, M., Smith, U., and Mahlapuu, M. (2012) Serine/threonine
protein kinase 25 (STK25): a novel negative regulator of lipid and
glucose metabolism in rodent and human skeletal muscle.
Diabetologia 55, 1797-1807

Szekeres, F., Chadt, A., Tom, R. Z., Deshmukh, A. S., Chibalin, A.
V., Bjornholm, M., Al-Hasani, H., and Zierath, J. R. (2012) The Rab-
GTPase-activating protein TBCID1 regulates skeletal muscle
glucose metabolism. Am J Physiol Endocrinol Metab 303, E524-533

58



99.

100.

101.

102.

103.

104.

105.

106.

107.

Arya, M., Shergill, I. S., Williamson, M., Gommersall, L., Arya, N.,
and Patel, H. R. (2005) Basic principles of real-time quantitative
PCR. Expert review of molecular diagnostics 5, 209-219

Kim, J. Y., van de Wall, E., Laplante, M., Azzara, A., Trujillo, M. E.,
Hofmann, S. M., Schraw, T., Durand, J. L., Li, H., Li, G., Jelicks, L.
A., Mehler, M. F., Hui, D. Y., Deshaies, Y., Shulman, G. I,
Schwartz, G. J., and Scherer, P. E. (2007) Obesity-associated
improvements in metabolic profile through expansion of adipose
tissue. The Journal of clinical investigation 117, 2621-2637
Gavrilova, O., Marcus-Samuels, B., Graham, D., Kim, J. K.,
Shulman, G. 1., Castle, A. L., Vinson, C., Eckhaus, M., and Reitman,
M. L. (2000) Surgical implantation of adipose tissue reverses
diabetes in lipoatrophic mice. The Journal of clinical investigation
105, 271-278

Gustafson, B., Hammarstedt, A., Hedjazifar, S., Hoffmann, J. M.,
Svensson, P. A., Grimsby, J., Rondinone, C., and Smith, U. (2015)
BMP4 and BMP antagonists regulate human white and beige
adipogenesis. Diabetes, DOI: 10.2337/db2314-1127

Wei, J., Melichian, D., Komura, K., Hinchcliff, M., Lam, A. P.,
Lafyatis, R., Gottardi, C. J., MacDougald, O. A., and Varga, J.
(2011) Canonical Wnt signaling induces skin fibrosis and
subcutaneous lipoatrophy: a novel mouse model for scleroderma?
Arthritis and rheumatism 63, 1707-1717

Ren, S. Y., Johnson, B. G., Kida, Y., Ip, C., Davidson, K. C., Lin, S.
L., Kobayashi, A., Lang, R. A., Hadjantonakis, A. K., Moonc, R. T.,
and Duffield, J. S. (2013) LRP-6 is a coreceptor for multiple
fibrogenic signaling pathways in pericytes and myofibroblasts that
are inhibited by DKK-1. Proceedings of the National Academy of
Sciences of the United States of America 110, 1440-1445

Yoon, P. O., Lee, M. A., Cha, H., Jeong, M. H., Kim, J., Jang, S. P.,
Choi, B. Y., Jeong, D., Yang, D. K., Hajjar, R. J., and Park, W. J.
(2010) The opposing effects of CCN2 and CCNS5 on the development
of cardiac hypertrophy and fibrosis. Journal of molecular and
cellular cardiology 49, 294-303

Parada, C., Li, J., Iwata, J., Suzuki, A., and Chai, Y. (2013) CTGF
mediates Smad-dependent transforming growth factor beta signaling
to regulate mesenchymal cell proliferation during palate
development. Molecular and cellular biology 33, 3482-3493
Akhmetshina, A., Palumbo, K., Dees, C., Bergmann, C., Venalis, P.,
Zerr, P., Horn, A., Kireva, T., Beyer, C., Zwerina, J., Schneider, H.,
Sadowski, A., Riener, M. O., MacDougald, O. A., Distler, O., Schett,
G., and Distler, J. H. W. (2012) Activation of canonical Wnt
signalling is required for TGF-beta-mediated fibrosis. Nat Commun 3

59



WISP2 — A Novel Adipokine Related to Obesity and Insulin Resistance

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Gustafson, B., Eliasson, B., and Smith, U. (2010) Thiazolidinediones
increase the wingless-type MMTV integration site family (WNT)
inhibitor Dickkopf-1 in adipocytes: a link with osteogenesis.
Diabetologia 53, 536-540

Liu, J., Wang, H., Zuo, Y., and Farmer, S. R. (2006) Functional
interaction between peroxisome proliferator-activated receptor
gamma and beta-catenin. Molecular and cellular biology 26, 5827-
5837

Myers, R. B., Wei, L., and Castellot, J. J., Jr. (2014) The
matricellular protein CCN5 regulates podosome function via
interaction with integrin alphavbeta 3. J Cell Commun Signal 8, 135-
146

Volloch, V., and Olsen, B. R. (2013) Why cellular stress suppresses
adipogenesis in skeletal tissue, but is ineffective in adipose tissue:
control of mesenchymal cell differentiation via integrin binding sites
in extracellular matrices. Matrix biology : journal of the
International Society for Matrix Biology 32, 365-371

Fuady, J. H., Bordoli, M. R., Abreu-Rodriguez, 1., Kristiansen, G.,
Stiehl, D. P., Hoogewijs, D., and Wenger, R. H. (2014) HIF mediated
induction of WISP-2 contributes to attenuated breast cancer
progression. Acta Physiol 210, 132-132

Hudson, N. J., Reverter, A., Greenwood, P. L., Guo, B., Cafe, L. M.,
and Dalrymple, B. P. (2014) Longitudinal muscle gene expression
patterns associated with differential intramuscular fat in cattle.
Animal : an international journal of animal bioscience, 1-10

Jones, J. A., Gray, M. R., Oliveira, B. E., Koch, M., and Castellot, J.
J., Jr. (2007) CCNS expression in mammals : I. Embryonic and fetal
tissues of mouse and human. J Cell Commun Signal 1, 127-143

Gray, M. R., Malmquist, J. A., Sullivan, M., Blea, M., and Castellot,
J. J., Jr. (2007) CCN5 Expression in mammals. 1I. Adult rodent
tissues. J Cell Commun Signal 1, 145-158

Mpyers, R. B., Rwayitare, K., Richey, L., Lem, J., and Castellot, J. J.,
Jr. (2012) CCNS5 Expression in mammals. III. Early embryonic
mouse development. J Cell Commun Signal 6, 217-223

Wiesman, K. C., Wei, L., Baughman, C., Russo, J., Gray, M. R., and
Castellot, J. J. (2010) CCNS5, a secreted protein, localizes to the
nucleus. J Cell Commun Signal 4, 91-98

Wright, W. S., Longo, K. A., Dolinsky, V. W., Gerin, ., Kang, S.,
Bennett, C. N., Chiang, S. H., Prestwich, T. C., Gress, C., Burant, C.
F., Susulic, V. S., and MacDougald, O. A. (2007) Wntl10b inhibits
obesity in ob/ob and agouti mice. Diabetes 56, 295-303

Lee, K. Y., Russell, S. J., Ussar, S., Boucher, J., Vernochet, C., Mori,
M. A., Smyth, G., Rourk, M., Cederquist, C., Rosen, E. D., Kahn, B.

60



120.

121.

122.

123.

124.

125.

126.

127.

B., and Kahn, C. R. (2013) Lessons on conditional gene targeting in
mouse adipose tissue. Diabetes 62, 864-874

Urs, S., Harrington, A., Liaw, L., and Small, D. (2006) Selective
expression of an aP2/Fatty Acid Binding Protein 4-Cre transgene in
non-adipogenic tissues during embryonic development. Transgenic
research 15, 647-653

Russo, J. W., and Castellot, J. J. (2010) CCNS5: biology and
pathophysiology. J Cell Commun Signal 4, 119-130

Zeve, D., Seo, J., Suh, J. M., Stenesen, D., Tang, W., Berglund, E.
D., Wan, Y., Williams, L. J., Lim, A., Martinez, M. J., McKay, R.
M., Millay, D. P., Olson, E. N., and Graff, J. M. (2012) Wnt
signaling activation in adipose progenitors promotes insulin-
independent muscle glucose uptake. Cell Metab 15, 492-504
Herman, M. A., Peroni, O. D., Villoria, J., Schon, M. R., Abumrad,
N. A., Bluher, M., Klein, S., and Kahn, B. B. (2012) A novel
ChREBP isoform in adipose tissue regulates systemic glucose
metabolism. Nature 484, 333-338

Ussar, S., and Tschop, M. H. (2014) [Br]eaking FAt. Cell 159, 238-
240

Lodhi, I. J., Wei, X. C., and Semenkovich, C. F. (2011)
Lipoexpediency: de novo lipogenesis as a metabolic signal
transmitter. Trends Endocrin Met 22, 1-8

Xu, X., So, J. S., Park, J. G., and Lee, A. H. (2013) Transcriptional
Control of Hepatic Lipid Metabolism by SREBP and ChREBP.
Semin Liver Dis 33,301-311

Bowers, R. R., Kim, J. W., Otto, T. C., and Lane, M. D. (2006)
Stable stem cell commitment to the adipocyte lineage by inhibition of
DNA methylation: role of the BMP-4 gene. Proceedings of the
National Academy of Sciences of the United States of America 103,
13022-13027

61



