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ABSTRACT

Hedgehog (HH) signaling plays a fundamental role in developmental processes conserved
from flies to humans, whereas aberrant HH reactivation has been linked to multiple cancer
types. Recent data from our laboratory identified (i) a key role for HH in inhibiting white
but not brown adipocyte differentiation in vitro and in vivo, and (ii) that this inhibitory HH
effect on white fat cell differentiation can be blocked by the activated T-cell cytokine
interferon-gamma (IFN-y). However, no studies have so far addressed the impact of HH on
mature adipocytes and no data at all are available on HH induced (phospho)-proteomic
changes. Therefore, we set out to address both aspects and made use of quantitative
proteomic approaches to identify for the first time new HH targets and mechanisms in
mature adipocytes.

We performed 2D-PAGE and quantitative label-free 1D-GeLC/MSMS with (i) phospho-
protein enriched samples; and (ii) cytoplasmic fractions to gain unbiased insight into rapid
phosphorylation and lasting expression changes, respectively. Western blots were
performed to validate results. Cellular metabolites were measured by ELISA.
Phospho-protein-specific 1D- and 2D-gels revealed a highly reproducible phosphorylation
of pyruvate dehydrogenase (PDH) E1 alpha in HH treated samples. In line with this data
we observed a significant up-regulation of PDH-kinase in the cytoplasmic fraction.
Furthermore, the glycolytic key enzymes phosphofructokinase (PFK) and pyruvate kinase
M2 (PKM2) were significantly altered in HH treated samples, leading to a shift towards
lactate production. Pathway analyses identified major changes in glycolysis and
mitochondrial function (OXPHOS, TCA cycle). Of note, increased NAD'/NADH and
NADP/NADPH ratios further reflected HH induced metabolic reprogramming.

In summary, our unbiased (phospho)-proteomic screen identified HH as a hitherto
unknown regulator of cellular energy metabolism, leading to increased glucose turnover

and lactate production.
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ZUSAMMENFASSUNG

Der sogenannte Hedgehog Signaltransduktionsweg (HH-STW) spielt eine essentielle Rolle
in Entwicklungsprozessen von der Fruchtfliege bis hin zum Mensch. Eine unzureichende
Funktion des HH-STW fiihrt zu schweren Missbildungen, wobei eine Uberreaktion mit
Tumorentstehung in Verbindung steht.

Rezente Daten unserer Forschungsarbeiten bestdtigten (i) eine Schliisselfunktion des HH-
STW in der Inhibierung der Differenzierung weiller, aber nicht brauner Fettzellen sowohl
in vitro als auch in vivo und (ii) dass diese hemmende Wirkung durch das aktivierte T-
Zellen Zytokin Interferon-gamma (IFN-y) blockiert wird. Interessanterweise hat sich bis
dato keine Studie damit befasst, den HH-STW in reifen Fettzellen zu untersuchen. Auch
sind keine relevanten (phospho)-proteomischen Daten vorhanden. Somit setzten wir uns
das Ziel, als erste Forschungsgruppe weltweit, neue Mechanismen des HH-STW auf reife
Fettzellen, mit Hilfe quantitativer proteomischer Methoden zu erfassen.

2D-PAGE und quantitative label-free 1D-GeLC/MSMS mit (i) angereicherten
Phosphoproteinen und (ii) der zytoplasmatischen Fraktion reifer Adipozyten wurde
angewandt. Ziel war es, Anderungen in (De)-Phosphorylierungen beziehungsweise des
Expressionsmusters in Hedgehog (HH) stimulierten Fettzellen zu detektieren. Western blot
Analysen, sowie ELISA Messungen zellulirer Metaboliten untermauerten diese
Ergebnisse.

Phosphoprotein-spezifische 1D- und 2D-Gele identifizierten eine hoch reproduzierbare
Phosphorylierung der Pyruvate Dehydrogenase (PDH) E1 alpha in HH stimulierten
Adipozyten. Passend dazu, war die zugehorige PDH Kinase {iiberexprimiert in der
zytoplasmatischen  Fraktion reifer Fettzellen anzutreffen. Die glykolytischen
Schliisselenzyme Phosphofructokinase (PFK) und Pyruvat Kinase M2 (PKM2) waren
ebenfalls signifikant verindert in HH behandelten Proben. Diese Anderungen zeigten einen
Glukosefluss in Richtung erhohter Laktatproduktion. Detailuntersuchungen bestitigten
Anderungen der Glykolyse und der mitochondrialen Funktion (TCA Zyklus, OXPHOS)
und zeigten auch erhdhte NAD'/NADH und NADP'/NADPH Ratios.

Schlussendlich ermittelten diese (phospho)-proteomischen Daten den HH-STW als einen
unbekannten Regulator des Energiestoffwechsels, der zu einem erhohten Glucosedurchsatz

und Laktatproduktion fiihrt.
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State of the Art

1. STATE OF THE ART

The hedgehog (HH) family of secreted signaling proteins plays a central role in multiple
developmental processes conserved from flies to humans. Studies of HH over the past 30
years have documented diverse functions ranging from a key role during embryogenesis
and organogenesis. It controls cell growth, survival and fate and functions as a regulator of
proliferation, differentiation, pattern formation and in stem cells renewal [6-8]. Aberrant
activation has been linked to multiple types of human cancer and leads to tumorigenesis [9-
11], whereas constitutive repression of the pathway leads to developmental disorders, like
limb- and organ malformations [6, §].

The origin of the name hedgehog derives from the short and “spiked” phenotype of the
cuticle of the HH mutant Drosophila larvae. This phenotype has been discovered by
Nusslein-Volhard and Wieschaus (1980) in their famous screen for mutations that impair
the development of the fruit fly larval body plan, which hence has been honored with the
Nobel price [6-8]. Several studies identified an anti-adipogenic role of HH in inhibiting
adipocyte differentiation. Already a one-hour stimulation was shown to be sufficient to
significantly reduce adipocyte markers, up-regulate preadipocyte markers and therefore
tremendously affect fat mass [12-14]. Since obesity is considered the new epidemic of the
21% century and represents a major risk factor for numerous chronic diseases like diabetes,
heart disorders, hypertension, stroke and certain forms of cancer, it is representing one of
the greatest social, medical and economic challenges today [12]. Interestingly, several
studies and our findings highlight HH signaling as a potential therapeutic target to treat
obesity and its related disorders [9, 13, 14].

1.1. The hedgehog signaling pathway

The expression of different HH isoforms is tightly controlled by highly complex and
divergent transcriptional enhancers [7]. The mechanisms for subsequent HH processing
and secretion appear to be conserved in evolution and are likely to apply to all HH
isoforms, including a wide range of invertebrates, Drosophila melanogaster (fruit fly),
Diadema antillarum (sea urchin) and vertebrates, Mus musculus (mouse), Gallus gallus
(chicken) as well as humans [8]. Briefly, binding of HH proteins to its transmembrane

receptor Patched (PTCH), relieves the normal repression of a second transmembrane
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protein Smoothened (SMO) allowing the signal to be conveyed to the nucleus by the
ci/GLI (Cubitus interruptus/Glioma-associated) family of transcriptions factors (TFs)

affecting expression of specific target genes [6-8, 10, 15].

1.1.1. The hedgehog protein family

HH proteins act as morphogens controlling multiple different developmental processes.
Signaling can be direct or indirect, over a short or long range in a time- and dose-
dependent manner. Therefore changing of concentration and/or duration of HH seems to
significantly influence intracellular signaling. Generally induced genes are involved in
positive and negative feedback mechanisms and include GLI1, PTCH and HIP [8]. On the
other hand HH proteins act as mitogens regulating cell proliferation or as inducing factors
controlling the form of a developing organ [6].

As aforementioned, the components and mechanisms involved in hedgehog signaling seem
to be largely conserved from flies to humans. However, unlike the fruit fly, which has a
single HH gene, duplication events in the vertebrate genome have resulted in the
generation of three genes named Desert hedgehog (DHH), Indian hedgehog (IHH) and
Sonic hedgehog (SHH). IHH and SHH are more closely related to each other than to DHH,
which in turn is most closely related to Drosophila hedgehog [6-8, 15].

DHH expression is largely restricted to gonads, including sertoli cells of testis and
granulosa cells of ovaries. DHH deficient male mice are infertile due to complete loss of
mature sperm [8]. Furthermore, it is found to be expressed in Schwann cells and is

essential for the structural and functional integrity of peripheral nerves [16].

IHH is known to be expressed in a limited number of tissues, including primitive
endoderm, gut and early hypertrophic chondrocytes in the growth plates of bones. About
50% of IHH/" embryos die during early embryogenesis due to poor formation of yolk-sac

vasculature [8].

SHH represents the most broadly expressed mammalian HH protein and the most actively
investigated ligand. It is expressed in numerous cell types and is involved in many

biological processes such as development of limbs, skeleton, central nervous system and
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lung. Deletion of SHH causes limb malformation, absence of vertebrae and most of the
ribs, defects in ventral neural tube and failure of lung branching [8]. Furthermore SHH
protein regulates adult stem/progenitor cell behavior. Human SHH protein shows a
similarity of 92.4% in the amino acid sequence with its murine homolog [10].

Of note, all HH proteins undergo co- and posttranslational modifications, including auto
processing and lipid modification (see 1.1.3. Hedgehog processing, secretion and

transduction).

1.1.2. The hedgehog signaling components

Dispatched (DISP) is a twelve pass transmembrane (TM) transporter-like protein and is
required in HH-producing cells to transport lipid-modified HH protein to the extracellular
space. Therefore, loss of DISP function leads to accumulation of HH in the producing cell
and decreases target gen expression in responding cells [6, 7, 10, 15]. The three vertebrate
HH family proteins are released by a set of human dispatched homologues, DISP1, DISP2
and DISP3. In contrast mice show two dispatched homologues, mDISPA and mDISPB
[17].

PTCH is a twelve pass transmembrane protein and functions as a signaling receptor. In
vertebrates two PTCH isoforms exist, named PTCH1 and PTCH2. PTCH1, which is the
better characterized one, shows 54% sequence homology with PTCH2. Both bind to all
HH family proteins with similar affinity but differ in the potency to induce a response. It is
generally accepted that most signaling events seem to involve PTCHI. Binding of HH to
its receptor results in loss of PTCH activity and consequent activation of SMO [10]. PTCH
is a target gene of the HH signaling and therefore inhibits signaling by a negative feedback
loop [6, 7, 15].

SMO is a seven pass transmembrane protein and due to its structure often included in a
sub-family of G-protein coupled receptors (GPCR) [11, 18] . Seven pass TM receptors are
coupled to G-proteins (Gs, Gi, Gy, Gi2). Their activation typically changes second
messengers and activates a variety of lipid and protein kinases. G; is required for SHH
signaling in at least some vertebrate cells [18] and this effect can be inhibited by Bordetella

pertussis toxin (PTX), a toxin which modifies most G;j proteins and blocks the interaction
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of G-proteins with its receptors. However the capacity of SMO to couple to G-proteins is
still under investigation as controversial reports on this topic exists [19]. HH activates

SMO by binding to and inactivating PTCH.

Other cell surface proteins which are able to bind HH proteins and negatively regulate the
HH pathway are the HH-binding protein (HHIP) and glycophosphatidylinositol (GPI)-
linked protein (GAS1). Curiously, no identifiable homologs of HHIP or GAS1 are present
in fruit flies. Additional molecules, which positively affect the pathway, are the single
transmembrane protein cell-adhesion molecule-related, down-regulated by oncogenes
(CDO) and Brother of CDO (BOC) and its drosophila homologs interference hedgehog
(iHog) and Brother of iHog (boi) [6-8, 15].

The most obvious differences between drosophila and vertebrate HH signaling exist at the
level of transcriptional control by the ¢i/GLI transcription factors [7]. These TF convey the
signal from SMO to the nucleus affecting gene expression.

Ci is bi-functional and serves as both repressor and activator [20]. In mammals these
opposing activities are distributed between three ci homologues, GLI1, GLI2 and GLI3.
They all belong to the family of C2-H2 zinc finger domains and can specifically interact
with DNA sequences encompassing a GACCACCCA motif found in target gene promoters
[10]. GLII functions as a strong transcriptional activator and its expression is dependent on
GLI2 and/or GLI3-mediated transcription so that GLI1 expression can be used as a
convenient readout of the state of classical HH pathway activation [18]. GLI2 and GLI3
proteins contain both activator and repressor domains, whereas GLI2 functions principally

as activator and GLI3 acts mainly as repressor of target gene expression [10].

Further intracellular components which are important for regulating HH transduction in
drosophila include a kinesine-like protein, costal-2 (cos2). cos2 is a key negative regulator
of the HH signaling downstream of smo [7]. It forms a so-called “HH signaling complex”
with fused (fu), a protein serine-threonine kinase that acts positively on the HH pathway
and several other serine-threonine kinases such as Protein kinase A (PKA), Casein kinase |
(CKI) and Glycogen synthase kinase 3 (GSK3p), to interact with ci and to regulate its
activity and action [18]. Ci transcriptional activity is also negatively regulated through its

binding to Suppressor of FU (SUFU) [8] [21]. FU, SUFU and the other kinases PKA, CKI
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and GSK3p are homologue to the vertebrate signaling pathway. The exact role of the
vertebrate cos2 homologues, KIF7 and KIF27 has to be clarified [22].

1.1.3. Hedgehog processing, secretion and transduction

One critical aspect of HH biology is its synthesis [15]. HH family proteins in both
vertebrates and invertebrates are processed from a precursor protein (Figure 1). The human
SHH ligand is synthesized from a 45 kDa precursor that undergoes an autocatalytic
intramolecular cleavage at position 198 catalyzed by the C-terminal portion of the
precursor. This reaction yields an ~19 kDa N-terminal fragment (SHH-N), which
represents the mature and biologically active SHH form, and a 25 kDa C-terminal
fragment, that has no other known function so far. During this reaction, cholesterol is
coupled covalently to the C-terminus of SHH-N and the N-terminal signaling fragment is
modified by palmitolyation (SHH-Np). These hydrophobic lipid modifications serve, at
least in part, to localize SHH-Np to particular regions of the plasma membrane that are
critical for proper HH trafficking and activity [10, 15].

HH proteins are secreted as monomers or lipoprotein (LP)-associated oligomers promoted
by DISP and cell-surface heparan sulfate proteoglycans, shortly glypicans. Released HH
ligands can act in autocrine and paracrine manners on producing and responsive cells
localized near or at a distant localization of secreting cells. HH interacts with a complex of
PTCH and CDO/BCO. CDO and BCO are the closest mammalian relatives of Drosophila
iHog and boi and are cell-surface proteins which positively regulate the HH pathway.
Together with HHIP and GAS1, which negatively affect the HH pathway, they regulate the
range and level of HH signaling. Binding of SHH-N inactivates PTCH and therefore
activates SMO. Active SMO signals to the cytoplasm, leading to activation of the ci/GLI
TFs, which control the output of HH signaling [10, 15].
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1.1.4. Mammalian hedgehog at the primary cilium

A unique feature of vertebrate HH signaling is that primary cilia (PC) are essential for
signal transduction. The PC is a tiny microtubule-based organelle observed on most
vertebrate cells [21]. It serves as a sensory “antenna” for the detection of optical,
mechanical and chemical signals. The function of PC is regulated by large protein
complexes involved in intraflagellar transport (IFT) of proteins up and down the cilia.
Interestingly mutations in components of the IFT apparatus impair HH signaling in mice
[11].

Active PTCH receptor is localized at the base of the PC and prevents SMO localization to
the PC. Moreover, all three GLI TFs as well as SUFU are colocalized at the tip of the
cilium in the absence of the HH ligand [11, 23]. Binding of HH protein to its receptor
PTCH results in a decreased number of PTCH molecules in the cilium, perhaps due to
internalization from the plasma membrane and/or degradation [21]. This delocalization of
PTCH from the PC recruits SMO to the cilium and inhibits proteolytic processing of GLI2
and GLI3 with subsequent induction of GLI1 transcription (GLI activator, GLIA) (Figure
2) [9, 10]. SUFU, the main negative regulator of mammalian HH signaling, is directly

associated with GLI molecules and controls their nuclear translocation through an
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intraflagellar transport. In the absence of HH, GLI2 and GLI3 are phosphorylated by PKA,
GSK3p and CKI at the base of the cilium whereupon they are proteolytically processed and

translocated to the nucleus and repress gene expression (GLI3 repressor, GLI3R) (Figure

2).
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Figure 2: Hedgehog signaling at the primary cilium; reviewed in Mimeault and Batra,
2010. GLI3R, GLI3 repressor; GLIA, GLI1 activator

1.1.5. Hedgehog signaling regulation in drosophila

In both vertebrate and invertebrate HH signaling smoothened (smo, drosophila) is blocked
by the receptor patched (ptc, drosophila) in the absence of HH proteins. In the presence of
HH proteins ptc releases its inhibitory effect on smo and the signal can be conveyed via the
ci/GLI TF to the nucleus. Cellular responsiveness to HH is regulated by the expression of
these TF and differs between in- and vertebrates [8].

In fruit flies, active smo is hyperphosphorylated by PKA and CKI and acts through a
protein complex containing cos2, fu and ci [7, 24]. Fu, a positive regulator of HH
signaling, blocks the binding of su(fu) to ci. Therefore non-processed ci is able to enter the
nucleus as transcriptional activator [7, 22]. In the absence of HH smo stays in an
unphosphorylated state and cos2 exerts a negative effect on HH signaling by recruiting the
kinases PKA, CKI and GSK3 to hyperphosphorylate ci and mediating its proteolysis [24].
In the absence of HH pathway activity, this truncated from of ci enters the nucleus and
represses target gen expression. Activation of the HH pathway blocks ci processing,

allowing the full-length form to enter the nucleus.
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1.1.6. Small-molecule modulators of hedgehog signaling

There exist several synthetic and natural small-molecule modulators of the HH pathway
[25]. The plant alkaloid cyclopamine was first identified as inhibitor, by binding directly
SMO [21]. Other SHH signaling antagonists that bind to SMO are SANT1 (Smoothened
Antagonist 1) and GDC-0449 [25]. The latter is currently tested in clinical trials on human
basal cell carcinomas (BCCs). Agonists are purmorphamine [25] and SAG (Smoothened
agonist) [26]. Antagonists acting at the level of GLI are GLI antagonist GANTS58 and
GANT®61 [25].

1.1.7. Hedgehog signaling and its role in adipogenesis

In 2000, first studies on HH signaling and its anti-adipogenic role were performed using
murine mesenchymal cells [12, 27]. Mesenchymal stem cells are pluripotent cells that can
differentiate into osteocytes, chondrocytes and adipocytes [28]. Activation of HH signaling
in these cells promotes osteoblastic differentiation in correlation with the increase of
PREF-1, a preadipocyte marker and a decrease of adipocyte markers [12, 27]. In 2004, a
similar effect was reported in mesenchymal stem cells derived from human adipose tissue
[12, 29]. HH is known as a crucial modulator of cell differentiation processes and its
conserved anti-adipogenic role was first described by Suh et al in 2006 [14]. They found
HH pathway components to be expressed in the fruit fly fat body as well as in mouse fat
and their levels were regulated by adipogenesis and obesity. Expression levels of anti-
adipogenic genes like GATA2, GATA3 and GILZ increase in presence of HH, as well as
PREF-1 in 3T3-L1 cells. This data suggested that HH signaling acts upstream of
peroxisome proliferator-activated receptor gamma (PPARy), the master regulator of
adipogenesis, by inducing transcription factors as GATA?2 to inhibit adipogenesis.

In 2010, we specified for the first time the anti-adipogenic role of HH protein in mammals
[13]. In detail, genetic activation of HH signaling in vivo and in vitro blocks white but not
brown adipocyte differentiation. White adipose tissue (WAT) stores excess calories as
triglycerides and brown adipose tissue (BAT) burns lipids to generate heat and regulate
body temperature. Fat specific SUFU knockout mice displayed an obvious lean phenotype
due to a significant and global reduction of WAT. WAT fat pads revealed marked and
significant reductions in adipocyte size and total number, whereas BAT showed no

alterations in mass, size or number of adipocytes. Despite the marked differences in WAT
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and body weight of SUFU knockout mice, there was no evidence of altered food intake or
aberrant glucose tolerance and they showed normal regulation of energy expenditure. As
previous studies indicated, we also observed a significant down-regulation of pro-
adipogenic targets such as BMP2, BMP4, EGR2/KROX20, SFRP1 and SFRP2 and up-
regulation of anti-adipogenic targets like NR2F2, GILZ, HES1 and NCOR2. We further
demonstrated that endogenous GLI2 and GLI3 bind to multiple anti-adipogenic loci and
implicate direct modulation of NCOR2 and NR2F2 in the dysregulation of adipogenesis,

which confirmed the early anti-adipogenic action of HH signaling.

1.2. Obesity and its related disorders

The global epidemic of overweight and obesity - "globesity" - is rapidly becoming a major
public health problem in many parts of the world. According to the World Health
Organization (WHO) overweight and obesity are defined as a disease in which excess body
fat has accumulated such that health may be adversely affected. Obesity is commonly
defined as a body mass index (BMI, weight in kilograms divided by height in meters
squared) of 30 kg/m” or higher (Table 1). The WHO currently estimates that at least 1.5
billion individuals worldwide are overweight. Almost one-third of these individuals are
clinically obese, markedly raising their chances of cardiovascular disease, type 2 diabetes
(T2D), certain forms of cancer, stroke and a decreased longevity. Unfortunately, obesity is
also affecting children; as childhood obesity has tripled over the last 30 years. Importantly,
in most countries nowadays more people die from the consequences of being overweight
than underweight [30]. These run-away rates of obesity underscore the need for novel

diagnostic tools and targeted therapies [13, 31].

BMI < 18,5 Underweight
BMI 18,5 —24.9 Normal weight
BMI 25 - 29,9 Overweight
BMI 30 -39,9 Obesity

BMI > 40 Morbid obesity

Table 2: Cutoff points proposed by a WHO expert
committee for the classification of overweight.
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1.2.1. Adipose tissue

Two types of adipose tissue are present in mammals: white adipose tissue (WAT) and
brown adipose tissue (BAT). The differences in lipid content and mitochondrial abundance
are the reasons for the color differences. As mentioned earlier WAT stores energy, i. e.
excess calories, as lipid droplets in form of triglycerides [32]. Another key feature of WAT
is the secretion of adipocyte-derived factors, known as adipokines (e. g. leptin,
adiponectin). Thus, fat is a major endocrine organ and signaling tissue which interacts
extensively with other organs to regulate whole-body metabolism, glucose and energy
homeostasis, immune response, blood pressure control and bone mass [33, 34]. This
adipokine networking system is altered in obese people, contributing to an impaired
adipocyte metabolism. In contrast to WAT, BAT produces heat through uncoupling protein
1 (UCP-1) by uncoupling oxidative phosphorylation. BAT depots are difficult to find in
human adults as its heat-producing-function is more essential in small mammals and
newborn humans [35]. However, significant amounts of BAT have been recently identified

also in adult humans [32, 35].

1.2.2. Obesity and metabolic disorders

The obesity state was first described as “low-grade systemic inflammation” by
Hotamisligil et al. in 1993 [32, 36]. In obese conditions, WAT becomes inflamed due to
the excess consumption of calorie-rich food and its resulting cellular composition
remodeling [30, 32]. The increase in adipocyte number (hyperplasia) and size
(hypertrophy) as well as the marked infiltration with macrophages elevate the secretion of
pro-inflammatory adipokines and cytokines and contribute to an aberrant adipocyte
metabolism [32]. As a result higher rates of lipolysis and therefore also an increased
release of free fatty acids (FFAs) is observed, which in turn results in increased hepatic
gluconeogenesis and dyslipidaemia. Glucose and insulin action get out of control, reflected
by raised circulating insulin levels and decreased skeletal muscle insulin sensitivity with
reduced glucose uptake. Ultimately, this leads to peripheral insulin resistance, finally to

pancreatic B-cell failure, and hence T2D. [3, 31, 37].

10
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1.2.3. Adipogenesis

Adipocytes derive from multipotent mesenchymal stem cells, which have the capacity to
differentiate into osteocytes, chondrocytes and adipocytes [38]. Adipogenesis is a precisely
regulated process, where fibroblast-like preadipocytes differentiate into mature, lipid-laden
adipocytes [39, 40]. The two principal adipogenic regulators are PPARy and
CCAAT/enhancer binding protein (C/EBP). PPARY is considered as the master regulator
of adipogenesis as it is sufficient and necessary for adipocyte differentiation [41]. There
exists several additional proadipogenic (BMP-2/4, KROX20, SFRP-1/2) and
antiadipogenic (GILZ, HES1, NCOR2, NR2F2) factors which increase and decrease with
the level of adipogenesis respectively.

In vitro, 3T3-L1 cells, a common used preadipocyte cell line, have been fundamental to
obesity and diabetes. Originally cells derived from Swiss mouse embryo tissue [42]. In
vitro adipogenesis of these cells needs to be initiated. This induction mixture contains the
adipogenic stimulants isobutylmethylxanthine (IBMX) and dexamethasone (DEX), which
turn on PPARY as well as insulin to facilitate glucose uptake and adipocyte differentiation.
Thiazolidinediones which promote adipogenesis through binding to PPARY enhance the
differentiation capacity of the cell. During culturing it is important to maintain cells until
they are fully confluent as this is require for growth arrest. Two days after the cells have
been confluent differentiation is initiated with the induction cocktail. Small lipid droplets
appear within 4-7 days after induction. Lipid accumulation continues throughout the first

two weeks and finally, droplets fuse to a few big lipid droplets (Figure 3).

nucleus

Preadipocyte > mature Adipocyte

Figure 3: 3T3-L1 adipocyte differentiation (zenbio.com)

11
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2. PROBLEM DEFINITION AND OBJECTIVE

Due to its dramatic increase, obesity is considered the new epidemic of the 21% century.
Globally, there are more than 1.5 billion overweight adults and at least 500 million of them
obese. Obesity is a major risk factor for numerous chronic diseases including diabetes,
heart disease, hypertension stroke, and certain forms of cancer. Thus, obesity represents
one of the greatest social, medical and economic challenges today.

HH is fundamental for developmental processes, while in adults activation of the HH
pathway has been linked to several cancer types. Recent data from our laboratory first
identified a key role for HH in inhibiting white but not brown adipocyte differentiation in
vitro and in vivo [13]. Mice with a fat-specific HH activation showed almost complete loss
of white adipose tissue, whereas development of brown adipose tissue was not affected.
Despite the WAT-specific lipoatrophy these mice exhibited normal glucose tolerance and
insulin sensitivity. Interestingly, they revealed enhanced glucose uptake in the remaining
white adipose tissue [13]. Furthermore, we described that this inhibitory HH effect on
white fat cell differentiation can be blocked by the activated T-cell cytokine interferon-
gamma (IFN-y) [43]. Therefore, an antagonistic cross-talk between IFN-y and HH
signaling exists in white adipose tissue [43].

Based on these observations we started a follow-up analysis to mechanistically elucidate
the role of HH activation in mature adipocytes. Interestingly, no studies have so far
addressed anything like that and no data at all are available on HH induced (phospho)-
proteomic changes. Therefore, we set out to address both aspects and made use of
quantitative proteomic approaches to identify for the first time new HH targets and
mechanisms in mature adipocytes. The proteome describes the entire set of proteins
expressed by a genome in a cell at a given time point under defined conditions. In order to
understand the cellular and molecular mechanisms of HH on mature adipocytes we aimed
to determine first the phosphoprotein enriched pattern and second the protein expression
pattern to gain unbiased insight into rapid phosphorylation and lasting expression changes,
respectively.

On the basis of our present results and new findings within this thesis work the HH
pathway may be exploited as a novel treatment avenue for obesity and its related metabolic

disorders.

12
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This innovative objective was addressed by the following specific aims:

(1)

(i)

(iii)

Delineation of the impact of HH on changes in the adipocyte phospho-proteome
by 2D-PAGE and quantitative label-free 1D-GeLC/MSMS

Exploration of the effect of HH on alterations in the cytoplasmic-proteome of
adipocytes by 2D-PAGE and quantitative label-free 1D-GeLC/MSMS
Functional characterization of promising candidates identified by MSMS to
mechanistically elucidate the consequences of HH activation in mature

adipocytes

13
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3. MATERIAL AND METHODS

3.1. Cell culture

3.1.1. Reagents and solutions

Calf Serum (CS) PAA
Dexamethasone (DEX) Sigma

DMEM high glucose (4.5 g/L) PAA

Fetal Bovine Serum HI (FBS) PAA
Gentamicin 50 mg/mL Gibco

Insulin Sigma
3-isobutyl-1-methyxanthine (IBMX) Sigma
Methionine- and cysteine-free DMEM Medium MP Biomedicals
PBS 1X Sigma
Recombinant Mouse Sonic hedgehog (recSHH) ProSpec
Smoothed Agonist (SAG) Alexis
Tran35S-Label Metabolic Labeling Reagent 14mCi MP Biomedicals
Troglitazone (TZD) Sigma

Trypsin EDTA 1x 0.05%/0.02% in PBS PAA

3.1.2. Procedure

Cell culture and adipocyte differentiation

Murine 3T3-L1 preadipocytes (ATCC) were grown in DMEM containing 10% heat
inactivated calf serum (CS) plus gentamicin in 5% CO, at 37°C. For adipocyte
differentiation experiments, cells were grown to confluence in DMEM/ 10% CS. Two days
after the cells reached confluence (day 0), they were induced to differentiate by changing
the medium to DMEM containing 10% fetal bovine serum (FBS), 0.25 mM IBMX, 1 uM
DEX, 1.74 uM insulin and 5 uM TZD. After 48 hours (day 2), the medium was replaced
with DMEM supplemented with 10% FBS, 1.74 uM insulin and 5 pM TZD. After an
additional 48 hours (day 4), insulin and TZD were withdrawn, and 80% medium was
changed every second day with DMEM/10% FBS [13]. Differentiated cells were starved at
day 9 for 18 hours in 1% BSA in DMEM and stimulated for 10 minutes (Phospho-
Proteomics) and 48 hours (Expression-Profile) in DMEM plus 200 nM SAG. For Western

14
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blot analysis differentiated cells were incubated for 2, 5, 10, 30 minutes and 48 hours with

200 nM SAG or 0.1-0.25 pg/mL recombinant SHH, respectively.

35S-Metabolic labeling

Cells were routinely cultivated in DMEM supplemented with 10% CS and 10% FBS as
described above. During the last 4 hours of 48 hours treatment, cells were incubated in
methionine- and cysteine-free DMEM medium in the presence of 35S-labeled methionine

and cysteine [44].
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3.2. Sample preparation

3.2.1. Reagents and solutions

Aceton

Amberlite

3-[(3-cholamido-propyl) dimethyl-ammonio]-1-propanesulfonate

1,4-Dithio-D,L threitol high purity (DTT)
Cell Scraper

Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol tetra acetic acid (EGTA)
HEPES/NaOH pH 7.4, IM

25X Inhibitor Cocktail

Sodium chloride

Needles, 25G

Nuclease Mix 100X

Magnesium chloride

PhosphoProtein Purification Kit
PhosStop Phosphatase Inhibitor Cocktail Tablets
Phenylmethylsulfonyl fluoride (PMSF)
Protease Inhibitors 100X

Single-use syringes 1 mL

Sodium dodecyl sulfate (SDS)

Sodium deoxycholate

Sucrose

Thiourea

Tran35S-Label Metabolic Labeling Reagent 14mCi
Triton X-100

Urea

Vivaspin™ sample concentrators 2

Water double distilled (ddH,O)

Merck

Serva

Gerbu

Gerbu

SPL Life Sciences
Merck

Merck

Sigma

Roche

Merck

BD Microlance
Amersham
Merck

Qiagen

Roche

Sigma

GE Healthcare
Soft-Ject
Sigma

Sigma

Sigma

Sigma

MP Biomedicals
Sigma

Gerbu

GE Healthcare
Mayrhofer
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Hypotonic extraction buffer (HP) V=100 mL

10 mM HEPES/NaOH pH 7.4; 1M |1 mL

10 mM NaCl; 5 M 200 puL
0.5 mM MgCl,; 1 M 50 uL

1| mM EGTA; 0.5 M 200 uL
Store at 4°C

HP-Mix (1mL / T150 flask)

25X Inhibitor Cocktail Ix IC
100 mM PMSF 1 mM PMSF
Prepare prior to use and keep on ice

Isotonic solution (ISO) Vg =3 mL

0.25 M Sucrose; 2 M 1.25 mL
3mM MgCL. 1 M 30 uL
0.5% Triton X-100; 20% 175 uL
Store 4 °C

2 M Sucrose V=100 mL

2 M Sucrose 68.46 g
50 mM HEPES/NaOH pH 7.4; 1 M |5 mL

50 mM NaCl,; 5 M 1 mL

5 mM MgCl,; 1 M 500 pL

1 mM EGTA; 0.5 M 200 puL
Store 4°C

Sample buffer stock Vg =10 mL

7 M Urea 42¢
2 M Thiourea 1.52¢g
2% CHAPS 02¢g
Amberlite 0.1g

Filter and fill up to 10 mL, store 1 mL aliquots at -20°C

Sample suffer Vg =1 mL

Sample buffer Stock 885 uL
100 mM DTT; 1 M 100 uL
0.2% Ampholytes 3.7-9.5; 40% 5uL
100X Protease Inhibitor 10 uL
25X PhosStop 40 uL
100X Nuclease Mix 10uL

Prepare freshly prior to use
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RIPA buffer Vi =250 mL

50 mM Tris-HCl pH 7.6; 1 M 12.5 mL
150 mM NaCl; 5 M 7.5 mL
1 mM EDTA; 0.5 M 0.5 mL
1% Triton X-100; 20% 12.5mL
1% Sodium deoxycholate 25¢g
0.1% SDS; 20% 1.25 mL

Add 1 mM PMSF and 1x IC prior to use, store at 4°C

3.2.2. Procedure

3.2.2.1. Phospho-proteomics

Phosphoprotein enrichment was performed by affinity column purification of total
adipocyte protein using a PhosphoProtein Purification Kit (Qiagen), according to the
manufacture’s introduction. Briefly, cells, cultured in a 150 cm’ flask, were washed twice
with an ice cold HEPES based buffer on ice. Since a phosphate buffer for washing would
interfere with binding of phosphorylated proteins to the column. Afterwards ~10"cells were
resuspended in 5 mL lysis buffer containing protease- and phosphatase inhibitors and
Benzonase Nuclease, provided by the manufacturer. Cell suspension was incubated on ice
for 30-60 minutes with vortexing every 10 minutes. Subsequently cell lysates were
centrifuged at 10.000 g and 4°C for 30 minutes (Allegra X-12R Centrifuge, Beckman
Coulter). During centrifugation PhosphoProtein Purification Columns were prepared by
detaching the top cap, breaking off the bottom closure, and allowing the storage buffer to
flow out. 4 mL lysis buffer were applied to equilibrate the column. Supernatants were
harvested and protein concentrations determined by using the Bradford assay (Bio-Rad). A
final volume of 25 mL (i.e. approximately 2.5 mg protein) were poured into the upper
reservoir of the column in two steps. The flow-through was collected and poured into the
column for a second time to maximize binding of any phosphorylated protein in the
sample. After this columns were washed once with 6 mL of lysis buffer and finally
phosphoproteins were eluted five times with 500 pL of elution buffer, provided by the
manufacturer.

FEluated fractions were combined concentrated and desalted, using Vivaspin™ sample

concentrators (GE Healthcare) with a 10 kDa molecular weight cut-off according to the
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instructions of the manufacturer. Protein concentration was determined using the Bradford

or BCA (Pierce) method for proteins diluted in sample buffer or RIPA buffer, respectively.

3.2.2.2. Expression-profile

Cells, culture in a 150 cm? flask, were washed twice with an ice cold 1X PBS on ice and
scraped into 1 mL HP-Mix. Cells were allowed to swell on ice for 15 minutes. Then
150 uL ISO were added and mixed gently. Cells were disrupted by pushing them 10 times
through a G25 (BD Microlance 3) needle. Intact nuclei and insoluble material were
removed by centrifugation at 4000 g and 4°C for 10 minutes. Cytoplasmic proteins were
precipitated with methanol-chloroform described by Wessel and Fliigge [45]. Afterwards,
protein samples were dissolved in Sample buffer for 2D polyacrylamide gel
electrophoresis (2D-PAGE) or in RIPA buffer for 1D PAGE. Total protein concentration
was determined by a Bradford assay and the BCA method, respectively.

For S35labeled cells, the same procedure was performed in an isotope laboratory according

to the radioactive guidelines

3.2.2.3. Western blot samples

Cells, cultured in 24 well plates, were washed twice with an ice cold 1X PBS on ice and
scraped into 200 pL. RIPA buffer containing 1X protease inhibitors and 1X PhosStop
phosphatase inhibitor cocktail, snap frozen in liquid nitrogen and stored at -80°C over
night. On the next day samples were shaken at 4°C for about an hour, centrifuged at 4°C at
16000 g for 30 minutes (Microfuge 22R Centrifuge, Beckman Coulter). 20 pug protein were

mixed with Laemmli buffer and boiled at 95°C for 5 minutes.

19



Material and Methods

3.3. Proteomic analysis
3.3.1. 2D-PAGE

2D-PAGE is based upon two-dimensional separation of proteins. In the first dimension
proteins are separated according to their charge by isoelectric focusing. In the second
dimension proteins are separated based on their molecular mass by sodiumdodecylsulfate-
(SDS)-PAGE. The gel was stained with a solution of Ruthenium II tris
(bathophenanthroline disulfonate) (RuBPS) and obtained images were quantified and
evaluated with Progenesis SameSpots. For further investigations gels were silver stained.
Proteins of interest were picked, in-gel digested and analyzed by LC/MSMS. Within this

so called gel-based proteomic approach, several samples can be handled and quantitatively

compared in parallel.

3.3.1.1. Reagents and solutions

Acetic Acid Merck
Acrylamide (AA) Gerbu
Agarose LM GQT Gerbu
Albumin Standard, 2000 pg/mL Pierce
Amberlite Serva
Ammonium persulfate (APS) Sigma

0.2% Ampholytes pH 3.7-9.5 Bio-Rad
1,4-Bis (acryloyl) piperazine (PDA) Fluka
Bromphenolblue Sigma
3-[(3-cholamido-propyl) dimethyl-ammonio]-1-propanesulfonate =~ Gerbu
1,4-Dithio-D,L threitol high purity (DTT) Gerbu

Ettan'™ Sample Preparation Kits and Reagents GE Healthcare
Formic Acid Merck
Glycerol 99.8% Fluka

Glycine Sigma
Iodacetamide (IAA) Sigma
Nuclease Mix 100X Amersham
PhosStop Phosphatase Inhibitor Cocktail Tablets Roche

Plus One Mineral Oil Dry Strips Cover Fluid GE Healthcare
Protease Inhibitors 100X GE Healthcare
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Protein assay dye-concentrate

Sodium dodecyl sulfate (SDS)

N,N,N’,N’-Tetramethylethylendiamine (TEMED)

Thiourea
Tris

Urea

Bio-Rad
Gerbu
Sigma
Sigma
Gerbu
Gerbu

Sample buffer stock Vg =10 mL

7M Urea 42 ¢
2 M Thiourea 1.52¢g
2% CHAPS 02¢g
Amberlite 0.1g

Filter and refill up to 10 mL, store 1 mL aliquots at -20°C

Sample buffer Vg =1 mL

Sample suffer Stock 885 uL
100 mM DTT; 1 M 100 uL
0.2% Ampholytes 3.7-9.5; 40% 5uL
100X Protease Inhibitor 10 uL
25X PhosStop 40 uL
100X Nuclease Mix 10 uL

Prepare freshly prior to use

4x 18x16 cm gels: 1.5 mm thick, 12% AA/PDA; Vg =160 mL

12% AA/PDA; 30% 64 mL
400mM Tris-HCI1 pH 8.8; 2 M 32mL
ddH,O 64 mL
0.05% APS; 10% 800 pL
TEMED 56 L

Immediately pipette 2-propanol onto each casted gel.

12x 26x22 cm gels: 1 mm thick. 12% AA/PDA; Vg =900 mL

12% AA/PDA; 30% 360 mL
400 mM Tris-HCI pH 8.8; 2 M 180 mL
ddH,0 360 mL
0.05 APS; 10% 4.5 mL
TEMED 390 pL

Immediately pipette 2-propanol onto each casted gel.
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10X Running buffer Vg =1000 mL

0.25 M Tris 303¢g
2 M Glycine 150 g
1% SDS; 20% 50 mL
Equilibration buffer Vg =200 mL

6 M Urea 72 g
0.05 TrispH 8.8; 2 M 5mL
2% SDS; 20% 20 mL
20% Glycerol; 99.8% 40 mL

Aliquots at -20°C

3.3.1.2. Procedure
Two different approaches were used to monitor HH induced changes in the adipocyte
(phospho)-proteome. First, phospho-protein specific proteomics and second, expression-

proteomics using the cytoplasmic fraction of adipocytes were used to perform 2D-gels.

1* Dimension: passive rehydration and isoelectric focusing

IPG strips were passively rehydrated with 50-100 pg protein in 280 pL using 17 cm strips
pH 3-10 for phospho-proteomics and 400 pg protein in 400 puL using 24 cm strips pH 5-8
for the cytoplasmic protein expression profile. The appropriate volumes, mixed with
bromphenolblue, were pipetted over the whole channel length of a tray. IPG strips were
carefully placed into the tray, gel-side down, avoiding any air bubbles. After 15 minutes
strips were overlaid with mineral oil and rehydrated for 16-20 hours. After passive
rehydration the IPG strips were put with the gel side up into the ceramic bath filled with
mineral oil. Filter paper pads were moistened with water and placed onto the strips in order
to connect the electrodes. Isoelectric focusing (IEF) was performed in an Ettan IPGphor II
system in a stepwise fashion (Table 2). After IEF, strips were put into the rehydration tray
and sequentially equilibrated in Equilibration buffer with 100 mM DTT and 2.5% IAA for

10-15 minutes each.
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Table 2: Isoelectric focusing settings

IEF steps | Phospho-Proteomics Expression Profile
U|[V] | Time[Vh] | U[V] Time [Vh]
Gradient 500 1000 500 375
Step 500 2000 500 2250
Gradient 4500 12500 5000 19250
Step 4500 5400 5000 55000
Step 500 1000 500 1000

2" Dimension

The 12% AA/PDA gels were casted the day before. For SDS-PAGE using the Ettan
DALTtwelve System, the IPG strips were washed in running buffer and placed on top of
the gels and overlaid with 0.5% low-melting agarose. The gels were put into the
electrophoresis-chambers and were run in running buffer at 5 W per gel for 30 minutes and

then at 15 W per gel until the dye front completely ran off.

Staining and image analysis

The gels were stained with a solution of RuBPS as described by Rabilloud et al [46].
Briefly, gels were fixed overnight in 50% methanol 10% acetic acid, washed twice with
20% methanol for 20 minutes, stained with a 400 nM solution of RuBPS in 20% methanol
for 6-8 hours and destained in 50% methanol 7% acetic acid overnight. Fluorography
scanning was performed with the Fluorlmager 595 (GE Healthcare, Fairfield, CT) at a
resolution of 100 pm. Non radioactive gels were stored in water at 4°C and silver-stained
for spot picking. Radioactively labeled gels were dried using the slab gel dryer SE110
(Hoefer, San Francisco, CA), exposed to phosphor screens (Molecular Dynamics) and
scanned using the Phosphorimager SI (Molecular Dynamics) at a resolution of 100 pm as
described by Haudek et al. [44, 47]. All 2D-gel data were independently reproduced three
to five times. Detection, matching, background substraction, normalization and
quantitative comparison of 2D spots were accomplished using the Progenesis SameSpots
software (Nonlinear Dynamics). Spots of interest were excised from a silver stained gel

and subjected to in-gel digestion with trypsin as described below.
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3.3.2. 1D-GeLC/MSMS

1D-PAGE approach is based on one-dimensional separation of proteins according to their

molecular mass. Therefore, the 1D-gel contains bands and no spots, which are cut out of

the gel and tryptically digested. All resulting peptides in one single band are separated by

nano-flow liquid-chromatography (LC) and subsequently identified by tandem mass

spectrometric (MSMS) analysis. The main advantage of this method is the high degree of

automation of the analysis and the identification of much more proteins. However, in

contrast to 2D-PAGE, 1D-GeLC/MSMS analysis is only a semi-quantitative method.

3.3.2.1. Reagents and solutions

Acetone

Acetic Acid

Acetonitrile LC/MS Chromasolv
Acrylamide (AA)

Ammonium bicarbonate (NH4HCO3)
Ammonium persulfate (APS)

1,4-Bis (acryloyl) piperazine (PDA)
Bromphenolblue

1,4-Dithio-D,L threitol high purity (DTT)
Formaldehyde

Glycine

Protein assay dye-concentrate

Methanol

Silver Nitrate (AgNO3)

Sodium dodecyl sulfate (SDS)

Sodium carbonate

Sodium Thiosulfate Pentahydrate (Na,S,03*5H,0)
N,N,N’,N’-Tetramethylethylendiamine (TEMED)
Tris

Trypsin sequencing grade

Urea

Water double distilled (ddH,0)

Merck
JT. Baker
Sigma
Gerbu
Sigma
Sigma
Fluka
Sigma
Gerbu
Merck
Gerbu
Bio-Rad
Sigma
Sigma
Gerbu
Merck
Sigma
Sigma
Gerbu
Roche
Gerbu
Mayrhofer
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10X Running buffer Vg =1000 mL

0.25 M Tris 303¢g
2 M Glycine 150 g

1% SDS; 20% 50 mL

2x 1.5 mm gels:

Bottom gel, 12% Stacking gel, 6%
30% AA/PDA 3 mL 30% AA/PDA 2.4 mL
2M Tris HCI pH 8.8 1.5mL IM Tris HCI pH 6.8 2.3 mL
20% SDS 38 uL 20% SDS 90 uL
ddH,O 3 mL ddH,O 13.2 mL
10% APS 34 uL 10% APS 90 uL
TEMED 2.8 uL TEMED 18 uL
2-3 cm high

3.3.2.2. Procedure
Phosphoproteins and proteins from cytoplasmic fractions of differentiated adipocytes were

used for 1D-PAGE.

1D-PAGE

For 1D-GeLC/MSMS analysis enriched (phospho)-proteins in RIPA buffer (see 2. Sample
Preparation) were mixed with Laemmli buffer and were loaded on a slab gel consisting of
a 12% polyacrylamide separating gel and a 6% stacking gel. Electrophoresis was
performed until the dye front ran approximately 2.5 cm into the separating gel. Gels were
silver stained and 1D-PAGE lanes were cut into four gel slices for the phospho-proteomic
approach and 10 gel slices for the protein expression method. Gel pieces were
subsequently in-gel digested with trypsin as described in 3.3.3. Mass spectrometry

analysis.

MS-compatible silver stain

After fixation, 2D-gels were washed with 50% methanol and double distilled water for 20
minutes each and sensitized 1 minute with 0.02% Na,S,03. Sensitized gels were stained
with ice-cold 0.1% AgNO; for 20 minutes, rinsed with double distilled water, and
subsequently developed with 3% Na,C0O5/0.05% formaldehyde as described by Mortz et al

[48]. For 1D-gels washing for 10 minutes each and 30 seconds sensitizing was sufficient.
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3.3.3. Mass spectrometry analysis

Mass Spectrometry (MS) is a technique characterizing molecules by measuring the masses
of ions. The MS principle is to generate ions from either inorganic or organic compounds,
to separate these ions by their mass-to-charge ratio (m/z) and to detect them qualitatively
and quantitatively by their respective m/z and abundance. MS consists of two principal
components: an ion source and an ion detector.

Since proteins and peptides are large non-volatile molecules there are two major methods
for generating gas-phase ions from them: matrix-assisted laser-desorption ionization
(MALDI) and electro spray ionization (ESI). In our experiments we used ESI. The sample
to be analyzed is dissolved in water with volatile organic compounds such as acetonitrile
and subsequently dispersed by electrospray into a fine aerosol. Some of these fine droplets
enter the inlet of the mass analyzer along a potential gradient, becoming desolvated which
reduces them. They finally form multiple-charged ions which enter the high vacuum
atmosphere of the spectrometer. Following the ESI source an ion trap is connected, which
uses a combination of voltage and frequency fields to collect the ions. In the first step a
quadrupole stabilizes the formed ions in the gas layer on an orbit depending on their m/z-
relations. By tuning the quadrupole to different m/z values, and by recording the numbers
of ions that pass through at each step, a spectrum is generated. In a second step, selected
ions progress into the collision cell and collide with an inert gas like helium and are
fragmented. Fragmented ions are scanned by the mass analyzer which gives their m/z
spectrum. This spectrum can be used to directly deduce the sequence of the selected

peptide.

3.3.3.1. Reagents and solutions

Acetic Acid JT. Baker
Acetonitrile LC/MS Chromasolv Sigma
Ammonium bicarbonate Sigma
1,4-Dithio-D,L threitol high purity (DTT) Gerbu
Formic acid Sigma
Iodacetamide (IAA) Sigma
Methanol Chromasolv Sigma
Potassium hexacyanoferrate (K3;Fe(CN)e) Sigma
Sodium thiosulfate (Na,S,03) Sigma
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Trypsin Sequencing Grade Roche

150 mM Potassium hexacyanoferrate Vg = 10 mL
K;3Fe(CN)g 0.4938 g
Store at 4°C

500 mM Sodium thiosulfate Vg = 10 mL
Na28203 1.2409 g
Store at 4°C

Destaining solution

150 mM Potassium hexacyanoferrate 1 mL
500 mM Sodium thiosulfate I mL
ddH,0 8 mL

Prepare prior to use

50 mM Ammonium bicarbonate (stock solution) Vg =50 mL
NH4HCO; | 200 mg
Prepare prior to use

10 mM DTT
10 uL 1 M DTT/mL 50 mM NH4HCO;
Prepare prior to use

Todacetamide
10.2 mg IAA/mL 50 mM NH4HCO;
Prepare prior to use and protect from light

Trypsin
0.1 pg Trypsin/uL 1 mM HCl

Digestion buffer
0.15 pL Trypsin/uL 50 mM NH4HCO;

Elution buffer

Acetonitrile 25 mL
Formic acid 1 mL
ddH,0 24 mL
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3.3.3.2. Procedure

Tryptic digest

Stained gels were put on the Gel DOC 1000 White Light Source and spots of interest were
excised manually from a 2D-gel. 1D-gels were cut into 4 to 10 gel slices per lane. Gel
pieces were stored into a tube filled with 1% acetic acid until the in-gel digest with trypsin
was performed.

Tryptic digestion was performed under a laminar flow and only Eppendorf tubes were used
as described by Haudek et al. [44, 47]. The gel-pieces were destained with destaining
solution and intensively washed with 50% methanol 10% acetic acid over night. The pH
was neutralized with 50 mM NH4HCOs, and proteins were reduced with 10 mM DTT in 50
mM NH4HCO; at 56 °C for 30 minutes and alkylated with 50 mM TAA in 50 mM
NH4HCO;3 in the dark for 20 minutes. Subsequently, gel-pieces were treated with
acetonitrile (ACN) and dried in a vacuum centrifuge. Between each step, the tubes were
shaken (Eppendorf thermomixer Comfort) at room temperature for 5-10 minutes. Dry gel-
spots were treated with trypsin 0.1 mg/mL in 50 mM NH4HCO; on ice for 30 minutes,
covered with 50 mM NH4HCO; and subsequently stored at 37°C overnight. Digested
peptides were eluted by adding 5% formic acid 50% ACN. The supernatant was transferred
into silicon coated tubes, and the elution procedure was repeated two times. Between each
elution step the gel-pieces were ultrasonicated at 160 W for 10 minutes. Finally the peptide
solution was concentrated in a vacuum centrifuge to a total volume of approximately

20 pL.

Protein identification and interpretation

For mass spectrometry based protein identification, tryptic digests from spots of the
phospho-proteomic approach were loaded on a Zorbax 300SB-C8 column (5 pm, 0.3 mm,
5 mm) using the HPLC-Chip technology (Agilent, Palo Alto, CA) and separated by
nanoflow LC (1100 Series LC system, Agilent), with a Zorbax 300SB-C18 (5 um, 75 mm,
150 mm) column at a flow rate of 250 nL/min using a gradient from 0.2% formic acid and
3% ACN to 0.2% formic acid and 45% ACN over 12 minutes. For 1D-GeLC/MSMS
analysis peptides were loaded on a 40 nLL Zorbax 300SB-C18 trapping column and
separated by a 75 pm x 150 mm Zorbax 300SB-C18 column at a flow rate of 400 nL/min,
using a gradient from 0.2% formic acid and 3% ACN to 0.2% formic acid and 50% ACN
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over 60 minutes. Peptide identification was accomplished by MSMS fragmentation
analysis with an iontrap mass spectrometer (XCT-Ultra, Agilent) equipped with an
orthogonal nanospray ion source [44, 47]. The MSMS data, including peak list generation
and search engine, were interpreted by the Spectrum Mill MS Proteomics Workbench
software (Version A.03.03, Agilent) allowing for two missed cleavages and searched
against the SwissProt Database for murine proteins (Version 14.3 containing 20328
entries) allowing for precursor mass deviation of 1.5 Da, a product mass tolerance of
0.7 Da and a minimum matched peak intensity (% Scored Peak Intensity) of 70%.
Carbamidomethylation of cysteines was set as fixed modification. No other modifications
were considered here. To assess the reliability of the peptide scores, we performed searches
against the corresponding reverse database. 6.0% positive hits were found with peptides
scoring >9.0, while 0.2% positive hits were found with peptides scoring >13.0.
Consequently, we set the threshold for protein identification scoring 14.0 or higher,
resulting in a false discovery rate of 0.1%.

Mass spectrometry based protein identification of tryptic digests of the Expression
proteomics approach were analyzed at the Max Planck Institute in Freiburg by Gerhard
Mittler on an LTQ Orbitrap XL™ MS system (Thermo Fisher Scientific).

Peptides were separated on-line to the mass spectrometer by using an Agilent nano-HPLC
1200 system operated with two solvents (MS buffer A: 0.5% (v/v) acetic acid; MS buffer
B: 0.5% (v/v) acetic acid, 80% (v/v) ACN). For each run 4 pL sample volume was applied
via the uWPS autosampler on to a home-made nano LC-column at a flow rate of
0.5 pL/min. Depending on the sample complexity 120 or 140 min methods were run. For
the 120 min method the sample was loaded at 2% MS buffer B for 22 minutes and eluted
stepwise with several consecutive linear gradients over a period of 98 minutes. Details:
flowrate 0.25 pl/min, 22-25 min: 5% B, 25-90 min: 30% B, 90-100 min: 50% B, 100-109
min: 60% B, 109-115 min: 80% B, 116-120 min: 2% MS buffer B). Peptide raw files were
processed into peak lists using the DTA SuperCharge program of the MSQuant software
suite (version “2.0bl) [49]. In order to generate MASCOT .dat files peak lists were
searched with MASCOT (version 2.2.02, Matrix Science) against IPI mouse database
(version v3.62) which was concatenated with reversed copies of all sequences and
supplemented with frequently observed contaminants (e.g. trypsin, human keratin, BSA).
For all searches carbamidomethylated cysteines were set as a fixed modification. Three
missed cleavages were allowed and a mass deviation of 0.5 Da was set as a maximum for

MSMS peaks. For MS peaks the mass deviation was restricted to 5 ppm. Enzymatic
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cleavage was restricted to trypsin allowing cleavage N-terminal to proline and between
aspartic acid and proline (Trypsin/P +DP). The cleavage of the relatively weak DP peptide
bond can be induced by TFA used during sample preparation.

All mass data were further processed with the Scaffold software tool (Version 3.0,
Proteome Software, Portland, OR). First, to validate MSMS based peptide and protein
identifications. Protein identifications were accepted if they contained at least 2 identified
peptides. Proteins that contained similar peptides and could not be differentiated based on
MSMS analysis alone were manually verified. Second, to quantitatively work out the
samples by using the quantitative analysis setup of the Scaffold software. The applied fold-
change test is a ratio of the spectral counts in one sample compared to the spectral counts
in a second sample. Normalization and a minimum value of one were used for calculation
and samples with a 1.5 fold-change were assessed as significantly altered. Finally the

protein list was interpreted by Pathway Studio (Version 7.1, Ariadne Genomics, USA).

30



Material and Methods

3.4. Western blot

PAGE refers to the use of a special matrix, polyacrylamide, for protein electrophoresis in
order to separate them according to their sizes. Proteins separated by SDS-PAGE for
analysis by Western blot, should be transferred immediately onto a support membrane such
as polyvinylidene fluoride (PVDF). In order to identify the proteins on the membrane,
protein-specific antibodies are incubated with the membrane and visualized using

secondary antibodies conjugated to an enzyme (typically HorseRadish Peroxidase, HRP).

Antibody reaction is detected and calculated by a chemoluminescence Imager.

3.4.1. Reagents and solutions

30% Acrylamide/Bis Solution 29:1 (3.3% C) Bio-Rad
Ammonium persulfate (APS) Sigma
Bovine Serum Albumin, Fatty Acid Free (BSA) PAA
Bromphenolblue (BPB) Sigma
1,4-Dithio-D,L threitol high purity (DTT) Gerbu
Glycerol 99.8% Fluka
Glycine Sigma

2- Mercaptoethanol (bME) Sigma
Methanol Chromasolv Sigma
PageRuler Plus Prestained Protein Ladder Fermentas
PhosStop Phosphatase Inhibitor Cocktail Tablets Roche
Protease Inhibitors 100X GE Healthcare
Sodium dodecyl sulfate (SDS) Gerbu
N,N,N’,N’-Tetramethylethylendiamine (TEMED) Sigma

SuperSignal West Femto Kit
SuperSignal West Pico Kit
Tris

Tween 20

Thermo Scientific
Thermo Scientific
Gerbu

Sigma
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4X Laemmli buffer Vg =9 mL

60 mM TrispH 6.8; 1 M | 2.4 mL
2% SDS 08¢
10% Glycerol 4 mL
0.0012% BPB; 0.1% 0.8 mL

100 mM DTT; 4 M

add prior to use

Store 1 mL aliquots at -20°C

10X Running buffer Vg = 1000 mL

0.25 M Tris 303¢g
2 M Glycine 150 g
1% SDS; 20% 50 mL

10X Transfer buffer Vg = 1000 mL

0.25 M Tris

303 ¢

1.92 M Glycine

1441 ¢

Add 10% Methanol to 1X solution and store at 4°C

10X TBS pH 7.5 Vg =1000 mL

Tris

12.1g

NaCl

876 ¢

Add 0.2% Tween 20 to 1X solution

Stripping buffer Vg =100 mL

2% SDS; 20% 10 mL

100 mM bME 0.7 mL

65.2 mM Tris pH 6.8 6.25 mL
(1)

Primary Antibody 1311/"}]1335?1‘ Phosphosite Company Order number
AKTI1 1:5000 - Cell signaling 4685
P-AKT1 1:1000 §*73 Cell signaling 4058
P-GSK 33 1:5000 S’ Cell signaling 9336
PDHEla 1:5000 - Cell signaling 3205
P-PDHEla 1:50.000 s Abcam ab77844
PDK1 1:5000 - Cell signaling 3820
PKM?2 1:10.000 - Cell signaling 3198
PKM1 1:2000 - Sigma SAB4200094
P-PKM?2 1:5000 Y'® Cell signaling 3827
B-Actin 1:10.000 - Sigma AS5316

32



Material and Methods

Secondary Antibody | 3% BSA in TBS-T Company Order number
Anti rabbit 1:5000 Cell signaling 7074
Anti mouse 1:20.000 Cell signaling 7076

3.4.2. Procedure

SDS-Gel
Ingredients were added in the order indicated in the table below. The casting stand, -frame
and glass plate sandwich with plastic combs from Bio-Rad were used. Gels were wrapped

in a plastic foil together with a piece of wet paper and stored at 4°C for a few days or used

immediately.

2x 1 mm Bottom gel (10 mL) 2x 1 mm Stacking gel (5 mL)
Ingredient 8% 12% Ingredient 6%
30% AA/BIS 2.7mL 4 mL 30% AA/BIS 1.0 mL
2 M Tris pH 8.8 19mL | 1.9mL 1 M Tris pH 6.8 625 uL
20% SDS 50 uL 50 pL 20% SDS 25 L
ddH,O 5.3 mL 4 mL ddH,0O 3.3 mL
10% APS 100 puL | 100 pL 10% APS 50 pL
TEMED 10 uL 10 pL TEMED S5ulL

SDS-PAGE

Protein samples stored at -20°C in Laemmli buffer were boiled for 5 minutes, spun down
and placed on ice. Protein samples were loaded into the wells, gels were run at 60-100 V

for 1-3 hours. The Bio-Rad Mini-PROTEAN Tetra System was used.

Protein transfer

PVDF membranes (GE Healthcare) were used for transfer. Due to its hydrophobic
character membranes were rehydrated and dehydrated before and after use. PVDF
membranes were soaked in 100% methanol for 30 seconds washed in distilled water for 2
minutes and equilibrated in transfer buffer for at least 5 minutes. Proteins were transferred

at 4°C at constant voltage as follows: 10 minutes 20 V, 10 minutes 50 V and 1 hour 100 V.
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Immunodetection

After the transfer was completed membranes were washed with double distilled water and
blocked at room temperature in 5% BSA in TBS/Tween 20 (TBS-T) on a rotating platform
for 2 hours. Blots were incubated at 4°C overnight with the optimal dilution of the primary
antibody (see 3.4.1.). On the next day the primary antibody was removed, stored at -20°C
and re-used a couple of times. Membranes were washed three times for 10 minutes in TBS-
T with agitation and incubated with the secondary antibody at room temperature for one
hour. The membrane was washed another time as mentioned above. For
chemiluminescence-immunodetection, the membrane was incubated for approximately 3
minutes with the SuperSignal West Femto and Pico Kits (Pierce), respectively.
Chemiluminescence signals were detected using the Bio-Rad Imager (ChemiDoc XRS
Imager). Band densities were calculated using the Image Lab Software Version 3.0.1. (Bio-

Rad).
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3.5. Quantitative real time PCR

Quantitative real time PCR (Q-RT-PCR) was used to measure mRNA levels of respective

target gens.

3.5.1. Reagents and solutions

RNeasy Mini and Micro Isolation Kits Qiagen
High Capacity cDNA Reverse Transcription Kit Applied Biosystems
1Q SYBR Green Supermix Bio-Rad

3.5.2. Procedure

Total RNA was extracted from respective cells using the RNeasy Mini and Micro Isolation
Kits according to the manufacturer’s instructions. Isolated total RNA was reverse-
transcribed into cDNA. Q-RT-PCR (C1000 Thermal Cycler CFX96™ Real Time System,
Bio-Rad) reactions were performed using the iQ SYBR Green Supermix and the following

settings.

M0 C 950 C
1000 015

20 ¢
030
60 C
B0 D18
200

o-om

Post-amplification melting curve analysis was performed to check for unspecific products
and primer-only controls were included to ensure the absence of primer dimers. For
normalization threshold cycles (Ci-values) of all replicate analyses were normalized to
acidic ribosomal phosphoprotein PO (Rplp0/36B4) within each sample to obtain sample-
specific AC; values (= C; gene of interest - C; Rplp0). To compare the effect of various
treatments with untreated controls, 2"*“" values were calculated to obtain fold expression

levels, where AAC, = (AC; treatment - AC; control) [43]. Primers used are listed below.
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Gene Symbol Alias Species Sequence (5°-3°)
GLI1 GLI1 mouse forward CGAGAGTGCCATGCCGCAGCAG
reverse TAGCAGCAACTGTCTAAATGATGCCA
Rplp0 Arp/36B4 mouse forward GCCAATAAGGTGCCAGCTGCTG

reverse

GAGGTCTTCTCGGGTCCTAG
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3.6. Kinexus — antibody

Kinexus, a Systems Proteomics Company (http://www.kinexus.ca), offers different
proteomics and bioinformatics services. The Kinex™ signal transduction protein profiling
service utilizes unique antibody microarrays to track the differential binding of dye-labeled
proteins in lysates prepared from cells and tissues. The Full Kinex™ Service we have

chosen uses ~500 pan-specific antibodies and ~300 phospho-site-specific antibodies.

3.6.1. Procedure

Sample preparation was performed according to instructions. Briefly, adipocytes were
washed twice with ice cold 1X PBS on ice and scraped into 200 pL ice-cold lysis buffer
(20 mM MOPS pH 7.0, 2 mM EGTA, 5 mM EDTA, 30 mM sodium fluoride, 60 mM
B-glycerophosphate pH 7.2, 20 mM sodium pyrophosphate, 1 mM sodium orthovanadate,
1 mM PMSF, 3 mM benzamidine, 5 pM pepstatin A, 10 uM leupeptin, 1% Triton X-100, 1
mM DTT). Samples were sonicated and centrifuged to get rid of lipid droplets and DNA.
Adipocyte samples stimulated with 200 nM SAG for 10-, 30 minutes and 48 hours were
performed in triplicates. Equal amounts of each sample were mixed together and shipped

on dry ice. Protein microarrays were performed and calculated by Kinexus.
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3.7. BioAssay Systems EnzymChrom™

Measurements of NADP/NADPH and NAD'/NADH ratios were done using the
EnzyChrom™ Assay Kit according to the manufacturer’s instructions. Datasheets listed

below.

ECNPO06.pdf

EnzyChrom™ NADP*/NADPH Assay Kit (ECNP-100)
Ultrasensitive Colorimetric Determination of NADP* /NADPH at 565 nm

DESCRIPTION

Pyridine nucleotides play an important role in metabolism and,
thus, there is continual interest in monitoring their concentration
levels. Quantitative determination of NADP/NADPH has applications
in research pertaining to energy transformation and redos state of
celis or tissue.

Simple, drect and sutomation-ready procedurss for measuring
MADP*MADPH concentration are very desirable. BioAssay Systems’
EnzyChrom™ MADPMADFH assay kit is based on a glucose
defwdrogenase cycling reaction, in which the formed NADPH reduces
& formazan (MTT) reagent. The intensity of the reduced product color,
measured &t 565 nm, BB proportionate to the MADPYMADPH
concentraion in the sample. This assay = highly specific for
NADP"/NADFH and & not interferad by NAD VNADH. Our assay is a
comvenient method to measure NADP, NADPH and their ratio.

APPLICATIONS
Direct Assays: MADPMADPH concentrations and ratics in cell or
tissue extracts.

KEY FEATURES

Sensitive and accurate. Detection lim# 0.1 uM, Enearity up to 10 M
NADP*MADPH in 85-well plate assay.

Convenient. The procedure imvolves adding a single working reagent,
and reading the oplical density at time zero and 30 min at room
temperature. Mo 37°C heater is required.

High-throughput. Can be readily automated as a high-throughput 96-
well plate assay for thousands of samples par day.

KIT CONTENTS (100 tests in 96-well plates)
Agzay Bufier: 10 mL Ghlucose (1 M): 1.5 mL
MTT Solution: 1.5mL Enzyme Mix: 120 pl
NADP Standard: 0.5 mL 1 mM
NADFMNADPH Extraction Buffers: each 12 mL

Storage conditions. Store gl reagents at-20°C. Shef life of at lsast B
manths (see expiry dates on labeds)_

Precautions: reagenis are for research use only. Mormal precautions
for laboratory reagents showld be exercised while using the reapents.
Please refer to Material Safety Data Sheet for detailed information.

PROCEDURES

1. Zample Freparstion. For tissues weigh ~20 mg fssue for sach
sample, wash with cold PBS. For cell samples, wash celis with cold
FBS and pellet ~10" cells for each sampie. Homogenize samples
{edther Biszue or cells) in 2 1.5 mL eppindort tube with either 100 ulL
NADP extraction buffer for NADP determination or 100 uL NADPH
extraction buffer for NADPH determination. Heat sxtracts at 60°C
for 5 min and then add 20 ul Assay Buffer and 100 ul of the
opposite extraction buffer to neutralize the extracts. Brisfly vortex
and spin the samples down st 14,000 rpm for 5 min. Use
supernatant for MADP/MADPH @ssays. Determination of both
MNADP and MADPH concentrations reguires sciractons from two
separate samples.

2. Calibration Curve. Prepare 500 pl 10 pM NADP Premix by mixing
5l 1 mM Standard and 495 uL distilled water.

Mo | Premi+ H0 | vd @i} [NADF] M)
[ 0ul+ Gul | 100 10
] Blul+ Awl | 100 8
3 Blul+ d0ul | 00 B
1 AL+ @l | 100 1
5 S0l + Tl | 100 3
B 2ul+ @l | 100 z
7 Tl + Sl | 100 i
B Oul + 100uL | 100 0

Dilute standard as shown in the Table. Transfer 40 ul standards

into wells of a clear bottom 36 well plate.

Samples: add 40 pl sampls per well in separate wells.

Reagent Preparation. For best results allow Enzyme to come to AT

{1530 min) before preparing the Working Reagent. For each well

of reaction, prepare Working Reagent by mixing 60 pl Assay

Bufter, 1 ul Enzyme Mix, 10 pl Ghecose and 14 pl MTT. Fresh

reconstitution is recommended.

Reaction. Add 80 ul Waorking Reagent per well guickly. Tap plate

to mix briefly and thoroughly .

Read optical density (0D} for time “zero” at 565 nm (520-600nm)

and 00 after a 30-min incubation at room temperature.

6. Cakcuisfion. Subtract O0o from OO0 for the standard and sample
wells. Use the A0D values fo detsrmine sample NADF'MADPH
concentration from the standard curnve.

wa

;m e

Mote: If the sample A0D values are higher than the A0D valus for the
10uM standard, dilute sampie in distilled water and repeat this sszay.
Mukiply the results by the dilution factor.

MATERIALS REQUIRED, BUT NOT PROVIDED
Pipetting {mult-channsl} devices. Clear-bottom 96-well plates (e.g.
Corning Costar) and plate reader.

GENERAL CONSIDERATIONS

1. At these concentrations, the stendard curves for MADP and
MADPH are identical. Since MADPH in solution is unstable, we
provide only MADP as the standard.

This assay iz based on an emzyme-catshzed kinefic reaction.
Addition of W orking Reagent should be guick and mixing should be
brief but thorough. Use of multi-channel pepstior is recommended.
Tha follawing substances interfere and should be swoidsd in
sample preparation. EDTA (=0.56 mM), ascorbic acid, SD5 {=0029),
sodium azide, NP-40 (= 1%) and Tween-20 {=1%:).

ra

w

0.6+
& NADP
dg o.2] B NADPH
¢ NAD
Q
3 o2
0.0
a 2 4 6 g 10
[Pyridine Nucle otide] (pM)
Standard Curve in 96-wel plate mszay
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EzND0o1 pdf

EnzyChrom™ NAD*/NADH Assay Kit (E2ZND-100)
Ultrasensitive Colorimetric Determination of NAD™ /MADH at 565 nm

DESCRIPTION

Pyridine nucleotides play an important role in metabolism and,
thus, there iz continual interest in monitoring their concentration
levels. Cuantiative determination of NADVNADH has applications in
research peraining fo energy transformation and redox stzte of cells
or tizsue.

Simple, direct and automation-ready procedurss for messuring
NAD‘.'MF;DH concantrafion are wery desirable. BicAsssy Systems’
EreyChrom™ MAD'MADH assay kit iz based on & lectate
dehydrogenese cyciing reaction, in which the formed NADH reduces a
formazan (MTT) reagent The intensity of ihe reduced product color,
messured af 565 nm, I proporBonate io the NADTNADH
concentration in the sample. This assay iz highly speciic for
NADYNADH and with minimal interference («13) by NADPYNADPH.
COwr assay is & corvenient mathod to messure NAD, MADH and ther
refio.

APPLICATIONS

Direct Assays: MADMADH concentrations and retios in cell or tissue
exiracts.

KEY FEATURES

Sensitive and accurate. Detection limit 0.05 uM, nsarity up to 10uM
NADYMADH in E-well plate assay.

Convenient_ The procedure imvolves adding a single working reagent,
end reading the opfical density at time zero =nd 15 min ai room
tempersture. Mo 377G heater is required.

High-throughiput. Can be readily auiomated a5 & high-throughput B6-
well plate assay for thousands of samples per day.

KIT CONTENTS (100 tests in 26-well plates)
Azsay Bufier: 10 mL Lactate: 1.5 mL
MTT Solution: 1.5 mL Enzyme A: 120 pL
HAD Standard: 05 mL1 mM Emzyme B: 120mL
HADVNADH Extraction Buffers: each 12 mL

Storage conditions. Store all resgents &t-207C. Sheff life of ot least &
manths sfter receipt.

Precautions: reagents are for research use only. Normal precautions
for laboratory reagents should be exercised while using the reapents.
Plaase rafer to Material Safety Dats Sheet for detailed information.

PROCEDURES

1. Sample Preparafion. For fissues weigh ~20 mp fissue for each
sample, wash with cold PBS. For cell samples, wash calls with cold
PBES and pelist -10* cells for each semple. Homogenize samples
[either tizsue or calls) in 8 1.5 mL Eppindorf tulbe with either 100 uL
NAD extraction buffer for NAD detemminzfion or 100 pl NADH
extraction buffer for MADH determination. Heat extracts at 60°C for
5 min and then add 20 uL Assay Buifer and 100 uL of the opposite
exiraction bufier to neufralize the extracts. Briefly vortex and spin
the samples down at 14,000 rpm for 5 min. Use supernatant for
NADVNADH assays. Determinafion of both MAD and MADH
concentrations reguires extractions from two separate samples.

2. Calibration Curve. Prepare 500 pl 10 pM NAD Premix by mixing 5
pl 1 mM Standard and 485 ul dstilled water. Dilute standard as
follows.

No Premix + HeO | Wol ul) [NAD] (uM)
il +  Oul 100 i
Bl + Z0ul 100
Bl + 40ul 100
4l + GOul 100
Iul+ Foul 100
2l + Boul 100
1l + BOwl 10d
ul + 100ul 100

(=]

=0 e L= =0 ) DR L
(=0 B =0 L1 B - =]

Transfer 40 ul standards into wells of & clear flatbottom SE-well

plata.
Sampies. Add 40 pl sampls per well in separate welis.

3. Reageni Freparaton. For each well of reaction, prepars Working
Aeagent by mixing 60 pl Assay Bufer, 1 ul Enzyme A, 1 pL
Enzyme B, 14 ul Lactete and 14 ul MTT. Fresh reconstitufion is
recommended.

4. Rsaction. Add 80 ul W orking Reagent per wel guickly. Tap plsie
to mix brsfly and thoroughly.

5. Read optical density (0Dd) for time “zero” &t 565 nm (S20-4600nm)

and O0hs efter a 15-min incubstion at room temperature.

Calculation. Subtract ODe from CODha for the standard and sample

walls. Usa the A0D wvalues to determine sample MADMADH

concentration from the standard curve.

Mote: if the sample A0D values are higher than the A0D0 value for the
10pM stendard, dilute sampie in distilled water and repest this essay.
Muliiply the resulis by the dilufion facior.

MATERIALS REQUIRED, BUT NOT PROVIDED
Pipetting {mult-channal) devices. Clear-botiom o&-well plates (e.g.
Coming Costarl and plate reader.

GEMERAL COMSIDERATIONS

1. At these concentraions, the stendard curves for NAD and NADH
are identfical. Since MADH in solufion s unstabls, we provide only
NAD as the standard.

2. This assay i based on &n enzyme-cetalyzed kinetic reaction.
Addition of Working Reagent should be guick and mxing should be
briet but thorough. Use of multi-channel pipetior is recommended.

3. The follwing subsiances interfere and should be svoided in
sample preparation. EDTA (0.5 mM), ascorbic acid, 505 (»0.2%],
sodium azide, NP-40 {»1%) and Tween-20 (= 1%L

m

0.8{ = HNAD

0 2 4 i 8 10
[Pyridine Nucle otide] (pM)

Standard Curve in 36-well plats zssay
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Material and Methods

3.8. Enzymatic determination of glucose and lactate

Measurements of glucose and lactate were done using the Biomerieux Assay Kit according to the manufacturer’s instructions. Datasheets listed

below.

[REF] 61 269 / 61 270 _

87887 1. 0 - 2010007 G3F

Glucose RTU™

Lo

Enzyimatic selemiination of glucose in Buman ading, Serum and pEsma,

SUMMARY AND EXPLANATION (%)
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4. RESULTS

For quantitative proteomics we utilized two methods. The first was 2D-PAGE analysis to
enable quantitative comparison of 2D-gel patterns of control and HH treated samples. In
the second set of experiments we performed quantitative label-free 1D-GeLC/MSMS
analysis to (i) complement 2D-PAGE data and (ii) provide more comprehensive
information on alterations in the phospho-proteome and protein expression in 3T3-L1
adipocytes exposed to SAG, a potent HH agonist.

Reversible phosphorylations of serine (S), threonine (T) and tyrosine (Y) residues are
important post-translational modifications of proteins and key regulatory mechanisms in
switching protein activity “on” or “off”. Many important cellular processes, such as signal
transduction, metabolism, and carcinogenesis are controlled through reversible
phosphorylation of proteins. Abnormally phosphorylated proteins have been associated
with the pathology of a variety of disease states, including cancer [50] and diabetes [51].
Furthermore, several studies have characterized the role of specific phosphorylation events
in the HH signaling pathway [24]. Consequently, we focused in our primary screen on
phospho-proteins to gain more insight into the rapid “on-off-mechanisms” of HH treated
adipocytes. In addition, the cytoplasmic-proteome was interrogated to obtain information
on lasting expression changes. To reduce sample complexity and enhance the resolution of
2D-gels, cytoplasmic fractions instead of the whole cell lysates were analyzed. For better

comparison, cytoplasmic proteins were also used for the 1D-GeLC/MSMS approach.
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4.1. Quantitative phospho-protein identification of HH treated
adipocytes

The phospho-proteome was examined using the workflow depicted in Figure 4.
Differentiated 3T3-L1 cells were stimulated with SAG, for 10 minutes and phospho-
proteins were purified as described in Material and Methods. 1D- and 2D-gels were
performed, spots of interest and bands were excised and subjected to in-gel tryptic
digestion. Peptides were separated by nanoflow LC and identified by MSMS fragmentation
analysis. MSMS data were interpreted by the SpectrumMill software and searched against
the SwissProt database. Mass data were further processed with the Scaffold software tool
to validate MSMS based peptide and protein identifications. Finally, the Scaffold
generated protein list was interpreted by Pathway Studio.

2
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1

Differentiated 3T3-L1 cells

+ 10min 5,2;%)5

Qk)

™

Data interpretation

Bind

Unphesphorylated Flow-through
prateins fraction

LC/MSMS £,

— . ‘ﬁ—

_ié‘ 1D-Gel

1100 Series LC system/lontrap, XCT-Ultra;
Spectrum Mill MS Proteomics, Agilent
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Figure 4: Schematic outline of phospho-protein-specific proteomics approach

Mature adipocytes were stimulated with SAG. Phospho-proteins were enriched via an antibody-based
column and subjected 1D- and 2D-gels. Spots of interest and bands were in-gel digested, analyzed by
LC/MSMS and interpreted by Scaffold and Pathway Studio.
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4.1.1. Depth and coverage of the 3T3-L.1 adipocvte phospho-proteome

We detected in total 632 spots in three independent 2D-PAGE experiments. 50 spots of
interest were identified by MSMS. 42 proteins of them were up-regulated in the HH treated
sample (Figure 5A, B). Based on problems with spot picking and LC/MSMS identification
no down regulated protein could be identified.

The 1D-GeLC/MSMS approach was done in triplicates and a total of 5153 spectra met the
criteria for peptide validation (see 3.3.2.). More than 800 unique peptides (false discovery
rate, FDR = 0.2%) corresponding to 255 distinct putative phospho- proteins (FDR = 0.1%)
were identified. To access the reproducibility of our approach, Venn-diagrams illustrating
the number of proteins identified in each replicate and the overlap between these triplicates
are shown in Figure 6A. Control (Ctr) samples yielded 153 for Ctr-1, 151 for Ctr-2 and 136
proteins for Ctr-3, whereas 86 proteins were found in all three replicates. For the SAG
treated samples 168 proteins were identified in SAG-1, 173 in SAG-2, in 154 SAG-3 and
113 proteins were found in all three replicates.

Quantitative evaluation of phospho-protein abundance using the number of MSMS spectra
yielded 67 significantly regulated phospho-proteins in at least two out of three independent
experiments. 45 phospho-proteins were up regulated and 22 were down regulated in the
HH treated sample, showing a mean fold-change of > 1.5 or < 0.66, respectively (Figure
6B). Comparative analysis revealed 30 proteins identified in both 1D- and 2D-gels,
whereas 225 proteins were only identified by 1D-GeLC/MSMS analysis and 20 proteins by
2D-PAGE (Figure 6C).

Figure 5: Phospho-2D-gel

~ - (A) Representative example of a
| fluorescence stained 2D-gel from
adipocytes: cytoplasmic proteins were
diluted in 7 M urea, 2 M thiourea, 2%
CHAPS and 100 mM DTT and
absorbed into 17 cm IPG strips pH 3-
10. (B) Quantitative Venn diagram of
50 identified and 42 significantly
regulated  phospho-proteins, high-
¥ lighted in A.
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Ctr-1 Ctr-2 SAG-1 SAG-2

Ctr-3 SAG-3

255 l

Figure 6: Phospho-proteome dataset

(A) Venn-diagrams illustrating the number of proteins identified
in each replicate and the overlap between these triplicates for
control (Ctr) and SAG treated samples. (B) Quantitative Venn
diagram of 255 identified phospho-proteins by 1D-GeLC/MSMS,
illustrating 45 up- and 22 down regulated proteins. (C)
Quantitative Venn diagram illustrating comparative analysis of
30 proteins identified in both 1D- and 2D-gels, 225 proteins were
only identified by 1D-GeLC/MSMS analysis and 20 proteins by
2D-PAGE.

46



Results

4.1.2. Phospho-protein-specific 2D- and 1D-gels revealed phosphorylation of
pyvruvate dehydrogenase E1 alpha in HH treated samples

Proteome profiling of HH treated adipocytes revealed a highly reproducible
phosphorylation of pyruvate dehydrogenase (PDH) E1 alpha (PDHA1) with both 2D-
PAGE (Figure 8) and 1D-GeLC/MSMS (Figure 9).

PDHAI1, with a theoretical molecular weight of 43 kDa and an isoelectric point of 6.78-
8.49, converts pyruvate to acetyl-CoA and links glycolysis with the TCA cycle (Figure 7).
This reaction plays a crucial role in cellular energy metabolism. The activity of the PDH
complex (PDHC) is tightly regulated by phosphorylation. Phosphorylation of one of three
serine residues in the E1 subunit (S293, S300, and S232) by PDH kinase (PDK) inactivates
PDHC, while dephosphorylation by PDH phosphatase restores its activity.

Table 3: Pyruvate dehydrogenase E1a modification sites
(De)-phosphorylation of at least one of three specific serine
residues, represented in red, regulates the activity of the
pyruvate dehydrogenase complex. p, phosphorylation; a,
acetylation (phosphosite.org)

Glucose
GLYCOLYSIS PDHAT1 Sequence
Modification Mouse
Prrsnis PDK K77-a TVRRMELKkADQLYkQ
K83-a LKkADQLYkQKIIRGF
TCACYCLE Y227 FICENNRYGMGtsVE
/ T231-p NNRYGMGtsVERAAA
Acetyl-CoA S232-p NRYGMGtsVERAAAS
K244-a AASTDYYkRGDFIPG
Figure 7 :.Pyruvate del.lydr.ogenase complex ;{22239:5 TM\]{E}I{}?I;F;{;?;A{S(;I?GMVS?
PDHALI links glycolysis with the TCA cycle.
Its phosphorylation inhibits the conversion 8295-p RyHGHsMsDPGVsyR
from pyruvate to acetyl-CoA. Deng, 2009, $300-p sMsDPGVsyRTREEI
modified [1]. Y301-p MsDPGVsyRTREEIQ
S314-p IQEVRSKsDPIMLLk
K321-a sDPIMLLKkDRMVNSN

Due to this multiple phosphorylation sites (Table 3) the 2D-gel shows three distinct spots,
which my represent different phosphorylation sites and states, indicated by a slight shift in
molecular weight and pH (Figure 8A, B). Phospho-protein abundance was determined by

comparing fluorescence stained spot volumes (see 3.3.1.). A calculation revealed for all
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PDHAT spots and replicates a higher abundance in the HH treated sample (Figure 8C).
Mean fold changes for PDHAT1 Spot 1, 2 and 3 were 1.63, 1.98 and 1.51, respectively.

A
130 L~ .
3 ‘. A .
@ - @ 2 '@!o
- e .
50 e
@2 Jol.
kDa SAG
OControl
W 200 nM SAG
30
10 2

Spot

Figure 8: Phosphorylation of PDHA1 in HH treated samples identified by 2D-PAGE

(A) 2D-gel of phospho-proteins enriched from adipocytes treated with SAG, a potent HH agonist. (B)
Spots of PDHA1were identified by mass spectrometric analysis of tryptic digests and (C) quantitative
phospho-protein abundance was calculated by Progenesis Same Spots.

In line with 2D-PAGE findings, the 1D-GeLC/MSMS approach identified phosphorylated
PDHAT1 in all replicates. Traditionally used spectral-counting as label-free quantification
tool requires high-resolution mass spectrometry, especially for the detection of small
changes in protein abundance. Possibly based on this insufficient identification by our
MSMS only one replicate showed a significant alteration compared with its control sample
(Figure 9A, B). The others displayed no or only a slight increase in SAG treated
adipocytes. However protein identification probability was 100%, sequence coverage

ranged from 12%-30% and identification of unique peptides ranged from 3-9 (Figure 9C).
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Figure 9: Phosphorylation of PDHA1 in Hh treated samples identified by 1D-GeLC/MSMS and

verified by Scaffold 3

(A) Comparison of control (Ctr-1) and SAG treated (SAG-1) samples for phosphorylated PDHA1
abundance calculated by spectral-counting; (B) related MS spectra. (C) MS-based information on
PDHAL1 for all biological samples. Protein identification probability (Prob); Sequence coverage

highlighted in yellow, green represents carbamidomethylation of cysteine; percentage of amino acids
identified (%Cov); protein percentage of total spectra (%Spec); number of total spectra (#Spec); number

of unique peptides spectra (#Uniq) and number of unique peptides (#Pep).
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4.1.3. In-depth analysis of the 1D-phospho-proteome identified major changes in
adipocyte energy metabolism

To enable in-depth analysis and easier interpretation of the dataset Pathway Studio and/or
Scaffold were used for pathway analysis and categorization of protein functions. Annotated
proteins were clustered according to metabolic and signaling pathways and Gene Ontology
(GO) terms (Biological process, Cellular component and Molecular function). The
statistical significance of over-represented or under-represented proteins in each category
is indicated by the p-value (p < 0.05) (Figure 10-12, 17, 18, 20 and Table 4, 5, 10-13).
Consistent with prior adipocyte-studies [5, 52], we found proteins involved in glucose
metabolism, fatty acid oxidation and insulin signaling (Table 4, 5). As a direct proof of
concept we identified HH signaling and the notch pathway as significantly present in our
samples. Of note, a cross-talk between these two pathways is described in the literature
[53, 54].

Interestingly, we found a strong impact of HH on cellular energy metabolism. Fatty acid
(FA) oxidation (p = 0.0060), glycogen metabolism (p = 0.0162) and insulin signaling (p =
0.0001) were significantly highlighted in the HH treated sample. For instance 3 (ACATI,
HADHA, ECHSI) out of 7 entities in fatty acid oxidation were differentially present in our
phospho-proteomic studies.

Table 4 and 5 show all metabolic and signaling pathways significantly present (all p-values
< 0.05) in the phospho-protein enriched dataset. Pie charts illustrate related tables (Figure
10, 11). Phospho-proteins of selected pathways are listed in Table 6.
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Table 4: Metabolic pathway analysis of phospho-protein enriched adipocytes

Metabolic Pathway

- entire dataset p-value Entities Gene Symbol

ACATI,0XCT1,ACADS,HADHA,ECHSI,
HADHB,ACAA2,BCKDHA,BCKDHB,ACADSB
ACATI,ACADS,HADHA ,ECHS1,HADHB,

Branched chain aa metabolism  3.01E-06 10

Fatty acid oxidation 0.0004 7 ACAA2.ACADSB

Glucose metabolism 0.0116 5 GAPDH,TPI1,PGAMI1,PDHA1,PDHB
Lysine metabolism 0.0252 5 ACAT1,HADHA ,ECHS1,HADHB,ACAA2
Glut/Gln/Pro metabolism 0.0369 4 P4HB,EPRS,GLUD1,P4HA1

Bile acids metabolism 0.0459 4 ACAT1,HADHB,ACAA2,ACADSB

p-value Entities Gene Symbol

Branched aa metabolism 0.0008 4 ACAT1,0XCT1,HADHA ECHS1
Fatty acid oxidation 0.0060 3 ACAT1,HADHA,ECHS1
Lysine metabolism 0.0097 3 ACATI,HADHA ECHSI1
Glycogen metabolism 0.0162 2 GYSL1,PYGB
Tryptophan metabolism 0.0429 3 ACATI,HADHA,ECHSI1
Metabolic Pathways - entire dataset Metabolic Pathways - increased phosphorylations in SAG

B Eranched chainamino acids metabolism (p =0.000003) mBrarichedhainamino acids rastabilisen (s = 0008}

B Fatty acid oxidation (p =0.0004) BFatty acid oxidation (p = 0.0060)

B Glucose metabolism (p =0.0118) BLysine metabolism (p = 0.0067)

B Lysi tabol =0.0252
Foinemetsbolmp ) OGlycogen metabolism (p =0.0162)

o =
Glut/Gln/Prometabolsm (p =0.036%) I SO AT S 0820

OBile acidsmetaboliam (p =0.0459)
Figure 10: Pie charts illustrating metabolic pathways of phospho-protein-specific 1D-gels

Grey indicates the whole dataset without consideration of any changes. Red represents pathways
with increased phosphorylation events in SAG treated adipocytes.
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Table 5: Signaling pathway analysis of phospho-protein enriched adipocytes

Signaling Pathway
- entire dataset

p-value Entities Gene Symbol

Cell Cycle Regulation 0.0200 58

TUBB2C,NUDT21,TUBB6,RPS6,EIF2S1,RPL22,LMNA,CBX3,NPM1, SNRPDI
TUBA1B,HNRNPK,NCL,RANBP1,PRKACA,SFRS1,HMGB3,EEF2,HMGA?,
NAPIL1,EIF4G1,PRKAR2B,PRKARIA,MAGOH,ANP32A,RPL5,DDB1,PLCBI,
HNRNPC,NUDC,DCTN1,CBX1,SKP1,EPRS,IPO7,RPS27A,ABCF1,IPO9,EIF3A,
EIF3],EEF1B2,PURA,RPLP2,EIF1AY,EEF1D,SFRS7,BTF3,NAP1L4,SUPTSH,
EIF4G3,EEF1G,EIF2S2, TUBB2A,RPLPO, TUFM,RPLP1,TUBA A EIF3I,
IDH3G,RPS6,EIF2S1,GAPDH,RPL22,LIPE, ACAT1,FABP4,HSPAS,PRKACA,
IDH3A,ACACA,TPI1,EEF2,EIF4G1,ACLY,PRKAR2B,PRKAR1A,RPL5,GYSI,
TALDO1,EPRS,RPS27A,ABCF1,ACADS,EIF3A,EIF3J, HADHA ,EEF 1B2,RPLP2,
EIF1AY,EEF1D,PGAM1,SLC25A10,EIFAG3,EEF1G,EIF2S2,ECHS 1, HADHB,
RPLP0,TUFM,ACAA2,RPLP1,PDHA | ,PDHB,ACADSB,EIF31
MYHI10,HSP90B1,HSP90AA 1,RPS6,EIF2S1,HSPD1,RPL22,MSN,HSPA5,CFL1,
HSPAS,CANX,HSPA9,MYH9,P4HB,EEF2,PDIA6,EIFAG1,HYOU1,TPM1, EIF31
CALMI,RPL5,DNAJA2,PLCB1,ST13,MYL6,DCLK1,CCT6A,SNAPIN,EPRS,
RPS27A,CNN3,ABCF1,HSPA4,EIF3A EIF3],EEF1B2,RPLP2, EIFIAY,EEF1D,
EIF4G3,EEF1G,EIF2S2,RPLPO, TUFM,RPLPI,

PSMDI1,TUBB2C,PTGES3, TUBB6,MYH10,GAPDH,LIPE,LMNA,MSN,ACATI,
UBAI,FABP4,CFL1,CBX3,TUBA1B,PPP1CA,TPI1,MYH9,HMGB3,HMGA2,
NAPIL1,TPM1,NEDD4,PSMC2,CAND1,ANP32A,PSME1,UBE2H,NUDC,CBXI1,
CNN3,PSMC5,PSMD14,HADHA,PSMC6,NAP1L4,PGAM1,PSMC3,PSMC1,PSME2,
TUBB2A,PSMC4,PDHA1,PDHB,TUBA 1A
PSMD11,PTGES3,UBA1,CBX3,PRKACA, HMGB3,HMGA2,NAPIL1,PRKAR2B,
NEDD4,PSMC2,CAND1,PRKAR1A,ANP32A,PSME1,DDB1,UBE2H,CBXI1,
PSMCS5,PSMD14,PURA,PSMC6,NAP1L4,PSMC3,PSMC1,PSME2,PSMC4

PRKACA,PRKAR2B,PRKARIA,PLCBI1

Insulin Action 1.17E-09 47
B Cell Activation 4.66E-06 47
Notch Pathway 0.0055 45
Hedgehog Pathway 0.0002 27
Others 4

p-value

Entities Gene Symbol

Insulin Action 0.0001

RPS6,EIF2S1,GAPDH,ACAT1,HSPAS,EEF2,

12 ACLY,GYS1,HADHA,EIFIAY,ECHS1,HADHB

p-value

Entities Gene Symbol

Hedgehog 0.0067

Signaling Pathways - entire data set
13

5 HMGB3,NEDD4,UBE2H,PSME2,PSMC4

Signaling Pathways - increased/
phosphorlyations n SAG

47

W Cell Cycle Regulation (p = 0.02007%
B Insulin Action (p=0.000000001)
BE Cell Activation (p =0.000005)

B Notch Pathway (p =0.0055)
OHedgehogPathway (p =0.0002)
OCthers (p < 0.05)

BInsulin Action (p =0.0001)
BHedgehog Pathway (p =0.0067)

Figure 11: Pie charts illustrating signaling pathways of
phospho-protein-specific 1D-gels

Grey indicates the whole dataset without consideration of
any changes. Red represents pathways with increased and
green with decreased phosphorylation events in SAG
treated adipocytes.
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Table 6: Phospho-protein list of selected pathways

Fatty acid oxidation

Swissprot Protein Name Gene symbol 1D-Gel 2D-Gel
Q8BWT1 3-ketoacyl-CoA thiolase, mitochondrial ACAA2 = nd
Q07417  Short-chain specific acyl-CoA dehydrogenase ACADS = +
QI9DBL1  Short/branched chain specific acyl-CoA dehydrogenase, ACADSB = nd
Q8QZT1  Acetyl-CoA acetyltransferase ACATI + +
Q8BMS1 Trifunctional enzyme subunit alpha HADHA + nd
Q99JY0  Trifunctional enzyme subunit beta HADHB + +
Q8BH95 Enoyl-CoA hydratase ECHS1 i s
Glucose metabolism
Swissprot Protein Name Gene symbol 1D-Gel 2D-Gel
P16858  Glyceraldehyde-3-phosphate dehydrogenase GAPDH = +
P35486  Pyruvate dehydrogenase E1 component subunit alpha PDHAL1 = +
Q9D051  Pyruvate dehydrogenase E1 component subunit beta PDHB = nd
Q9DBIJ1  Phosphoglycerate mutase 1 PGAM1 = +
P17751  Triosephosphate isomerase TPI1 = nd
Glycogen metabolism
Swissprot Protein Name Gene symbol 1D-Gel 2D-Gel
P54859  Glycogen [starch] synthase GYSl1 + nd
Q8CI94  Glycogen phosphorylase PYGB + nd
Insulin Signaling
Swissprot Protein Name Gene symbol 1D-Gel 2D-Gel
Q6P542  ATP-binding cassette sub-family F member 1 ABCF1 = nd
Q8BWT1  3-ketoacyl-CoA thiolase ACAA2 = nd
Q5SWU9  Acetyl-CoA carboxylase 1 ACACA = nd
Q07417  Short-chain specific acyl-CoA dehydrogenase ACADS = nd
QI9DBL1  Short/branched chain specific acyl-CoA dehydrogenase ACADSB = nd
Q8QZT1  Acetyl-CoA acetyltransferase ACATI + +
Q91V92  ATP-citrate synthase ACLY + nd
Q8BHY95  Enoyl-CoA hydratase ECHS1 + +
070251  Elongation factor 1-beta EEF1B2 = nd
P57776  Elongation factor 1-delta EEF1D = nd
QI9D8NO  Elongation factor 1-gamma EEF1G = +
P58252  Elongation factor 2 EEF2 + nd
Q8BH64 EH domain-containing protein 2 EIF1AY S nd
Q8BMIJ3  Eukaryotic translation initiation factor 1A EIF2S1 + nd
Q6ZWX6 Eukaryotic translation initiation factor 2 subunit 1 EIF2S2 = nd
Q99145  Eukaryotic translation initiation factor 2 subunit 2 EIF3A = nd
Q9QZD9 Eukaryotic translation initiation factor 3 subunit I EIF3I = nd
Q66JS6 Eukaryotic translation initiation factor 3 subunit J EIF3] = nd
Q6NZJ6  Eukaryotic translation initiation factor 4 gamma 1 EIF4G1 = nd
Q80XI3  Eukaryotic translation initiation factor 4 gamma 3 EIF4G3 = nd
Q8CGC7 Bifunctional aminoacyl-tRNA synthetase EPRS = nd
P04117  Fatty acid-binding protein FABP4 = nd
P16858  Glyceraldehyde-3-phosphate dehydrogenase GAPDH + +
P54859  Glycogen [starch] synthase GYSI + nd
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Q8BMS1  Trifunctional enzyme subunit alpha HADHA + nd
Q99JY0  Trifunctional enzyme subunit beta HADHB + +
P63017  Heat shock cognate 71 kDa protein HSPAS + nd
QI9D6R2  Isocitrate dehydrogenase [NAD] subunit alpha IDH3A = nd
P70404  Isocitrate dehydrogenase [NAD] subunit gamma IDH3G = nd
P54310  Hormone-sensitive lipase LIPE = +
P35486  Pyruvate dehydrogenase E1 component subunit alpha PDHA1 = 3
Q9D051  Pyruvate dehydrogenase E1 component subunit beta PDHB = nd
QI9DBJ1  Phosphoglycerate mutase 1 PGAM1 = +
P05132  cAMP-dependent protein kinase catalytic subunit PRKACA = nd

QI9DBC7 cAMP-dependent protein kinase type I-alpha regulatory  PRKARIA = nd
P31324  cAMP-dependent protein kinase type II-beta regulatory PRKAR2B = nd
P67984  60S ribosomal protein L.22 RPL22 = nd
P14869 60S acidic ribosomal protein PO RPLPO = nd
P47955 60S acidic ribosomal protein P1 RPLP1 = nd
P99027  60S acidic ribosomal protein P2 RPLP2 + nd
P62754 408 ribosomal protein S6 RPS6 = nd
P62991  Ubiquitin RPS27A = nd

Q9QZD8  Mitochondrial dicarboxylate carrier SLC25A10 = nd
Q93092  Transaldolase TALDOI = +
P17751 Triosephosphate isomerase TPI1 = nd
Q8BFR5  Elongation factor Tu TUFM = nd

=...no regulation; + phosphorylation up; nd...not detected

Benchmarking our results with the annotation of “Biological process” by Scaffold 3 ranked
cellular process (184) and metabolic process (142) as top hits (Figure 12A). More in detail
9 (GAPDH, ACATI, ACLY, OXCT1, PNPLA2, HADHA, ECHS1, HADHB, BCKDHA)
out of 26 proteins defined as metabolic process were significantly enriched in the HH
treated sample (Figure 12D). Lipid metabolic process (6 out of 16; ACLY, PNPLA2,
HADHA, ECHS1, HADHB, ATP5B), and especially FA oxidation (3 out of 5; HADHA,
ECHS1, HADHB) showed highly abundance too.

Categorical analysis based on “Cellular component” showed that majority of the proteins
we identified were resident in intracellular organelles (182) and/or organelle parts (102)
and in the cytoplasm (163) (Figure 12B). Of note mitochondria and its subcategories were
significantly enriched in the HH treated sample (Figure 12E), indicating an impact of HH
on mitochondrial function via phosphorylation changes. In line with the highly present
component protein complex (10 [TUBB6, YWHAB, PSMA7, PSMD2, PSMCS5, PSMD14,
PSMB4, PSMC6, PSMC1, PSMB6] out of 38), the second greatest hit of “Molecular
function”, binding (178) was significantly enriched too (Figure 12C).
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Figure 12: Pie charts and bar charts illustrating GO terms of phospho-proteomics

(A) (D) Biological process; (B) (E) Cellular component; (C) Molecular function

Grey indicates the whole dataset without consideration of any changes. Red represents Go terms
significantly highlighted in SAG treated adipocytes and green in the Control sample (Ctr).
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4.2. Quantitative proteomics of HH signaling in mature adipocytes

To gain information on lasting changes in protein expression we performed proteomics
using the workflow illustrated in Figure 13. Differentiated 3T3-L1 cells were stimulated
with SAG for 48 hours. The cytoplasmic fraction was purified by pushing cells through a
needle and intact nuclei and insoluble material were removed by centrifugation. Metabolic
labeling was performed to gain information on the cellular sites of synthetic processes by
2D-PAGE. Peptides were separated by nanoflow LC and identified by MSMS
fragmentation analysis. The MSMS data were interpreted by Mascot and searched against
the IPI db (International Protein Index database). Mass data were further processed with
the Scaffold software tool to validate MSMS based peptide and protein identifications.
Finally, the protein list was interpreted by Pathway Studio.

Differentiated 3T3-L1 cells

Data interpretation

Qe 3
g 5 PATHWAY STUDIO + 48h SAG ‘jﬁr)

LC/MSMS

1200 Series LC system, Agilent
LTQ Orbitrap XL™, Thermo Fisher Scientific
Mascot 2.2 Matrix Science

'

uonoeid slwse|dolA)

In-gel-digest

VPQUSTPTLVEVSR

o ;gi:

Ettan System, GE Healthcare

Figure 13: Schematic workflow of expression proteomics

Mature adipocytes were stimulated with SAG, a potent Hh agonist and 1D- and 2D-gels were performed
with the cytoplasmic fraction. Spots of interest and bands were in-gel digested, analyzed by LC/MSMS
and interpreted by Scaffold and Pathway Studio.
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4.2.1. Depth and coverage of the 3T3-L1 adipocvte proteome

Cytoplasmic fractions of adipocytes with and without HH activation were analyzed by 2D-
PAGE and subsequent LC/MSMS analysis of isolated spots, as well as with 1D-
GeLC/MSMS.

In four independent experiments of 2D-PAGE we detected in total 1146 spots (Figure 14).
50 proteins of interest were subjected to identification by MSMS. With a use of a 1.5 fold
change as a cutoff to designate up- or down-regulated proteins, 23 proteins of them were
up- and 7 down regulated in the HH treated sample d. Additional 5 increased proteins were

identified only in the autoradiography image (Table 7).
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Figure 14: 2D-gel of adipocytes

Representative example of a fluorescence stain (left) and autoradiography (right) of cytoplasmic proteins of
differentiated 3T3-L1 cells treated with SAG for 48 hours. 400 pg were diluted in 7 M urea, 2 M thiourea,
2% CHAPS and 100 mM DTT and absorbed into 24 ¢cm IPG strips pH 5-8.

For instance, both aconitate hydratase and FA synthase showed an up-regulation in the
autoradiography, indicating a higher rate of synthesis of those proteins, but no alteration in
the expression profile. Interestingly, several differentially expressed proteins are involved
in the TCA cycle and oxidative phosphorylation (OXPHOS) further supporting a role of
HH in cellular energy metabolism (Table 7).
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Table 7: Proteins identified by 2D-PAGE

SwissProt  Proteinname Gene F luores.cence Autoradio-
Symbol Stain graphy
Q99KI0  Aconitate hydratase Aco2 = 1,16 + 1,88
QI9CR86  Calcium-regulated heat stable protein 1 Carhspl  + 1,88 + 1,88
P18760  Cofilin-1 Cfll = 1,15 = 1,27
P45591  Cofilin-2 Cfl2 + 1,46 = 1,24
Q8VBV7 COP9 signalosome complex subunit 8 Cops8 S 3,32 S 1,51
Q61753  D-3-phosphoglycerate dehydrogenase Phgdh = 1,21 = 1,15
QI9ROP5  Destrin Dstn = 1,41 = 1,20
P57776  Elongation factor 1-delta Eefld + 4,53 + 2,05
P34914  Epoxide hydrolase 2 Ephx2 = 0,92 = 1,03
Q3U0V1  Far upstream element-binding protein 2 Khsrp + 1,70
P19096  Fatty acid synthase Fasn = 1,26 + 2,13
Q05816  Fatty acid-binding protein Fabp5 + 1,52 + 1,57
QI9CQI3  Glia maturation factor beta Gmfb = 1,28 = 1,16
Q9CZD3 Glycyl-tRNA synthetase Gars = 0,94 + 1,82
Q61316  Heat shock 70 kDa protein 4 Hspa4 + 1,53
P63017  Heat shock cognate 71 kDa protein Hspa8 + 2,49 = 1,20
QI9CQN1 Heat shock protein 75 kDa Trapl = 0,76 = 1,38
P61979  Heterogeneous nuclear ribonucleoprotein K Hnrnpk = 0,89 = 1,01
Q61025 Intraflagellar transport protein 20 homolog Ift20 = 1,31 = 0,74
Q8CAQ8 Mitochondrial inner membrane protein Immt + 1,47
Q91VDY9 NADH-ubiquinone oxidoreductase 75 kDa subunit Ndufsl = 0,89
Q9EQ80  NIF3-like protein 1 Nif311 = 1,00
P15532  Nucleoside diphosphate kinase A Nmel + 1,84 = 1,17
Q01768  Nucleoside diphosphate kinase B Nme?2 + 16,39 + 8,29
Q9CQ48 NudC domain-containing protein 2 Nuded2  + 2,09 = 1,25
Q60597  Ogdh2-oxoglutarate dehydrogenase Ogdh + 1,61 + 2,10
Q8R2Y8  Peptidyl-tRNA hydrolase Ptrh2 s 3,56 s 1,64
Q9DOF9  Phosphoglucomutase-1 Pgml = 1,21 = 1,15
Q9WU28 Prefoldin subunit 5 Pfdn5 = 1,33 = 1,20
QI9ROE1  Procollagen-lysine,2-oxoglutarate S-dioxygenase 3 Plod3 + 2,14
P56812  Programmed cell death protein 5 Pdcd5 I 2,23 = 1,17
Q9JKV1  Proteasomal ubiquitin receptor ADRM1 Adrml1 + 1,62 = 1,25
Q9CQTS Proteasome maturation protein Pomp + 2,03 = 0,95
Q9QXTO  Protein canopy homolog 2 Cnpy?2 + 3,43 + 2,58
P27773  Protein disulfide-isomerase A3 Pdia3 = 1,13 + 1,57
Q8K3C3  Protein LZIC Lzic = 1,25 = 1,00
Q05920  Pyruvate carboxylase Pc = 0,82 = 1,11
Q9Z1Z2  Serine-threonine kinase receptor-associated protein Strap + 1,71 = 1,19
P38647  Stress-70 protein Hspa9 S 1,77
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Q97218  Succinyl-CoA ligase [GDP-forming] subunit beta Suclg2 + 2,49 = 1,20
P08228  Superoxide dismutase [Cu-Zn] Sodl S 1,76 = 1,36
P09671  Superoxide dismutase [Mn] Sod2 + 3,56 + 1,64
P11983  T-complex protein 1 subunit alpha Tepl = 0,95 = 1,12
Q91738  Tetratricopeptide repeat protein 1 Ttcl = 1,06 + 1,55
Q9CQUO Thioredoxin domain-containing protein 12 Txndcl2 = 1,21 = 1,16
Q01853  Transitional endoplasmic reticulum ATPase Vep = 1,25 = 1,37
Q97255  Ubiquitin-conjugating enzyme E2 A Ube2a + 1,63 = 2,37
P20152  Vimentin Vim + 2,92 = 1,24
Q64727  Vinculin Vel + 1,85 + 1,94
QO9ERF3 WD repeat-containing protein 61 Wdr61 + 2,39 = 1,33

=...no regulation; +... > 1.5-fold up-regulated;

1D-GeLC/MSMS experiments were done in duplicate and a total of 148057 spectra met
our criteria for peptide validation (see 3.3.2.). More than 10000 unique peptides (FDR =
1.6%) corresponding to 2613 distinct proteins (FDR = 0.0%) were confidently identified.
Quantitative evaluation of protein abundance using the number of MSMS spectra yielded
317 differentially expressed proteins. 202 proteins were 1.5 fold up-regulated and 115 were
1.5 fold down-regulated in the HH treated sample (Figure 15A, Table 8, 9). Comparative
analysis revealed 45 proteins identified in both 1D- and 2D-gels, whereas 2568 proteins
were only identified by 1D-GeLC/MSMS analysis and 5 proteins by 2D-PAGE (Figure
15B). Comparative analysis with the phospho-proteome discovered 236 proteins identified
by both techniques. Interestingly, 11 out of 19 proteins identified only by the phospho-
proteome approach belong to the nucleus (Figure 15C).

Many proteins we identified are consistent with prior 3T3-L1-studies. We compared our
proteome dataset against the largest sets for 3T3-L1 adipocytes and human adipocytes to
date, published by Adachi and Xie, respectively (Figure 15D) [2, 5]. The group of Matthias
Mann, provided an in-depth analysis of the 3T3-L1 adipocyte proteome based on
subcellular fractionation of nuclei, mitochondria, membrane and cytosol and identified a
total of 3287 proteins [5]. Our cytoplasmic fraction, containing mitochondria and
membranes, but no nuclear proteins, showed an overlap of 1622 proteins, corresponding to
62%. 1665 proteins were only identified by Mann’s group, 30% of them belonging to the
nucleus. Interestingly, our approach focused on cytoplasmic proteins identified 991
proteins specific for our dataset.

Comparative analysis with the human adipocytes proteome [2] revealed 1094 shared

proteins. Hence our proteome of a murine adipocyte cell line showed an overlap of 73%
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with a human adipocyte proteome, reflecting both the high homology of the approaches

and the low differences in protein abundance in human and murine adipocytes.

A B

2613
C D
Adachi et al. a Our study
' 860 ‘
Xie et al.

Figure 15: Quantitative Venn diagrams visualize the outcome of the cytoplasmic-proteome
approach

(A) Venn diagram illustrating 2613 identified proteins by 1D-GeLC/MSMS, 202 up- and 115
down regulated proteins. (B) Comparative analysis revealed 45 proteins identified in both 1D-
and 2D-gels, 2568 proteins were only identified by 1D-GeLC/MSMS analysis and 5 proteins by
2D-PAGE. (C) Comparative analysis with the phospho-proteome discovered 236 shared
proteins, 19 proteins identified only by phospho-proteome and 2359 by cytoplasmic expression-
proteome. (D) Comparative analysis against the human adipose tissue (Xie et al.) [2] and the
whole 3T3-L1 cell proteome (Adachi et al.) [5].
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Table 8: Proteins up-regulated by the 1D-GeLC/MSMS approach

Fold-change

1P100225796 Isoform 1 of UPF0554 protein C20rf43 homolog - 2,22 2,00 2,50
IPI00136293 Transmembrane protein C9orf46 homolog - 2,86 2,00 5,00
IP100221782 Uncharacterized protein C18o0rf19 homolog - 2,86 3,33 2,50
IP100133737 Uncharacterized protein C190rf60 homolog - 2,86 2,00 5,00
IP100109632 Uncharacterized protein C7orf30 homolog - 2,00 2,00 2,00
IPI00169840 ATP-binding cassette sub-family F member 3 ABCF3 4,00 5,00 3,33
IPI00129907 Golgi resident protein GCP60 ACBD3 400 3,33 5,00
IP100930756 Peroxisomal acyl-coenzyme A oxidase 2 ACOX2 2,50 3,33 2,00
IPI00134135 ISOforgrlolte‘i’ﬁ II;EZVS;?]‘;Z;‘I“ e PRoTpleyRIR s ACPI1 1,82 2,00 1,67
IP100409019 Acyl-CoA synthetase short-chain family member 2 ACSS2 2,00 2,00 1,67
IP100170357 AFG3-like protein 2 AFG3L2 2,50 1,67 5,00
IPI00131231 N(4)-(beta-N-acetylglucosaminyl)-L-asparaginase AGA 2,22 2,50 2,00
IP100662244 Amylo-1,6-glucosidase, 4-alpha-glucanotransferase AGL 2,86 2,50 3,33
IP100129350 Isofosr;?ltlfleol;lég of Delta-1-pyrroline-5-carboxylate ALDHISAI 2,00 2,00 2.00
IPI00118794 ;i%{g;;né of Ankyrin repeat domain-containing ANKRD17 222 333 167
IPI00346041 ISOfO‘z‘; i;iﬁggﬂgﬁ%ﬁt and SAM domain- ANKSI 333 333 333
IP100346965 AP-1 complex subunit beta-1 AP1B1 1,82 1,67 2,00
IP100119689 Isoform 1 of AP-2 complex subunit beta AP2B1 2,00 1,67 2,50
1P100224152 DNA-(apurinic or apyrimidinic site) lyase APEX1 2,50 2,50 2,50
IP100221615 ADP-ribosylation factor 5 ARF5S 1,82 1,67 2,00
IPI00626688 Isof(i‘r(r)n 3 of Rho guanine nucleotide exchange factor ARHGEF40 222 2,00 2.50
1P100278498 ADP-ribosylation factor-like protein 1 ARLI1 2,50 3,33 2,00
IP100315504 ADP-ribosylation factor-like protein 2 ARL2 2,00 2,50 1,67
IP100133218 ADP-ribosylation factor-like protein 8B ARLSB 2,22 1,67 3,33
[P100223420 Isoform 1 of Acid trehalase-like protein 1 ATHLI1 3,33 3,33 3,33
IP100130186 V-type proton ATPase subunit C 1 ATP6VICI1 2,50 1,67 5,00
IP100458001 Isoform 2 of Ataxin-2-like protein ATXN2L 2,00 2,00 1,67
IP100409462 Spliceosome RNA helicase Batl BATIA 3,33 2,50 5,00
IPI00130381 Large proline-rich protein BAT3 BAT3 1,67 1,67 1,67
IPI00677454 Chromobox homolog 3 C7 2,50 2,50 2,50
IP100122450 Caldesmon 1 CALDI1 2,22 2,50 2,00
IP100626909 Calpain-1 catalytic subunit CAPNI1 333 2,50 5,00
[P100229487 Isoform 2 of Core-binding factor subunit beta CBFB 2,86 2,00 5,00
IPI00129466 Chromobox protein homolog 1 CBX1 222 2,50 2,00
IPI00331111 Kynurenine--oxoglutarate transaminase 1 CCBL1 2,00 2,00 2,00
IP100153794 Coiled-coil domain-containing protein 58 CCDC58 2,22 2,50 2,00
IP100224728 Putative uncharacterized protein CD63 2,00 2,00 2,00
IP100124389 Mitochondrial inte@embrane space import and CHCHD4 182 200 167
assembly protein 40
IPI00117187 Charged multivesicular body protein 1b-1 CHMP1B 2,00 2,00 2,00
IP100132350 CDGSH iron-sulfur domain-containing protein 2 CISD2 2,22 2,00 2,50
IP100468223 COMM domain-containing protein 7 COMMD7 2,50 3,33 2,00
IP100112414 Exportin-2 CSEIL 1,82 1,67 2,00
IP100123891 Cysteine and glycine-rich protein 1 CSRP1 2,22 2,00 2,50
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1P100338904

IP100316623
IP100329839
1P100221571
IP100605842
1P100272104
IP100133713
IP100187434
IPI00115580
IP100756424
IP100108271
IP100405986
1P100309481
IP100312468
1P100322492
IP100265386
IP100109611
IP100122015
IP100830803
1P100228343
IP100338963
IP100226787
1P100230145
1P100221833

1P100122521
IP100377455
1P100406371

IP100416279
IP100110487
1P100344567
1P100621272
IP100762316

1P100223864

IP100453582
1P100264062
1P100230449
1P100453499

IP100380339
IP1I00116668
IP100396804

1P100331027
1P100467447
IP100857195
1P100132474
IP100129792
1P100929786

Isoform 1 of RNA polymerase II subunit A C-
terminal domain phosphatase

Isoform 3 of Catenin delta-1

Isoform 1 of ATP-dependent RNA helicase DDX42
Dehydrogenase/reductase SDR family member 9
Diablo homolog, mitochondrial precursor

Diapl protein

Isoform 1 of D-tyrosyl-tRNA(Tyr) deacylase 1
Deoxyuridine triphosphatase isoform 1
Eukaryotic translation initiation factor 3 subunit M
Eukaryotic translation initiation factor 5B
ELAV-like protein 1

Erythrocyte protein band 4.1-like 1

Band 4.1-like protein 2

Eukaryotic peptide chain release factor subunit 1
Ewing sarcoma breakpoint region 1

Isoform 1 of FAS-associated factor 2

Protein FAM162A

Protein FAM49B

Fibulin-2 isoform b

Ferrochelatase

Peptidyl-prolyl cis-trans isomerase FKBP5
Isoform 2 of FAD synthase

Ferritin heavy chain
Alpha-(1,3)-fucosyltransferase 11

Isoform E of Fragile X mental retardation syndrome-
related protein 1

GRIP and coiled-coil domain-containing protein 2

Isoform 1 of Glucosamine--fructose-6-phosphate
aminotransferase [isomerizing] 1

Golgi-associated plant pathogenesis-related protein 1
Protein C200rf11 homolog

Putative uncharacterized protein

NHP2-like protein 1

Isoform 1 of Guanine nucleotide-binding protein-like 1

Isoform 1 of Putative glycerophosphocholine
phosphodiesterase GPCPD1

G-rich sequence factor 1

Glycogenin-1

Hippocalcin-like protein 1
Isoleucyl-tRNA synthetase, mitochondrial

Isoform 1 of Peptidyl-tRNA hydrolase ICT1,
mitochondrial

Integrin-linked protein kinase

Isoform 1 of Integrin-linked kinase-associated
serine/threonine phosphatase 2C

Mitochondrial inner membrane protease subunit 2
Ras GTPase-activating-like protein IQGAP1
Integrin alpha-V precursor

Integrin beta-1

Importin subunit alpha-4

Isoform 1 of La-related protein 1

CTDP1

CTNND1
DDX42
DHRS9

DIABLO
DIAP1

DTD1
DUT
EIF3M
EIF5B

ELAVLI

EPB4.1L1

EPB4.1L2

ETF1
EWSRI1
FAF2
FAM162A

FAM49B
FBLN2

FECH
FKBP5
FLADI1

FTHI1
FUTI11

FXRI1
GCC2
GFPT1

GLIPR2
GMS5206
GM561
GM6637
GNL1

GPCPDI1

GRSF1
GYG
HPCALI1
TIARS2

ICT1
ILK
ILKAP

IMMP2L

IQGAPI
ITGAV
ITGBI
KPNA4
LARPI

2,22

2,50
2,00
2,86
2,22
3,33
2,22
2,50
2,22
2,86
2,00
2,00
2,22
1,67
2,50
4,00
2,50
2,50
3,33
2,50
2,22
2,50
2,00
2,00

2,86
1,67
2,00

2,00
2,00
2,00
2,00
2,00

2,00

2,50
1,82
2,22
1,67

2,86
5,00
2,00

2,22
2,00
3,33
2,22
1,67
2,50

2,00

2,00
2,00
5,00
2,50
2,50
2,00
2,00
1,67
2,00
2,00
3,33
3,33
1,67
3,33
3,33
3,33
3,33
5,00
3,33
2,00
1,67
2,00
2,00

2,00
1,67
1,67

2,00
2,00
2,00
2,00
2,00

2,00

3,33
1,67
2,00
1,67

3,33
3,33
2,00

2,00
2,00
3,33
2,00
1,25
1,67

2,50

3,33
2,00
2,00
2,00
5,00
2,50
3,33
3,33
5,00
1,67
1,43
1,67
1,67
2,00
5,00
2,00
2,00
2,50
2,00
2,50
5,00
1,67
2,00

5,00
1,67
2,50

2,00
2,00
2,00
2,00
2,00

2,00
2,00
2,00

2,50
1,67

2,50
10,00
2,00

2,50
2,00
3,33
2,50
2,50
5,00
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IP100453819
IP100123138
1P100223987
IP100119063
IP1I00121579
IP100173156
IPI00551412
IP100169711
IP100123875
IP100626860
IP100331563
IPI00132412
1P100132470
IP100134011
IP1I00387389
IP100225318
IP100162942
1P100222753
IPI00112327

1P100400163
IP1I00117839
1P100120212

IP100132531

1P100229008

IP100125448
1P100132339
1P100461281

1P100420870

IP100312507
IP1I00165817
IP100109253
1P100323064
1P100336248

IP100123004

1P100453792

IPI00315187
IP100136789
IP1I00378557

IP100653772

IP100331541
1P100124444
IP1I00318898

1P100264501
IP100132093

Leucyl-tRNA synthetase, cytoplasmic

Probable leucyl-tRNA synthetase, mitochondrial
Leucyl-cystinyl aminopeptidase

Prolow-density lipoprotein receptor-related protein 1
U6 snRNA-associated Sm-like protein LSm1
Protein LZIC

Protein mago nashi homolog

Amine oxidase [flavin-containing] A

Isoform Alpha-2 of Mitogen-activated protein kinase 9
Isoform 2 of Malignant T cell-amplified sequence 1
Mannose-P-dolichol utilization defect 1 protein

39S ribosomal protein L10, mitochondrial

39S ribosomal protein L11, mitochondrial

39S ribosomal protein L13, mitochondrial

39S ribosomal protein L18, mitochondrial

39S ribosomal protein L22, mitochondrial

39S ribosomal protein L37, mitochondrial

mTERF domain-containing protein 3, mitochondrial
Metaxin-1 isoform 1

Isoform 4 of N-alpha-acetyltransferase 50, NatE
catalytic subunit

Isoform 2 of Nuclear receptor coactivator 1

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 9, mitochondrial

NADH dehydrogenase [ubiquinone] 1 beta
subcomplex subunit 5, mitochondrial

NADH dehydrogenase [ubiquinone] iron-sulfur
protein 4, mitochondrial

Nucleoside diphosphate kinase, mitochondrial
Nucleoside-triphosphatase Clorf57 homolog
NudC domain-containing protein 2

Isoform 1 of UDP-N-acetylglucosamine--peptide N-
acetylglucosaminyltransferase 110 kDa subunit

Optic atrophy 3 protein homolog

55 kDa protein

UPF0480 protein C150rf24 homolog
Programmed cell death protein 4
Isoform 2 of Myomegalin

Pyruvate dehydrogenase [lipoamide] kinase isozyme
3, mitochondrial

Pyruvate dehydrogenase phosphatase regulatory
subunit, mitochondrial

RhoA activator C11orf59 homolog
Isoform 2 of Peroxisome biogenesis factor 1
Prefoldin 4 isoform 1

Isoform 2 of 6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 1

6-phosphofructokinase, muscle type
Isoform 1 of 6-phosphofructokinase type C
Putative uncharacterized protein

Isoform 1 of Phosphatidylinositol-binding clathrin
assembly protein

Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1

LARS
LARS2
LNPEP

LRP1

LSM1

LZ1C

MAGOH
MAOA
MAPK9
MCTS1
MPDU1
MRPL10
MRPLI11
MRPL13
MRPL18
MRPL22
MRPL37
MTERFD3
MTX1

NAASO
NCOALl
NDUFA9

NDUFBS5

NDUFS4

NME4
NTPCR
NUDCD2

OGT

OPA3
ORF19
ORF3
PDCD4
PDE4DIP

PDK3

PDPR

PDRO
PEX1
PFDN4

PFKFBI1

PFKM
PFKP
PGM3

PICALM
PINIL

1,82
2,50
2,50
2,00
3,33
4,00
2,00
2,22
2,22
2,00
2,00
3,33
5,00
4,00
2,50
2,22
2,00
2,00
4,00

2,00
2,22
2,50

2,22

2,22

2,00
1,82
2,22
2,22
2,00
2,22
4,00
2,86
2,22

1,82

4,00

3,33
3,33
2,50

2,00

2,22
2,22
2,00

2,00
4,00

1,67
2,00
1,67
2,00
3,33
5,00
2,00
2,00
2,00
2,00
2,00
3,33
5,00
5,00
3,33
2,00
2,00
1,67
3,33

2,00
2,00
2,50

2,00

2,00

2,00
1,67
2,00
3,33
2,00
2,00
3,33
3,33
2,00

1,67

3,33

10,00
5,00
3,33

1,67

2,00
2,50
1,67

1,67
5,00

2,00
3,33
5,00
2,00
3,33
3,33
2,00
2,50
2,50
2,00
2,00
3,33
5,00
3,33
2,00
2,50
2,00
2,50
5,00

2,00
2,50
2,50

2,50

2,50

2,00
2,00
2,50

1,67

2,00
2,50
5,00
2,50
2,50

2,00

5,00

2,00
2,50
2,00

2,50

2,50
2,00
2,50

2,50
3,33
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1P100129479

IP100405742
IP100135686
IP100117072
IPI00119116
IP100380331
IP100338458

IP100114410
IP100134918
IP100345682

IP100116729
IP100116563
1P100337844
IP100310972
IP100378430
1P100323177
1P100474959
IP100315463
IP100116558
IP100127085
1P100132460
1P100230623
IPI00115902
IP1I00137787

IP100309035

1P100319231
IP100465880
IP100112948
IP100136213
1P100224219
IP100462855
1P100123349
1P100331016
IP100284595
1P100120433
1P100454140
IP100331163

IP100308162

IP1I00135651

IP100331076

IP100170008
IP100876001
1P100122346
IP100453975
IP100226515

Phosphatidylinositol-5-phosphate 4-kinase type-2
gamma

Plexin B2

Peptidyl-prolyl cis-trans isomerase B

Protein phosphatase 1G

Protoporphyrinogen oxidase

Protein phosphatase 2A B56 delta subunit

Putative uncharacterized protein

Phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase

and dual-specificity protein phosphatase

Protein-tyrosine phosphatase mitochondrial 1

pyridine nucleotide-disulfide oxidoreductase domain-
containing protein 2

Ras-related protein Rab-22A

Rab5B

E3 SUMO-protein ligase RanBP2

RAP1, GTP-GDP dissociation stimulator 1 isoform b
81 kDa protein

Probable arginyl-tRNA synthetase, mitochondrial
Putative uncharacterized protein

Receptor expression-enhancing protein 5
Rho-related GTP-binding protein RhoG

60S ribosomal protein L10a

60S ribosomal protein L26

60S ribosomal protein L.32

60S ribosomal protein L35a

60S ribosomal protein L8

Dolichyl-diphosphooligosaccharide--protein
glycosyltransferase subunit 1

40S ribosomal protein S15

40S ribosomal protein S17

Isoform 3 of Reticulon-3

Sarcosine dehydrogenase, mitochondrial
Isoform 1 of Secl family domain-containing protein 1
N-terminal kinase-like protein

Protein transport protein Sec23A

Sec24 related gene family, member B
SEC24 related gene family, member D
SH2B adapter protein 2

Superkiller viralicidic activity 2-like
S-phase kinase-associated protein 1

Calcium-binding mitochondrial carrier protein
Aralarl

Calcium-binding mitochondrial carrier protein
Aralar2

Isoform 1 of STE20-like serine/threonine-protein
kinase

U2 small nuclear ribonucleoprotein A'

Sorting nexin-1

Translocon-associated protein subunit delta
Isoform 2 of Transcription elongation factor SPT5
Transgelin

PIP4K2C

PLXNB2
PPIB
PPMI1G
PPOX
PPP2R5D
PTCD3

PTEN
PTPMTI1
PYROXD2

RAB22A
RABS5B
RANBP2
RAP1GDS1
RAPHI1
RARS2
RCN2
REEP5
RHOG
RPLI0A
RPL26
RPL32
RPL35A
RPLS

RPNI1

RPS15
RPS17
RTN3
SARDH
SCFD1
SCYLI
SEC23A
SEC24B
SEC24D
SH2B2
SKIV2L
SKP1A

SLC25A12

SLC25A13

SLK

SNRPAL1
SNX1
SSR4

SUPTSH

TAGLN

2,00

2,22
2,00
2,22
2,22
2,50
2,86

2,00
2,86
2,22

2,50
1,67
1,67
2,00
2,00
1,82
3,33
1,82
2,86
2,22
2,86
2,50
3,33
2,00

1,67

2,86
2,00
2,50
2,00
1,67
2,22
2,00
2,22
2,86
2,50
2,86
2,22

2,22
2,86

1,82

2,00
1,82
2,50
2,50
2,00

2,00

2,00
2,50
2,00
2,00
1,67
2,00

2,00
5,00
3,33

3,33
1,67
1,67
2,00
2,00
1,67
5,00
1,67
2,00
2,50
2,00
3,33
10,00
1,67

1,67

5,00
2,00
3,33
2,00
1,67
2,00
1,67
2,00
5,00
3,33
3,33
2,50

1,67
2,00

1,67

2,00
1,67
2,50
2,00
2,00

2,00

2,50
1,67
2,50
2,50
5,00
5,00

2,00
2,00
1,67

2,00
1,67
1,67
2,00
2,00
2,00
2,50
2,00
5,00
2,00
5,00
2,00
2,00
2,50

1,67

2,00
1,67
2,00
1,67
1,67
2,50
2,50
2,50
2,00
2,00
2,50
2,00

3,33
5,00

2,00

2,00
2,00
2,50
3,33
1,67
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IP100468688
1P100229485

IPI00112822
IPI00114862
IP100129504

IPI00135971
IP100127983
IP100466640
IP1I00153101
1P100222447
IPI00112227
IP100378438

IP100120715

IPI00315135

IP100761429
IPI00321005

1P100420483

1P100420143

IP100132276
1P100222180
IP100377609
IPIO0111181
IP100468996
IP100655217

Threonyl-tRNA synthetase, cytoplasmic
Isoform 2 of Transcription elongation regulator 1

Isoform Mitochondrial of Transcription factor A,
mitochondrial

THUMP domain-containing protein 1

Mitochondrial import inner membrane translocase
subunit Tim17-B

Tight junction protein ZO-1

Transmembrane emp24 domain-containing protein 2
Transmembrane emp24 domain-containing protein 5
Transmembrane protein 109

Transmembrane protein 11

Transmembrane protein 126A

Tensin 1

Mitochondrial import receptor subunit TOM20
homolog

Mitochondrial import receptor subunit TOM22
homolog

Hypothetical protein LOC75964 isoform 1
E3 ubiquitin-protein ligase TRIM32

Isoform 1 of Ubiquitin carboxyl-terminal hydrolase
19

Isoform 2 of Ubiquitin carboxyl-terminal hydrolase
47

Vesicle-associated membrane protein 3
Valyl-tRNA synthetase, mitochondrial

Isoform 1 of Deubiquitinating protein VCIP135
Vacuolar protein sorting-associated protein 35
Neural Wiskott-Aldrich syndrome protein
Xanthine dehydrogenase/oxidase

TARS
TCERG1

TFAM
THUMPDI
TIMM17B

TJP1
TMED2
TMEDS

TMEM109
TMEM11
TMEMI126A
TNS1

TOMM20

TOMM?22

TRAPPCS
TRIM32

USP19

USP47

VAMP3
VARS2
VCPIP1
VPS35
WASL
XDH

1,82
2,00

2,22
2,22
2,86

1,82
2,50
2,50
2,86
2,00
4,00
2,00

2,50

2,00

2,00
3,33

4,00

1,82

4,00
2,00
2,00
2,50
2,86
2,00

1,67
1,67

2,00
2,00
5,00

2,00
2,50
3,33
2,00
2,00
2,50
1,43

3,33

2,00

2,00
3,33

3,33

1,67

3,33
2,00
2,00
1,67
3,33
1,67

2,00
2,50

2,50
2,50
2,00

1,67
2,50
2,00
5,00
2,00
10,00
3,33

2,00

2,00

2,00
3,33

5,00

2,00

5,00
2,00
1,67
5,00
2,50
2,50

IPI...International Protein Index; AccNr...Accession Number; M...mean; R1...replicate 1; R2...replicate 2

Table 9: Proteins up-regulated by the 1D-GeLC/MSMS approach

IPI AccNr

IPI00126172
IPI00121834
IP100111946
IPI00331251
1P100420440
1P100272401
IPI00111149
IP100135969
IPI00122620
IP1I00115506
1P100323465
1P100624501
IP100223875
1P100230241
IP100127598

Down-regulated proteins (115)

Ester hydrolase C11orf54 homolog

Hcp beta-lactamase-like protein Clorf163 homolog
Putative uncharacterized protein

Putative uncharacterized protein

Acylphosphatase-1

Acylphosphatase-2

Protein ADP-ribosylarginine hydrolase
Adenylosuccinate synthetase isozyme 2

UPF0696 protein C110rf68 homolog

Isoform 3 of A-kinase anchor protein 1, mitochondrial
Putative N-acetylglucosamine-6-phosphate deacetylase
ATPase Asnal

L-asparaginase

ATP synthase subunit epsilon, mitochondrial

ATPase inhibitor, mitochondrial

Gene Symbol

ACADS
ACYP1
ACYP2
ADPRH
ADSS
AI837181
AKAPI1
AMDHD2
ASNALI
ASRGL1
ATPSE
ATPIF1

Fold-change

M
0,63
0,44
0,34
0,63
0,33
0,26
0,63
0,61
0,35
0,53
0,50
0,48
0,36
0,49
0,51

R1
0,67
0,50
0,33
0,59
0,43
0,25
0,67
0,56
0,50
0,56
0,40
0,50
0,67
0,45
0,50

R2
0,59
0,40
0,36
0,67
0,27
0,27
0,59
0,67
0,27
0,50
0,67
0,45
0,25
0,53
0,53
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IP100109131
IP100109966
IP100111953
1P100310474
IP100130439
IPI00124616
IP100153742
IP100381495
IP100461969

IP100133562

1P100124248
IP1I00112668
1P100114377
IP100113362
IPI00125931
IPI00111013
1P100230113
IP100330057
1P100223482
IP100315225
1P100928532
1P100330477
IP100336840
IP100135939
IP100406794
1P100473475
IP100331528
IPI00121419

IPI00119853

IP100127501
IP100267855
1P100323911
IP100138238
IP100137694
1P100221463
IP100409148
IP100130640
IP100261188
IP1I00381357
IP100828610
1P100122307
IP100129873
1P100471097
1P100229534
1P100469123
IP100881197
IPI00165711
IP100153664
1P100406624
1P100229662

Uncharacterized protein Clorf50 homolog

Beta-2-microglobulin

BolA-like protein 1

Brain protein 16

Calcium/calmodulin-dependent protein kinase type 1

Isoform 1 of COBW domain-containing protein 1

Coiled-coil domain-containing protein 25

Uncharacterized protein

Isoform 1 of Cell division cycle protein 123 homolog

Coiled-coil-helix-coiled-coil-helix domain-containing
protein 3, mitochondrial

Putative uncharacterized protein

COMM domain-containing protein 8

Cytochrome c oxidase subunit 7A2, mitochondrial

Crk-like protein

Cystatin-B

Cathepsin D

Cytochrome b5

Density-regulated protein

DnalJ homolog subfamily B member 10 isoform 3

Dynein light chain roadblock-type 1

Eukaryotic translation initiation factor 3 subunit F

Isoform 2 of Epsin-1

F-box only protein 4

Adrenodoxin, mitochondrial

GRB2-associated-binding protein 1

GTP cyclohydrolase 1 feedback regulatory protein

Glutaredoxin-1

Uncharacterized protein

Isoform Gnas-1 of Guanine nucleotide-binding protein
G(s) subunit alpha isoforms short

Protein C10

GRIP1-associated protein 1

Glutathione S-transferase A4

Prefoldin subunit 6

HD domain-containing protein 2

Histone H2A type 3

Haptoglobin

Ribonuclease UK 114

Interferon-induced 35 kDa protein homolog
RIKEN cDNA 2310044H10

La-related protein 4 isoform 2
Lipoyltransferase 1, mitochondrial

U6 snRNA-associated Sm-like protein LSm6
LYR motif-containing protein 5

Myristoylated alanine-rich C-kinase substrate
Isoform 1 of Cell surface glycoprotein MUCI18
NADP-dependent malic enzyme

BRCA1-A complex subunit MERIT40

Alpha N-terminal protein methyltransferase 1A
Isoform 3 of Bifunctional protein NCOAT
Methylated-DNA--protein-cysteine methyltransferase

AU022252
B2M
BOLA1
BRP16
CAMKI1
CBWD1
CCDC25
CCDC6
CDC123

CHCHD3

CLNSIA
COMMDS
COX7A2
CRKL
CSTB
CTSD
CYBS
DENR
DNAJB2
DYNLRBI
EIF3F
EPNI1
FBXO4
FDX1
GABI
GCHFR
GLRX
GM5457

GNAS

GRCCI10
GRIPAPI
GSTA4
H2-KE2
HDDC2
HIST3H2A
HP
HRSP12
IFI35
INMO02
LARP4
LIPTI
LSM6
LYRMS
MARCKS
MCAM
MEI
MERIT40
METTLI11A
MGEAS
MGMT

0,51
0,33
0,32
0,42
0,50
0,57
0,39
0,42
0,53

0,65

0,47
0,59
0,34
0,34
0,30
0,65
0,56
0,34
0,44
0,42
0,61
0,42
0,54
0,30
0,54
0,41
0,36
0,44

0,45

0,38
0,31
0,57
0,57
0,44
0,40
0,24
0,34
0,61
0,57
0,54
0,34
0,42
0,51
0,33
0,45
0,61
0,51
0,42
0,51
0,34

0,50
0,25
0,67
0,50
0,40
0,67
0,31
0,50
0,43

0,67

0,67
0,67
0,33
0,25
0,50
0,67
0,50
0,33
0,33
0,50
0,67
0,50
0,59
0,50
0,50
0,33
0,67
0,67

0,40

0,40
0,25
0,56
0,50
0,40
0,50
0,17
0,67
0,56
0,50
0,59
0,25
0,50
0,50
0,23
0,50
0,63
0,50
0,50
0,50
0,33

0,53
0,50
0,21
0,36
0,67
0,50
0,53
0,36
0,67

0,63

0,36
0,53
0,36
0,53
0,21
0,63
0,63
0,36
0,67
0,36
0,56
0,36
0,50
0,21
0,59
0,53
0,25
0,33

0,53

0,36
0,40
0,59
0,67
0,50
0,33
0,40
0,23
0,67
0,67
0,50
0,53
0,36
0,53
0,56
0,42
0,59
0,53
0,36
0,53
0,36
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IP1I00137706
IP100885509
IP100321858
IP100756996

IP1I00758413
IP100136107
1P100331332

IP100128285
IP100132005

IP100169979

IP100128904
IP100331596
IP100307963
IP100132485
IPI00380195
IP100919293

IP100453516

IP100109437
IPI0O0885519
IPI00131228
IPI00331644
IP100119239
IP100761650
IPI00471441

IP100119807

1P100331092
IP100126175
1P100222555
IPI00119202
IPI00124115
IP100830189
IP100761959
IPI00134131
IP1I00515330
1P100221759

IP100110852

IPI00121514
IPI00119524
IP100315948
IP100121887
1P100323130

IP100125776

IP100132169

IP100125513

55 kDa erythrocyte membrane protein
Methylthioribose-1-phosphate isomerase
28S ribosomal protein S15, mitochondrial
Mevalonate kinase

N-alpha-acetyltransferase 10, NatA catalytic subunit
isoform 2

Protein NDRG3

NADH dehydrogenase [ubiquinone] 1 alpha
subcomplex subunit 5

NADH dehydrogenase (Ubiquinone) flavoprotein 3
Neudesin

Isoform 1 of NmrA-like family domain-containing
protein 1

Poly(rC)-binding protein 1

Peroxisomal trans-2-enoyl-CoA reductase
Peflin

Prefoldin subunit 1

Phosphoglycolate phosphatase

Protein

Phytanoyl-CoA dioxygenase domain-containing
protein 1

Pirin

Protein

Phosphomannomutase 2

Proteasome subunit alpha type-3

Proteasome subunit beta type-6

26S proteasome non-ATPase regulatory subunit 9
Ptms protein

Mitogen-activated protein-binding protein-interacting
protein

40S ribosomal protein S4, X isoform

Protein S100-A1

Protein S100-A10

Protein S100-A11

Protein S100-A13

Isoform 1 of Selenocysteine lyase

Protein SCO1 homolog, mitochondrial

Isoform SCPx of Non-specific lipid-transfer protein

Isoform 3 of Septin-9

Selenide, water dikinase 1

Translocon-associated protein alpha, muscle specific
isoform

Stress-induced-phosphoprotein 1

Isoform 1 of Striatin-4

Tubulin-folding cofactor B

Isoform 2 of Transcription elongation factor A protein 1
Transcription elongation factor B polypeptide 1

Mitochondrial import inner membrane translocase
subunit Tim8 A

Mitochondrial import inner membrane translocase
subunit Tim8 B

Mitochondrial import inner membrane translocase
subunit Tim9

MPP1
MRI1
MRPS15
MVK

NAAIO
NDRG3
NDUFAS

NDUFV3
NENF

NMRALI1

PCBPI
PECR
PEF1
PFDNI1
PGP
PHLDBI1

PHYHDI1

PIR
PLEKHG1
PMM2
PSMA3
PSMB6
PSMD9
PTMS

ROBLD3

RPS4X
S100A1
S100A10
S100A11
S100A13
SCLY
SCO1
SCP2
Sep 09
SEPHSI1

SSR1

STIP1
STRN4
TBCB
TCEALI
TCEBI

TIMMS8ALI
TIMMSB

TIMM9

0,51
0,54
0,41
0,54

0,49
0,38
0,28

0,24
0,44

0,29

0,63
0,33
0,45
0,67
0,67
0,40

0,51

0,34
0,54
0,56
0,65
0,56
0,59
0,67

0,19

0,65
0,20
0,38
0,17
0,54
0,63
0,51
0,57
0,56
0,54

0,44

0,67
0,63
0,59
0,44
0,30

0,26
0,59

0,34

0,50
0,67
0,33
0,56

0,45
0,40
0,67

0,50
0,33

0,19

0,67
0,23
0,36
0,67
0,67
0,45

0,50

0,25
0,45
0,67
0,63
0,63
0,59
0,67

0,67

0,63
0,67
0,67
0,43
0,56
0,59
0,50
0,67
0,56
0,56

0,33

0,67
0,67
0,67
0,50
0,50

0,33
0,67

0,33

0,53
0,45
0,53
0,53

0,53
0,36
0,18

0,15
0,67

0,67

0,59
0,59
0,63
0,67
0,67
0,36

0,53

0,53
0,67
0,48
0,67
0,50
0,59
0,67

0,11

0,67
0,12
0,27
0,11
0,53
0,67
0,53
0,50
0,56
0,53

0,67

0,67
0,59
0,53
0,40
0,21

0,21
0,53

0,36
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IPI00132768 Transmembrane protein 14C TMEM14C 0,50 0,50 0,50

IPI00469251 Isoform 2 of Thioredoxin reductase 1, cytoplasmic TXNRDI1 0,34 0,25 0,53

IPI00453622 NEDD8-act1vat1ng enzyme E1 catalytic subunit UBA3 051 050 0.53
isoform 1

1P100123589 UBX domain-containing protein 1 UBXN1 0,42 0,67 0,30

IP100111958 Uroporphyrinogen decarboxylase UROD 0,50 0,43 0,59

IPI00133024 Vacuolar protein sorting-associated protein VTA1 VTA1 035 050 027
homolog

IPI00114819 Methylosome protein 50 WDR77 0,54 0,50 0,59

IPI...International Protein Index; AccNr...Accession Number; M...mean; R1...replicate 1; R2...replicate 2

4.2.2. In-depth analvsis of the 1D-adipocyte-proteome identified major changes in
olycolysis and mitochondrial function

To obtain the same information as in the phospho-proteome screen pathway analysis and
protein functional categorizations were performed by Pathway Studio and/or Scaffold
using the same conditions. Again, we found pathways as notch signaling and
adipocytokine signaling highly present. In almost the same manner we identified proteins
involved in glucose metabolism, respiratory chain, OXPHOS and insulin signaling (Table
10, 11), consistent with prior studies [5, 52] and our phospho-proteome dataset.
Phospho-proteomics revealed a highly reproducible phosphorylation of PDHA1, which
blocks the conversion of pyruvate to acetyl-CoA and therefore the link of glycolysis with
the TCA cycle.

Notable, the PDHA1 phosphorylating enzyme pyruvate dehydrogenase kinase (PDK) was
increased in HH treated adipocytes (Figure 7). Interestingly, close inspection of mass
spectrometry data of cytoplasmic fractions revealed a stable phosphorylation of PDHAI
even after 48 hours (Figure 16). Furthermore respiratory chain and OXPHOS (AtpSe,
NDUFV3, NDUFAS, COX7A2) were significantly down-regulated (p = 0.0031).

The GO-term Insulin signaling was significantly up-regulated (p = 1.44E-05). Insulin is a
hormone regulating carbohydrate and fat metabolism. It activates glucose uptake by
muscle and fat tissue and stores it as glycogen in liver and muscle. In line with the up-
regulation of Insulin signaling glycogen metabolism (p = 0.0214) and the most important
regulatory enzyme of glycolysis, phosphofructokinase-1 (PFK1) showed an up-regulation,
too. PFK1 catalyzes the conversion of fructose 6-phosphate and ATP to fructose 1,6-
bisphosphate (FBP) and ADP and is the rate-limiting step in glycolysis.
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Taken together we observed an increased glucose turnover, demonstrated by higher insulin
action and an up-regulation of PFKI1. Further, we found evidence for decreased
mitochondrial function.

Table 10 and 11 show metabolic and signaling pathways significantly present (all p-values
< 0.05) in the dataset. Pie charts illustrate related tables (Figure 17, 18). The map of
cellular energy metabolism shows the coverage of major enzymes and their regulation

(Figure 19) and differentially expressed proteins are listed in Table 8, 9.
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Figure 16: Spectrum of (non)-phosphorylated PDHA1

Spectrum of SAG treated samples with a phosphorylation at Serine®” (S+80) and control
(Ctr) sample without any phosphorylation at Serine®” (S). 80 Da presents the mass of a
phosphate group.
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Table 10: Metabolic Pathway analysis of cytoplasmic fraction

Metabolic Pathway

Entities Gene Symbol

- entire dataset p-value

Respiratory chain and

OXPHOS 7.62E-08 44
BrancheFl chain aa 2 39E-06 43
metabolism

Glucose metabolism 9.74E-05 27
TCA cycle 0.0184 25
Mannose metabolism 0.0192 19
Glycogen metabolism 0.0358 16

NDUFA4,NDUFA8,NDUFA 10,NDUFS6,NDUFS2,UQCRC2,ATP6V1G1,PPA2,
ATP6V1D,Atp5e,ATP6VIE],ATP6V1C1,SDHB,PRUNE,UQCRFS1,NDUFSI,
COX5B,ATP6V1ANDUFV2,COX2,PPA1,SDHA,NDUFS7,COX5A,COX4I1,
NDUFB6,ATP6V 1B2,NDUFB7,UQCRB,NDUFV3,NDUFV1,NDUFAS,
UQCRC1,NDUFS3,COX7A2,ATP5B,COX6C,NDUFB5,NDUFS8,ATP6V 1H,
ATP6VOD1,COX6B1,ATP6V1F,UQCRQ
HIBCH,IARS2,VARS2,Aldhla7,Acaalb,GPT,ACAT1,ACAT2,ALDH2,HSD17B4,
DLD,0XCT1,ACADM,HADH,MUT,AOX1,HSD17B10,DBT,ACADS,GPT2,BCAT2,
AUH,MCCC2,HIBADH,HADHA,ALDH9A 1,ACADL,HMGCL,MCEE,ALDH6A1,
VARS,LARS2,HMGCS1,ECHS1,PCCA,HADHB,IVD,ACAA2,LARS,MCCC],
BCKDHA,BCKDHB,ACADSB
IDH3G,DHTKD1,FASN,ACO1,ACO2,IDH1,0GDH,DLD,IDH3A,PCK2,FH,ACLY,
SDHB,CS,SDHA,PCK 1,IDH2,SUCLG1,DLST,SUCLG2,MDH2,MDH1,0XSM,
SUCLA2,IDH3B

Gapdh,HK2,PGK 1,GPL,DLD,LDHA,TPI1,PCK2,DLAT,HK 1,PKM2,PGM1,ALDOA,
PCK1,PFKL,PFKM,MPI,LDHB,ENO3,PGAM1,PFKP,ACYP2,PDHA |,PGM3,PDHB,
GALM,ACYPI

PPA2,HK2,GPLHK ,PRUNE,PGM1,GYS1,PPA1,AGL,GYG1,GBE],MPLPYGB,
UGP2,PGM3,GALM

GMPPB,LOC441282,HK2,AKR1B1,GPI,TPI1 ,HK1,PFKFB1,GMDS,ALDOA,PMM?2,
PFKL,PFKM,SORD,MPLPFKP,C120rf5,GMPPA, TSTA3

Glycogen metabolism

Heme biosynthesis

Mannose metabolism
Branched chain aa metabolism

Respiratory chain and OXPHOS

Metabolic Pathways - entire dataset
16

19 48

25

27

BEespiratory chainand OxPhox (p =7 62E-08)
B Eranched chain aa metabolism (p =2 39E-06)

B Flucose metabolism (p =9.74E-05)

B Tricarbogylicacid cycle(p =0.0184)

"Mannosemetabolism (p=0.0192)
Flycogen metabolism (p =0.0358)

p-value Entities Gene Symbol

0.0214 3 AGL,GYG1,PGM3

0.0305 3 FECH,FTH1,PPOX

0.0444 3 PFKFB1,PFKM,PFKP

0.0479 4 IARS2,VARS2,LARS2,LARS
p-value Entities Gene Symbol

0.0031 4 Atp5e, NDUFV3 ,NDUFAS5,COX7A2

Metabolic Pathways - differentially expressed in SAG/ (i

3

4

3

Glycogen metabolism (p =0.0214)
¥ Heme biosynthesis (p = 0.0305)
B Mannosemetabolism (p =0.0444)
¥ Branched chainaa metabolism (p = 0.047%9)
B Respiratoary chainand OxPhos(p=0.0032)

Figure 17: Pie charts illustrating metabolic pathways of expression proteomics
Grey indicates the whole dataset without consideration of any changes. Red represents pathways
differentially expressed in SAG treated adipocytes and green in the Control sample (Ctr).
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Table 11: Signaling Pathway analysis of cytoplasmic fraction

Signaling Pathway

- entire dataset p-value Entities Gene Symbol
Cell Cycle Regulation 0.0042 383 MRPL49,AGFG2,MRPL23,RPS11,RPS23,RPS29,...
B Cell Activation 3.95E-40 348 EIF2B4, MRPL19,FARSB,MRPS30,DHRS4,...
Insulin Action 1.26E-66 338 IDH3A,RPL10,LDHA,RPS19,EPS15,NRAS,...
Notch Pathway 2.01E-06 296 H2AFZ,PGMI1,FBXW8 CAPZA2,SIRT4MAOA,...
Adipocytokine Signaling 2.99E-11 191 IDH3G,0SBPL1A,ADHFE1,CLYBL,Nudts,...
Other <0.05 ~100 RELA,COL3A1,IKBKG,IKBKAP,COL5A2,...
_ p-value Entities Gene Symbol
MRPL18,MRPL22,JARS2,PTEN,ETF1,PICALM,RPL35A,PFKFB1,0GT,
Insulin Action 1.44E-05 26 AP2B1,RPL26,EIF5B,AGL,GYG1,PFKM,PDK3,TARS,RPL32,RAB5B,
TCERG1,GRSF1,PFKP,MRPL11,LARS,PGM3,MRPL13
MRPL18,MRPL22,JARS2,PTEN,TAGLN,EPB41L2,PIN1,ETF1,PPIB,
B Cell Activation 0.0028 25 WASL,SH2B2,FKBP5,RPL35A,PFDN4,AP2B1,RHOG,RPL26,EIF5B,
TARS,RPL32,TCERG1,GRSF1,MRPL11,LARS,MRPL13
_ p-value Entities Gene Symbol
Insulin Action 0.0191 9 MRPS15,ME1,SCP2,EPN1,PMM2,ACADS,RPS4X,ACYP2,ACYP1

Signaling Pathway - entire dataset

100

182 383

4
\

191 [

343
296

338

B Cell Cycle Regulation (p =0.0042)

BB Cell Activation (p =3.95E40)

B Insulin Action (p =1.26E-66)

B Notch Pathway (p =2 01E-06)

% Adipocytokme Bignaling (p =2.99E-11)
Translation Control (p =0.0119)

OCther (p=<05)

Signaling Pathways - differentially expressed in SA G/

g

25

mInsulinAction (p =1.44E-051)

BB Cell Activation (p =0.0028)
BInsulinAction (p=0.0191)

Figure 18: Pie charts illustrating signaling pathways of
expression proteomics

Grey indicates the whole dataset without consideration of any
changes. Red represents pathways differentially expressed in
SAG treated adipocytes and green in the Control sample
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In agreement with the enriched pathways described before, assigned GO terms confirmed
the notion of HH relevant changes on glycolysis and mitochondrial function in adipocytes.
Proteins categorized by the term “Biological process” were mainly related to cellular
process (1764) and metabolic process (1375) (Figure 20A). Transport (p = 7.6E-44) in
general and (intracellular)-protein transport as well as vesicle-mediated transport in
particular, showed the most significant enrichment for the entire dataset. They were also
highly significantly up-regulated in the HH treated sample. As aforementioned, one of the
important features of adipocytes is insulin-regulated glucose uptake, which mainly results
from translocation of the glucose transporter 4 (GLUT4) to the cell surface membrane.
Some of the identified vesicle-mediated transport proteins are known to be involved in
insulin signaling and GLUT4 translocation. For example RAB-2, RAB-4, RAB-10, RAB-
14, and vesicle-associated membrane protein (VAMP) 8 were identified. Interestingly
VAMP3 showed a 4-fold up-regulation that might contribute to increased glucose uptake
in HH treated adipocytes. In contrast the most significantly decreased processes in HH
treated adipocytes were protein import into mitochondrial inner membrane (p = 1.86E-06)
and electron transport chain (p = 4.35E-05)

Importantly proteins assigned to “Cellular component” were highly related to intracellular
organelles, mainly to mitochondria (Figure 20B, Table 10, 11). 548 mitochondrial proteins
were identified with a p-value of 1.1E-230, 43 were up-regulated (p = 1.7E-16) and 21
down-regulated (p = 9.3E-09). Especially mitochondrial matrix displayed a significantly

increase in treated samples.
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Figure 20: Pie charts illustrating GO terms of expression proteomics
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Table 12: Mitochondrial proteins revealed by GO analysis

Entities
p-value h p-value

Cellular Component Entities p-value Entities
Entire dataset SAG down

mitochondrion 548 1.1E-230 21 9.3E-09
mitochondrial envelope 9 0.0026 - -
mitochondrial matrix 96 4.2E-51 2 0.1420
mitochondrial membrane 17 0.0008 1 0.2498
mitochondrial inner membrane 155 3.6E-63 8 6.5E-05
mitochondrial inner membrane presequence translocase complex 9 1.6E-07 - -
mitochondrial intermembrane space 17 2.3E-09 - -
mitochondrial intermembrane space protein transporter complex 6 6.4E-05 - -
mitochondrial outer membrane 45 4.1E-18 2 0.0647
mitochondrial outer membrane translocase complex 5 0.0016 - -
mitochondrial nucleoid 18 2.5E-11 - -
mitochondrial ribosome 11 1.3E-06 - -
mitochondrial large ribosomal subunit 14 1.5E-08 - -
mitochondrial small ribosomal subunit 12 4.5E-07 1 0.0854
mitochondrial proton-transporting ATP synthase complex 5 0.0064 1 0.0492
mitochondrial proton-transporting ATP synthase complex, catalytic core F(1) 4 0.0083 - -
mitochondrial proton-transporting ATP synthase complex, coupling factor F(o) 5 0.0350 - -
mitochondrial respiratory chain 3 0.3225 1 0.0747
mitochondrial respiratory chain complex I 27 3.4E-19 2 0.0095
mitochondrial respiratory chain complex II 1 0.0999 - -
mitochondrial respiratory chain complex III 5 5.5E-05 - =
respiratory chain 9 0.0020 2 0.0060
respiratory chain complex I 1 0.1898 - -
respiratory chain complex I11 1 0.1898 - -

43
1
8

15

W N =

1.7E-16
0.2184
6.8E-05

1.4E-07

0.0001

0.0104
0.2122
0.0118
0.0010
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Table 13: Regulation of mitochondrial proteins revealed by GO analysis

SAG - significantly down-regulated

Gene Symbol

mitochondrion

mitochondrial matrix
mitochondrial membrane
mitochondrial inner membrane
mitochondrial outer membrane

mitochondrial small ribosomal subunit

mitochondrial proton-transporting ATP synthase complex

mitochondrial respiratory chain
mitochondrial respiratory chain complex I

respiratory chain

TIMMSB,TMEM14C,CHCHD3,MRPS15,CTSD,MGEA5,SCP2,AKAP1,S100A10,HRSP12,FDXI,
ACADS,TIMMSA, TIMM9,PECR,SCO1,ATPIF1,NDUFV3,LIPT1,NDUFA5,COX7A2

FDX1,ACADS

TMEM14C

TIMMSB,CHCHD3,TIMMSA, TIMM9,SCO1,NDUFV3,NDUFAS5,COX7A2
AKAP1, TIMMSA

MRPS15

ATPIF1

COX7A2

NDUFV3,NDUFAS5

NDUFV3,NDUFA5

mitochondrion

mitochondrial envelope

mitochondrial matrix
mitochondrial inner membrane

mitochondrial intermembrane space
mitochondrial outer membrane
mitochondrial ribosome

mitochondrial large ribosomal subunit
mitochondrial nucleoid

mitochondrial respiratory chain complex I

respiratory chain complex I

MRPL18,MRPL22,PTCD3,IARS2,C90rf46,C150rf24,VARS2,IMMP2L, TMEM126A,MRPL10,PTEN,
MAPK9,DIABLO,TFAM,FECH,DUT,NDUFS4,MAOA ,NME4, TOMM20,CHCHD4,SLC25A13,PDK3,
ALDHI8A1,TOMM22,SLC25A12,PTPMT1,LARS2,MTX1,PPOX,MRPL11,MRPL37,0PA3,AFG3L2,
MTERFD3,ACBD3,NDUFA9,MRPL13,NDUFB5,RARS2,SARDH, TIMM17B,4930402E16Rik

TOMM20

IARS2,FECH,PDK3,LARS2,NDUFA9,RARS2,SARDH,4930402E16Rik

IMMP2L,FECH,NDUFS4,NME4,SLC25A13,ALDH18A 1, TOMM22,SLC25A12,
PTPMTI,MTX1,PPOX,AFG3L2,NDUFA9,NDUFBS,TIMM17B

DIABLO,NME4,CHCHD4,PPOX
MAOA,TOMM20,TOMM22,MTX1
MRPL18,MRPL37
MRPL10,MRPL11,MRPL13

TFAM
NDUFS4,NDUFA9,NDUFB5
NDUFS4
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4.3. Kinexus — antibody microarray

To gain addition insight microarrays were performed using Kinexus antibody microarrays,
containing ~500 pan-specific antibodies and ~300 phospho-site-specific antibodies.

Crosstalk between mitogen-activated protein kinase (MAPK) and HH has been reported in
several cancer types [55]. Similar results by Kinexus reflected the high confidence of our
dataset. Among others significant changes in phosphorylation pattern of insulin receptor

substrate 1 (IRS1) and protein-serine kinase B alpha (AKT1) were observed (Table 14).

Table 14: Examples of phospho-proteins identified by Kinexus, the Systems Proteomic Company

Gene Symbol Protein Name 10 min 30 min 48 h  Phospho Site
IRS1 Insulin receptor substrate 1 1.72 1.85 5.48 Y612
IRS1 Insulin receptor substrate 1 0.95 1.25 S312
IRSI Insulin receptor substrate 1 0.76 1.10 S639
AKTI1 Protein-serine kinase B alpha 1.66 1.72 1.15 T308
AKTI1 Protein-serine kinase B alpha 1.13 1.40 1.35 S473

Insulin activates the insulin receptor tyrosine kinase (IR), which phosphorylates and
subsequently activates IRS1 (Figure 21). Tyrosine phosphorylated IRS1 then activates
phosphatidylinositol 3-kinase (PI3K), which has a major role in insulin function, mainly
via the activation of the AKT cascade by phosphorylation. Activated AKT induces
glycogen synthesis, through inhibition of glycogen synthase kinase 3 (GSK3). A negative
feedback signal emanating from AKT results in serine phosphorylation and inactivation of
IRS signaling [3].

Furthermore, insulin stimulates glucose uptake in muscle and adipocytes via translocation
of glucose transporter type 4 (GLUT4) vesicles to the plasma membrane. GLUT4
translocation involves the PI3K/AKT pathway.

. » s ’°“'“°" Figure 21: Schematic cartoon of insulin signaling
o RSt 5 Pi3Kinase . Insulin (I) binds to its receptor and activates by
15Tk (J <15 "¢ . phosphorylation (green dots) iIlSL.lliIl. receptor
Pox e by . substrate 1 (IRS-1). Activation of
T \» o 1, j phosphatidylinositol 3-kinase (PI3-Kinase) and
157 EUE.:"' - ’ : e AKT induces glycogen synthesis by inhibiting

LA T o" ¥.'. ¢ ™ glycogen synthase kinase 3 (GSK3).
i BV EY 3 " > - Insulin binding stimulates glucose uptake via
s V. ¥ ar ) . translocation of glucose transporter type 4 (GLUT4)

A Glycogen Stores /;/ ° vesicles to the plasma membrane [3].

—
BEESSS o
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4.4. Validation of HH triggered reprogramming of cellular energy
metabolism
To confirm our observations, Western blots (WB) and enzyme-linked immunosorbent
assays (ELISA) were performed. First, real time PCR data showed similar GLI1 mRNA
expression levels for SAG and the recombinant HH protein (Figure 22A). Furthermore we
could verify (i) the rapid and long lasting phosphorylation of PDHA1 (PDHEla) and (ii)
the increased expression levels of its kinase, PDK1 (Figure 22B). AKT showed an up-
regulation of the phosphorylated form, highest after 5- and 30 minutes. In line with this
time course, GSK-3p showed a prolonged phosphorylation with peaks after 5- and 30

minutes and 48 hours.

Elevated levels of PDK and phosphorylation of its substrate PDHA1 are key regulators of
the so called Warburg-effect. A phenomenon were proliferating cells (tumor cells)
metabolize most of the glucose to lactate to trigger anabolism. Notable, the enzyme
pyruvate kinase (PK), which catalyses the production of phosphoenolpyruvate (PEP) and
ADP to pyruvate and ATP, is a rate-limiting enzyme and the last step within glycolysis.
Four mammalian isozymes are known, L (liver), R (red blood cells), M1 (adult) and M2
(fetal tissues and tumor cells), which exist in either active tetramers or inactive dimmers
[56-58]. Actually, in tumor cells PKM2 occurs in dimers with low enzymatic activity,
shifting glycolysis towards lactate production instead of entering TCA cycle. Formation of
the dimer is supposed to be controlled by the phosphorylation of tyrosine'® (Y'®).
Interestingly, the ratio of PKM1 versus PKM2 showed a slight increase of PKM2 detected
by 1D-GeLC/MSMS in our dataset. Furthermore WB showed an increase of total PKM?2
after 10 minutes and a similar abundance after 48 hours. Elevated phosphorylation of PKM
Y'% was already detectable after 2 minutes and lasted for at least 48 hours (Figure 22B).
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Measurements of glucose uptake and lactate production validated our findings (with the aid

of Raffaele Teperino). HH activation in adipocytes resulted in a 5-fold increase in glucose

uptake and an 10-fold increased in lactate production (Figure 23A, B). Determination of

NAD/NADH ratios exhibited higher NAD" levels, confirming the shift from pyruvate to

lactate (Figure 23C). Increased NADP" levels might reflect lower FA synthesis (Figure

23D).
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Figure 23: Cellular metabolites in SAG treated 3T3-L1 adipocytes

(A) Glucose consumption and (B) lactate production rate measured by ELISA.
(C) Colorimetric determination of NAD'/NADH and (D) NADP'/NADPH ratios.
Data are presented as mean + SEM, n = 3; *p < 0.05, ** p<0.01.
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5. DISCUSSION AND CONCLUSION

Hedgehog signaling is a fundamental developmental pathway directing embryonic
differentiation and adult tissue homeostasis through stem cell regulation and guidance of
complex differentiation programs [59]. We and others have demonstrated that HH is
important in adipose tissue differentiation in vitro and in vivo and that expression of HH
target genes is significantly decreased in adipose tissue of genetic and diet-induced obese
mouse models [13, 14]. In detail we identified the HH pathway as a master regulator of
white and brown adipose tissue development in a genome-wide RNAI screen in drosophila
[13]. Mice with a fat-specific HH-activation showed almost complete loss of white adipose
tissue, whereas development of brown adipose tissue was not affected. Despite the WAT-
specific lipoatrophy these mice exhibited normal glucose tolerance and insulin sensitivity.
Interestingly, they revealed enhanced glucose uptake in the remaining white adipose tissue.
Obesity is related to a chronic low-grade inflammation leading to metabolic dysfunction,
including insulin resistance. Furthermore, in addition to macrophages, the number of T
cells and its secreted cytokine IFN-y is elevated in adipose tissue in obesity. Based on our
latest findings and the notion of a persistent inhibition of the pathway in obesity, we further
investigated the role of HH in adipogenesis in combination with the pro-inflammatory
cytokine IFN-y [43]. We could demonstrate for the first time a novel antagonistic cross-
talk between IFN-y and HH by directly inhibiting HH in (pre)-adipocytes in vitro and in
AT in vivo through the activated T cell cytokine IFN-y.

However, no studies have so far addressed the impact of HH on mature adipocytes. A few
groups focused on HH in adipocyte maturation of human mesenchymal stem cells [60, 61].
Most of the HH research to date focused on human cancer and therapies [10, 11], the role
in neural cell-fate specification or differentiation elsewhere in the nervous system [62, 63],
or on signal transduction involving the primary cilium [23, 64]. To the best of our
knowledge there are no data available on HH in mature adipocytes and no study ever
profiled the pathway using quantitative (phospho)-proteomic approaches. Therefore we set
out to address both aspects and made use of quantitative proteomic approaches to elucidate

new HH targets and mechanisms in mature adipocytes.
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In this study, we used high resolution quantitative proteomics technologies to discover
both phospho-protein and lasting expression changes. 2D-PAGE has often been used to
compare protein expression patterns between different samples. This method is also useful
to compare phospho-protein enriched samples, but it is labor-intensive and time-
consuming and therefore not often used. However, exactly this method provided us with
the identification of PDHAI1, a key enzyme in cellular energy metabolism with different
phosphorylation sites and states. This data demonstrate the power of phospho-protein
specific 2D-PAGE as this information was lost in our mass spectrometry based approach.
Screening by 1D-GeLC/MSMS not only proofed the high impact on metabolism, it also
revealed deeper insights and provided new working points. Though, phospho-proteomics
alone does not generate information on lasting alterations. Therefore expression
proteomics critically expanded our dataset and insights into HH induced changes on the
adipocyte proteome. Taken together our results emphasize the importance of profiling post
translational modifications (PTM) in unveiling complex metabolic issues, whereas
expression proteomics provided critical information on lasting protein alterations.
Therefore, the combined measurements of the phospho- and cytoplasmic-proteome
performed by 2D-PAGE and 1D-GeLC/MSMS show the power of the integrating
approach. Overall, this combination strategy yielded more reliable information, which

might otherwise be missed if only one of the approaches would have been used.

We could identify about 250 phospho-proteins by both 2D-PAGE and 1D-GeLC/MSMS
and 2600 proteins by expression proteomics with an overlap of 93% between these two
settings (Figure 6B-C; 15A-C). Comparative analysis of our cytoplasmic-expression
proteome against the largest set for 3T3-L1 adipocytes published to date by Adachi et al.
[5] revealed an overlap of 62% (Figure 15D). However about 1000 unique proteins were
observed by our technique whereas 1500 were unique to Adachi et al. The difference in
cell fractions and used mass spectrometers, may explain unique proteins identified by both
techniques. Interestingly, comparison against a human adipocyte proteome published by
Xie et al. [2] showed an 73% overlap (Figure 15D), illustrating the high homology of our

murine model system with human adipocytes.
Otto Warburg and co-workers showed already in the 1920s that under aerobic conditions

tumor tissue metabolize approximately 10-fold more glucose to lactate than normal tissue

[4]. A phenomenon now termed “Warburg effect”. A lot has happened since this seminal
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discovery and it is nowadays accepted that this strongly induced aerobic glycolytic state is
only one aspect that results from a complex metabolic rearrangement. It is not only
glycolysis, but also the TCA cycle, and anabolic metabolism in general that are
reprogrammed [65]. The primary function of the Warburg effect and aerobic glycolysis is
to provide fast growing cells (e.g. cancer cells) with enough building blocks and reducing
equivalents to support cell growth and division. Therefore macromolecular precursors such
as acetyl-CoA for FA, glycolytic intermediates for amino acids and ribose for nucleotides

are more essential than a high production of ATP in mitochondria (Figure 24).
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Figure 24: Schematic illustration of aerobic glycolysis (Warburg effect), Vander Heiden 2009, modified [4].

Our results obtained in HH stimulated adipocyte showed a Warburg-like effect. Elevated
glucose turnover, indicated by higher insulin-like action, increased PFK, higher levels of
lactate production, and inhibitory phosphorylation of PKM2 are all in line with a classical
Warburg effect. Furthermore higher levels of PDK1 and increased phosphorylation of its
substrate PDHA1 by HH, represents another hallmark of aerobic glycolysis. However, our
data also suggest a down-regulation of FA synthesis, an up-regulation of -oxidation and

an increased glycogen metabolism build-up which is not in agreement with the anabolic
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metabolism of the Warburg effect. Of note, our data also suggest a decrease in
mitochondrial function and hence respiratory chain and OXPHOS. These major impacts of
HH on adipocyte energy metabolism are shown in our current working model (Figure 25).
Individual steps, future aspects and a possible clinical relevance for obesity and its related

disorders like insulin resistance are discussed below.
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Figure 25: Current working model of Hh stimulated adipocytes
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First, we observed elevated insulin-like action and glucose uptake in HH stimulated
adipocytes (Glucose uptake, Figure 25A). Upon stimulation of insulin receptor, the glucose
transporter GLUT4 translocates from intracellular compartments to the adipocyte plasma
membrane to increase uptake of glucose. Vesicle-associated membrane proteins (VAMPs)

are known to be involved in this process [66]. Interestingly, VAMP3 showed a 4-fold up-
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regulation in the expression proteome. However VAMP3 expression data do not
necessarily imply a role of HH on GLUT4 translocation. Thus, direct testing of GLUT4
translocation by immunocytochemistry or similar methods will be necessary to proof our
hypothesis of increased GLUT4 shuttling [67]. Interestingly, further in depth analysis of
our dataset revealed a highly significant enrichment of insulin action (p = 1.44E-05).
Insulin action activates IRS1 and the PI3/AKT pathway. Antibody microarray data and
WB confirmed tyrosine phosphorylation, and therefore activation of IRS-1. Next,
measurements of cellular glucose consumption rates by ELISA showed increased glucose
turnover in HH treated adipocytes. Of note, our findings were insulin-independent. Thus,
we were able to identify by four different techniques (proteomics, antibody microarrays,

WB and ELISA) an insulin-like action and glucose uptake by HH.

Beside higher glucose uptake, adipocyte glucose turnover in general was increased
(Glucose turnover, Figure 25B). Expression proteomics identified the glycolytic key
enzyme PFK to be 2-fold up-regulated in HH treated samples. PFK catalyzes the reaction
of fructose-6-phosphate (F6P) to fructose-1,6-bisphophate (FBP) and is the rate limiting
step in glycolysis. Next the final step in glycolysis, the conversion of phosphoenolpyruvate
(PEP) to pyruvate by pyruvate kinase (PKM) showed an interesting alteration. Of note, in
adipocytes the PKM isozyme M2, typical assumed to be found in fetal tissue and fast
growing tumor cells [68], showed similar abundance as the isozyme M1. This is in contrast
to most other adult tissues that are typically expressing only the PKM1 variant [69]. WB
verified this long-term observation and even revealed a significant up-regulation of PKM?2
compared to PKM1 after 10 minutes. Furthermore, PKM showed a phosphorylation at S$'*
starting from 2 minutes and lasting over 48 hours. This phosphorylation site has primarily
been attributed to cancer metabolism and the Warburg effect, as it seems to cause the
switch of an active tetrameric PKM to a less active dimeric PKM form. Several onco-
proteomic studies consistently reported PKM?2 alterations in a variety of tumor types and
linked their findings to the Warburg effect [56, 57, 68]. Furthermore, FBP, the product of
PFK, allosterically activates PKM2 but not PKM1 [70]. This is an important feed forward
mechanism, linking two rate-limiting steps in glycolysis and thereby enabling coordinated
glycolytic flux in tumor cells. Ultimately, as a result of PKM phosphorylation glycolysis is
shifted towards aerobic lactate production [58, 71]. We also observed increased lactate and
NAD" levels in adipocytes (Figure 25C). Thus, our HH activated adipocyte dataset closely

mimics a classical cancer metabolism signature, consisting of (i) higher glucose turnover,
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indicated by up-regulation of PFK and serine phosphorylation of PKM2, and (ii) a shift of

glycolysis towards aerobic lactate production.

Furthermore not only PKM2 was inhibited by phosphorylation. The critical interface
between glycolysis and the TCA cycle was also inhibited by phosphorylation. We detected
by 2D-PAGE and 1D-GeLC/MSMS a highly reproducible phosphorylation of PDHAT1 in
HH treated samples (PDH-complex, Figure 25D). Phosphorylated PDHA1 decreases
glucose oxidation by blocking the conversion of pyruvate to acetyl-CoA [72]. In line with
this data we observed a significant up-regulation of its kinase (PDK1). This regulation of
PDC activity provides another convenient way for cells to divert pyruvate into anabolic
pathways and is beside PKM?2 another hallmark of aerobic glycolysis [72]. Furthermore
PDK1 is a hypoxia-inducible factor-la (HIF-1a) regulated gene [68, 72]. HIF-la is a
transcription factor (TF) and plays an essential role in cellular and systemic responses to
hypoxia. Interestingly, it has been shown, that HIF-la speeds up tumorigenesis by
activating glycolysis through PDKI1, as well as by decreasing mitochondrial action.
Therefore, more detailed examination on the expression of HIF-1a will be necessary to
obtain deeper insights on signaling pathways involved in a HH mediated Warburg effect in

adipocytes.

Of note, pathway analysis and functional categorizations of our proteomics data indicated a
significant impact on mitochondrial function and hence on TCA cycle and OXPHOS, but
different to the classical Warburg effect (Mitochondrial function, Figure 25F). First, due to
the insufficient supply of acetyl-CoA observed in our and several cancer related studies,
TCA cycle function could be decreased. Enzymes like isocitrate dehydrogenase (IDH),
succinate dehydrogenase (SDH) and fumarate hydratase (FH) function as tumor
suppressors in cancer cell metabolism [73]. IDH, which converts isocitrate to ao-
ketoglutarate, provide NADPH for FA synthesis and is up-regulated in tumors. In contrast
SDH and FH are down-regulated as accumulation of their substrates succinate and
fumarate leads to inhibition of antioncogenic enzymes [73]. Interestingly, we identified the
aforementioned enzymes including several isoforms and subunits, but we did not observe
any alterations. Furthermore we found an increase of aconitate hydratase in the
autoradiography 2D-gel, indicating a higher rate of synthesis. This enzyme catalyzes the
isomerization of citrate to isocitrate. However, we could not observe any alterations at the

expression level. This missing regulation at the expression level could be based on the
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lacking acetyl-CoA, whereas the increase of synthesis suggests a setup of the cell itself for
a possible nutrient future resupply. Such an observation might be unusual for cancer cells
as they are supposed to increase glutaminolysis to replenish substrates of the TCA cycle to
supply enough building blocks for amino acid and nucleotide synthesis [69]. Therefore,
high levels of glutamine are an essential bioenergetic and anabolic substrate for many
cancer cell types. In contrast, our dataset did not show an increase in glutaminolysis and/or
amino acid and nucleotide synthesis. Hence, our observations suggest a decrease in TCA
cycle dependent building blocks in adipocytes, which is in contrast to the classical
Warburg effect. Further investigations on oncometabolites such as succinate and fumarate
and on glutamine/glutamate flux, will be necessary to exactly elucidate HH mediated TCA
cycle alterations in compared to classical cancer cell alterations. Second, mitochondrial
respiratory chain has been shown to be decreased in cancer metabolism [68]. More
precisely, inhibition of SDH, alterations in the cytochrome ¢ oxidase subunit levels and the
down-regulation of the catalytic subunit of the mitochondrial H+-ATP synthase (B-FI1-
ATPase), suppress respiratory chain complexes II, IV and V [68]. In fact, our data showed
that mitochondrial proteins and function were significantly altered. Pathway analysis
showed a significant decrease in respiratory chain and OXPHOS. Interestingly, functional
categorization revealed (i) protein import into mitochondrial inner membrane and (ii)
electron transport chain in HH treated adipocytes as most significant decreased biological
processes. However, in depth investigations revealed a more complex situation. Several
proteins involved in complex I to V showed opposite regulations, especially in complex I.
Based on these findings we are at the moment not able to give any reliable information on
the regulation of mitochondrial action of HH treated adipocytes. Of note, the hallmarks of
cancer metabolism B-F1-ATPase and cytochrome ¢ oxidase were not altered. To discover
the explicit role of HH on mitochondrial function in adipocytes further investigation will
be needed. Quantification of mitochondrial DNA, determination of mitochondrial mass and
coupling as well as mitochondria-enriched proteomics should help us to elucidate the exact

role of HH on mitochondrial function.

Finally, analysis of the phospho- and expression-proteome suggests a negative impact of
HH on anabolic metabolism that is in contrast to a classic Warburg effect (Anabolic
metabolism, Figure 25E). Our proteomics data suggest that glycogen synthesis might be
up-regulated, which would be in line with inactivation of GSK3p by AKT. Glycogen

functions as important energy storage and is primarily made by the liver and the muscles.
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Thus, further investigation on glycogen metabolism in vitro and in vivo will be necessary,
to elucidate the exact mechanism and function of glycogen storage by quiescent adipocyte.
Lipid metabolism showed a diverse phenomenon compared to the Warburg effect. Our
data provide some initial hints of a decreased FA synthesis. First, the main resources for
lipid formation acetyl-CoA and NADPH are both down in HH treated adipocytes. Acetyl-
CoA is expected to be lacking through the prolonged inhibition of PKM2 and PDHA1, and
the missing evidence of higher rates of glutaminolysis. ELISA tests confirmed decreased
amounts of NADPH, a cofactor that provides reducing equivalents in many anabolic
reactions. This is unexpected since the PKM2/PDHA1 promoted switch of glycolysis,
should increase the pentose phosphate pathway (PPP) and its products ribose and NADPH.
However, our proteomic analysis also identified a down-regulation of malic enzyme,
which converts malate to pyruvate by reducing NADP" to NADPH, a finding that might
explain the overall net decrease in NADPH. Second, FA synthase catalyzes the formation
of long-chain fatty acids and 2D-PAGE revealed an increase in de-novo synthesis, but no
regulation at the expression profile. In cancer metabolism FA synthesis was shown to be
increased [69]. Thus, as already indicated by converse alterations in the TCA cycle, lipid
formation seemed to be suppressed. In contrast, several enzymes involved in lipid
degradation, more precisely B-oxidation displayed an up-regulation. Although not tested
yet, the breakdown of FA may provide the acetyl-CoA needed to replenish the TCA cycle.

Despite the fact, that all our proteomics data clearly support the hypothesis that FA
synthesis is decreased and FA oxidation increased in HH treated adipocytes further studies
will be necessary to proof this concept. Metabolic flux studies by the Seahorse
Extracellular Flux Analyzer will provide the detailed information, since it profiles the
metabolic activity of cells by determining real time oxygen consumption and proton

production.

Taken together, we observed that upon HH stimulation non-proliferating, mature
adipocytes mimic several aspects of the classical Warburg effect, by boosting (i) glucose
uptake and (ii) turnover and (iii) lactate production. However these observations did not
result in the switch to anabolic metabolism that is typically found in cancer cells relying on
the Warburg effect. Actually, our results are consistent with human and mouse data
showing a release of lactate from AT after glucose ingestion, which in a healthy state is
taken up by the liver and converted to glycogen and triglycerides [74]. During obesity it

has been suggested that high levels of circulating lactate contribute to insulin resistance by
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decreasing glucose utilization by skeletal muscle and enhancing hepatic gluconeogenesis
[74]. Interestingly, Munoz et al. described a transgenic mouse model displaying not only
increased glucose uptake but also glycolytic flux by over-expressing the enzyme
glucokinase [74]. They found higher lactate production but improved insulin sensitivity,
rather than fat accumulation and obesity. We presume that HH activated adipocytes mimic
a similar effect, i.e. increased glucose turnover, lactate production, but decreased lipid
synthesis. Therefore, this novel aspect of non-canonical HH signaling may represent an
exciting therapeutic target for treating obesity and type 2 diabetes. In addition future
studies will have to address whether blocking of non-canonical HH signaling in cancer
cells inhibits the Warburg effect and thus might be exploited to treat cancer.

In summary, our unbiased (phospho)-proteomic screen identified HH as a hitherto
unknown regulator of cellular energy metabolism, leading to increased glucose turnover

and lactate production.
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SUMMARY

Over 1 billion people are estimated to be overweight,
placing them at risk for diabetes, cardiovascular
disease, and cancer. We performed a systems-level
genetic dissection of adiposity regulation using
genome-wide RNAIi screening in adult Drosophila.
As a follow-up, the resulting ~500 candidate obesity
genes were functionally classified using muscle-,
oenocyte-, fat-body-, and neuronal-specific knock-
down in vivo and revealed hedgehog signaling as
the top-scoring fat-body-specific pathway. To
extrapolate these findings into mammals, we gener-
ated fat-specific hedgehog-activation mutant mice.
Intriguingly, these mice displayed near total loss of
white, but not brown, fat compartments. Mechanisti-
cally, activation of hedgehog signaling irreversibly
blocked differentiation of white adipocytes through
direct, coordinate modulation of early adipogenic
factors. These findings identify a role for hedgehog
signaling in white/brown adipocyte determination
and link in vivo RNAi-based scanning of the
Drosophila genome to regulation of adipocyte cell
fate in mammals.

148 Cell 7140, 148-160, January 8, 2010 ©2010 Elsevier Inc.

INTRODUCTION

The world health organization (WHO) currently estimates that
over 1 billion individuals worldwide are overweight. Almost
one-third of these individuals are clinically obese, markedly
raising their chances of cardiovascular disease, type 2 diabetes,
cancer, and stroke (WHO, 2009). The regulation of body fat
content in animals results from the integration of multiple
nutrient, sensory, and hormonal inputs primarily at the level of
the brain and adipose tissues (Faroogi and O’Rahilly, 2007).
This integrative network is influenced not only by genetics but
also by circadian rhythm and physical and social environments.
Obesity is thus a complex, systems-level disease.

Spurned by the discovery of leptin (Zhang et al.,, 1994),
tremendous progress has been made in identifying the molec-
ular players and pathways regulating adiposity. The impressive
bounds made through the study of gene-targeted mice (Speak-
man et al., 2008) and the tracking of monogenic obesity disor-
ders in humans (Faroogi and O’Rahilly, 2007) have been com-
plemented by studies in lower organisms (Gronke et al., 2005;
Leopold and Perrimon, 2007; Schlegel and Stainier, 2007).
Virtually all key metabolic regulators examined to date display
conserved functions across phyla, including, for instance,
insulin signaling, mTOR, and key lipases such as ATGL (Baker
and Thummel, 2007; Gronke et al., 2005; Oldham and
Hafen, 2003). Similar to mammals, model organisms such as
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Drosophila melanogaster, Danio rerio, and Caenorhabditis ele-
gans employ multiple molecular and tissue-based regulatory
networks to balance energy needs, nutritional state, and aging
and thus represent potent genomics tools for the study of
metabolism. For instance, an RNAi feeding model was used
to identify potential regulators of fat storage in the C. elegans
genome (Ashrafi et al., 2003). More recent developments in
functional genomics have now harnessed the potential of trans-
genic RNAI in Drosophila to allow both temporal and spatial
control of RNAi knockdown at the whole-genome level (Dietzl
et al., 2007).

RESULTS

An In Vivo High-Throughput Screen for Obesity Genes

in Drosophila

To identify candidate obesity genes, we performed a genome-
wide transgenic RNAI screen for fat content in adult Drosophila
using a heat shock-inducible Hsp70-GAL4 system (Figure 1A).
Triglycerides, the major lipid storage form in animals, were
chosen as a direct measure of fly adiposity. Total fly triglyceride
levels were measured by colorimetric determination and normal-
ized to protein (Figure 1A). Using this experimental set-up, we
were able to track triglyceride changes throughout development
as well as to clearly distinguish sex-specific differences in fat
content (Figure 1B; Figures S1A and S1B available online) and
those induced by varying nutrient availability (Figure 1C). After
the first round of screening, double-blinded analysis of RNAi
lines targeting genes previously reported to regulate fat content
revealed lipid alterations consistent with expected lean
(Figure 1D) and obese (Figure 1E) phenotypes. Included were
the LSD (/ipid storage droplet) and LPD (/ipid depleted) genes
as well as the Drosophila insulin-like peptides (lip’s), the
glucagon homolog akh and its receptor akhr, as well as adipose
(adp), bubblegum (bbg), and the Drosophila SREBP homolog,
HLH106 (Gronke et al., 2007; Hader et al., 2003; Min and
Benzer, 1999).

A Genome-wide Obesity Screen in Adult Drosophila
We tested the fat regulatory potential of 11,594 different UAS-
RNAi transgenic lines corresponding to 10,812 transgene
constructs and 10,489 distinct open reading frames (ORFs) in
the adult fly (Table S1). Primary screening involved three rounds
of testing where candidates with a Z score greater than 1.65
were selected for retesting (Figures 1A and 1F). After three rounds
of selection 516 RNAi-transgenic lines remained, 462 of which
had only single primary target predictions (S19 score > 0.8 and
< 6 CAN repeats as described by Dietzl et al., 2007) (Table S2).
Important for the translation of these findings into the mammalian
context, 319 of 516 (62%) have human orthologs according to
InParanoid, OrthoMCL, and Ensembl databases (Table S2).
Gene ontology (GO) based pathway analysis for biological
process revealed enrichment of gene sets involved in cell fate
determination, cellular protein metabolic processes, signal
transduction, intracellular transport, and regulation of smooth-
ened signaling (Figure 1G; Table S3). Pathways most depleted
during the screen, i.e., those not relevant to fat regulation,
included genes regulating behavior, cell cycle, organelle organi-

zation and biogenesis, locomotory behavior, and chromosome
organization (Figure S1D). A network interaction assembly based
on yeast-two-hybrid, text-mining, and pathway database infor-
mation on the Drosophila hits and their mammalian orthologs
revealed an interaction network map (Figure S2) highlighting
genes of development, nutrient transport, cell-cycle regulation,
the proteasome, protein translation, and chromatin remodeling.
Of particular interest, the candidate gene list included a num-
ber of potential regulators of feeding control. For instance,
six odorant and two gustatory receptor genes were targeted
(odorant receptors10a, 56a, 65a, 67a, 83cd, and CG10407;
gustatory receptors 98b and 36b). Also, the dopamine receptor
DopR2, two octopamine receptors (TyrR and oa2), and the
Nmda receptor-associated protein Nmda1 all showed reduced
body fat content following RNAI induction. In addition, altered
fat deposition was observed in response to RNAi knockdown
of known mediators of glucose/lipid mobilization including fruc-
tose-1,6-bisphosphatase (fbp), the two members of the glycerol
phosphate shuttle (CG31169 and Gpo-1), mitochondrial acyl-
carrier protein 1 (mtacp1), ADP/ATP translocase 2 (Ant2), pyru-
vate carboxykinase (CG1516), and fatty-acid synthetase (fasn).
Also identified were the Drosophila orthologs of glucagon (akh),
the insulin receptor (dInR), the downstream kinases PI3-kinase
(dPI3K) and ribosomal-S6-kinase (dRSK), as well as the CREB-
coactivator dTORC, and the critical TOR-signaling constituent
dTSC-1. Of similar interest, Drosophila homologs of the critical
early adipogenic regulators NCOR1/2, Jag1/2, and TAK1 (Ross
et al., 2004; Suzawa et al., 2003; Yu et al., 2005) and the meta-
bolic regulators CRTC1/2 and pyruvate carboxylase (PC) all
showed marked alteration of the whole-body triglycerides (Altar-
ejos et al., 2008; Koo et al., 2005; Zhang et al., 1995). We also hit
the Drosophila lipoprotein rfabg (retinol fatty-acid binding glyco-
protein) previously shown to transport key developmental
morphogens such as hedgehog (Panakova et al., 2005). Indeed,
“regulation of smoothened [hedgehog] signaling” was the most
highly enriched signal transduction pathway in our GO analysis
(Figure 1G; Table S3). Thus, our genome-wide approach identi-
fied multiple known molecular players previously associated with
adipocyte development and function. Most importantly, the
screen revealed a large number of candidate genes not previ-
ously associated with obesity.

Tissue-Specific Mapping of Candidate Obesity Genes

Considering the complexity of metabolism and the recognized
diversity of tissue-specific processes that govern lipid storage
(Leopold and Perrimon, 2007; Speakman et al., 2008), we set
out to functionally categorize the candidate lipid regulators
according to tissue specificity. RNAI lines of the 462 primary
screen candidate genes were crossed to four independent
GAL4 drivers with pan-neuronal (nsyb-GAL4), muscle (C57-
GAL4), oenocyte (oe-GAL4), and fat-body (pp/-GAL4) specificity,
and their respective triglyceride levels determined (Figure 2A;
Table S4). Interestingly, RNAi lines most strongly regulating fat
content after pan-neuronal (nsyb-GAL4) knockdown elicited little
or no change in fly triglyceride levels when induced in the muscle,
oenocyte, or fat body (Figure 2B). Muscle-specific gene silencing
(C57-GAL4), by contrast, enriched for genes that also elicited
significant changes in triglycerides when targeted in oenocytes
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Figure 1. Genome-wide RNAi Screen for
Obesity Factors in Adult Drosophila In Vivo
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(A) Schematic of the screen design: virgin
heat-shock-inducible (Hsp70-GAL4;Tub-GAL80")
females were crossed to UAS-RNAIi transgenic
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In mammals, the leptin/AgRP/POMC axis
exemplifies the profound neuronal depen-
dency of feeding behavior, metabolic rate,
insulin resistance, and, thus, obesity risk
(Faroogi and O’Rahilly, 2007). Flies do
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and the fat body (Figure 2C). RNAi lines responding most
substantially to oenocyte and fat-body-specific knockdown dis-
played a coordinate and reciprocal pattern of adiposity regula-
tion (Figures 2D and 2E); these findings are in keeping with the
tight regulatory interplay reported for these correlates of the
mammalian adipose and liver (Gutierrez et al., 2007). GO analysis
of the combined fat-enhancing and fat-diminishing gene sets for
each of the four tissues tested are summarized in Figures 2B-2E
and Tables S5, S6, S7, and S8. In support of the inducible design
of the current screen, cell fate, cell differentiation, and organ
development pathways showed strong enrichment in the anal-
ysis (Figures 2B-2E, right panels; Tables S5, S6, S7, and S8).
Thus, we provide functional annotation of ~500 candidate
obesity genes in four key metabolic tissues in Drosophila.
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not possess known homologs to this
axis, but their feeding behavior is also
neuronally anchored (Melcher et al.,
2007). Approximately one-third of the
primary screen hit list elicited triglyceride
changes >25% when crossed with the
neuronal nsyb-GAL4 driver (Table S5).
A select number exhibited tight neuronal
restriction in their response (Figure 3A).
Included was the Drosophila homolog for
SLC5A8 (CG8451; Figure 3A), a neuronal
fatty-acid and lactate transporter (Martin
et al., 2006). In rodents, fatty acids are
sensed by neuronal processing of lactate generated by adjacent
glial cells. Similarly, lines targeting homologs of glucagon (akh,
neuronally secreted in Drosophila) and the neuronal Zn-trans-
porter SLC39A10 both displayed tight neuronal responses.
Also, TSC1 (dTSCT1), a critical regulator of the amino acid-
responsive TOR-signaling pathway, showed marked neuronal
and fat-body-specific responsiveness (Figure 3D). It is an attrac-
tive hypothesis that aside from peripheral regulation of nutrient
storage, TOR signaling in the central nervous system (CNS)
might relay amino acid status to feeding behavior. Additional
neuronal responsive targets likely to play a direct role in nutrient
sensing included the odorant/gustatory receptors Obp56a and
TyR. Thus, similar to mammals, fat storage in Drosophila appears
regulated by a complex network of neuronal genes.
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Figure 2. Tissue-Specific Regulation of Fat
Storage

(A) Heat map of changes in triglyceride for primary
screen hits crossed to nsyb-GAL4 (pan-neuronal),
oe-GAL4 (oenocyte), C57-GAL4 (muscle), and ppl-
GAL4 (fat-body) drivers. Changes are relative to
control RNAI lines and isogenic w'’"® flies crossed
to the respective GAL4 drivers.

(B-E) Left panels show the mean changes in triglyc-
erides after tissue-specific knockdown for the top-
scoring fat-enhancing (red lines) and fat-depleting
(blue lines) genes in each tissue category. Note
the marked neuronal specificity, an overlap in fat-
body and oenocyte responses, and a relative lack
of specificity for top-scoring muscle-responsive
genes. Right panels summarize gene-ontology
analysis for each category (level 5 cut-off for bio-
logical processes). Intensity of the red reflects
increased significance of the GO term.

pattern recognition receptor PGLYRP2,
the interleukin enhancer-binding factor
ILF2, the extracellular matrix protein te-
nascin (TNC), the ubiquitin-conjugating
enzyme UBE2N (critical for TNF- and
Toll-like-receptor signaling), or the deubi-
quitinating enzyme USP7. Additional com-
ponents of the ubiquitin-ligase machinery
were also revealed, namely UBR2,
HERC4, and FBWX5 (also controls TSC1
and thus TOR signaling). Together these
data support roles for immune regulatory
networks and ubiquitination in fat storage
regulation in Drosophila.

Oenocyte- and fat-body-specific knock-
down analyses also identified genes

Several genes showed tight muscle specificity (Figure 3B and
Table S6), including homologs of the proline biosynthetic PYCR1
(P5cr), the glycogen debranching enzyme AGL (CG9485), and
the fbp (fructose-1,6-bisphosphatase), a key regulator of glycol-
ysis. Mevalonate decarboxylase (CG8239), which supports
cholesterol biosynthesis and is currently being tested therapeuti-
cally to reduce cholesterol levels, showed similar muscle speci-
ficity as did the sterol-regulating enzyme ARV1 (CG32442).
Mutants of ARV1 have previously been shown to exhibit altered
lipid metabolism. Interestingly, genes involved in TLR signaling
(IM10), the ribosome and protein translation (CG3213), proteolysis
(Furt), transcriptional regulation (CG5597), and microRNA-medi-
ated silencing (Smg5) (Figure 3B) were also found to regulate
triglyceride levels specifically in muscle cells.

Fat and Oenocyte Candidate Genes

The largest number of primary screen hits showed oenocyte- (oe-
GAL4) and fat-body (pp/-GAL4) responses (Figures 3C and 3D;
Tables S7 and S8). Interesting targets included homologs of
inflammation-related genes: ARID2 (regulates interferon-respon-
sive genes; Yan et al., 2005), dTraf (fly Traf-like protein), the

involved in glycerol and lipid metabolism (Figures 3C and 3D;
Tables S7 and S8). For instance, genes related to insulin signaling
include the homologs of PP1 (inhibitory subunit 15b), S6KII,
EIF2B, PI3K, and the insulin receptor (IR) itself. Also, direct medi-
ators of lipid and glucose metabolism were identified, such as
homologs of the ADP/ATP symporter ANT, NDUFAB1, GDPD,
and GPD2. The latter, part of the glycerol-phosphate shuttle,
regulates glycolytic rate and ROS production. Of interest, mice
lacking GPD2 exhibit a 40% reduction in white adipose mass
(Brown et al., 2002) and share a number of phenotypic features
with deficiencies of glycerol kinase (GK), another enzyme found
using the oenocyte-specific driver. In addition, we found T3dh
(an iron-dependent regulator of fatty acid and ketone body
metabolism), Cyp6a2 (cytochrome P450 proteins catalyze
numerous steps of cholesterol, steroids, and lipids synthesis),
and the Drosophila homolog of the fatty-acid elongase ELOVL6
(which was particularly robust in both the oenocyte- and fat-
body analyses). Elovi6~'~ mice develop marked obesity and hep-
atosteatosis and show protection from hyperinsulinemia, hyper-
glycemia, and hyperleptinemia (Matsuzaka et al., 2007). Using
fat-body-specific knockdown we also hit the Drosophila homolog
of ELOVL7. Perhaps most importantly, we found multiple
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Figure 3. Analysis of Tissue Specificity Reveals
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previously uncharacterized genes that regulate fat content in an
oenocyte- and/or fat-body-dependent manner (Figures 3C and
3D). Thus, our screen has revealed a large number of general
and tissue-specific candidate fly genes and multiple pathways
that control triglyceride storage levels.

Hedgehog Is a Fat-Specific Obesity Pathway

in Drosophila

The biological process “regulation of smoothened [hedgehog]
signaling” was the top-scoring signal transduction pathway of
all annotated pathways in the primary screen (Tables S3). An
additional eight potential hedgehog signaling members recently
identified in a Drosophila S2 cell screen for modulators of
hedgehog signaling (Nybakken et al., 2005) were also hit in our
primary obesity screen (Figure S2). Together these represent
a >20-fold enrichment for the hedgehog signaling pathway.
Importantly, hedgehog signaling scored third in fat-body-respon-
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driven knockdown elicited mild elevation in

triglycerides, suggesting that the hedgehog
ligand may originate from a neuronal cell population (Figure 3E).
As controls, knockdown of neither the effectors nor repressors
of notch signaling showed any coordinate triglyceride response
whereas knockdown of OXPHOS genes revealed coordinate
fat-body and neuronal-specific reductions in triglyceride content
(Figure 3E and Figures S3C and S3D), consistent with the funda-
mental role of the process in lipid flux. These data show that
modulation of the hedgehog pathway in the fat body results in
marked alterations in triglyceride levels.

cAMP, Glucocorticoid, and Hedgehog Crosstalk in White
Adipogenesis

Our data show that the hedgehog pathway regulates triglyceride
levels in adult Drosophila. A role for the hedgehog pathway has
also been postulated in mammalian adipocyte biology both
through systemic manipulation (Buhman et al., 2004) and in vitro
(Suh et al., 2006). Cyclic AMP (cAMP) and dexamethasone



A

KO KO

Control Control

Control

Figure 4. aP2-Sufu Mice Display White
Adipose Tissue-Specific Lipoatrophy

(A) aP2-SufuKO mice are born healthy and at
Mendelian ratios.

(B) NMR imaging of an aP2-SufuKO mouse and
a Sufu-expressing littermate control.

(C) Cross-section at the level of the scapulae show
unaltered brown adipose depots (yellow dashed
lines).

(D) PCR revealed robust deletion of the Sufu allele
(Sufu?*®) in both BAT and WAT depots. Minor
deletion was detected in skeletal muscle, lung,
and the spleen.
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(E) Tissue dissection of white adipose tissue (WAT;
upper panel) and brown adipose tissue (BAT;
lower panel) revealed fully developed brown

adipose depots despite severely compromised
white adipose tissue depots in aP2-SufuKO
mice. Dashed lines mark white adipose tissue.

(F and G) Representative H&E stained sections of

WAT

(F) brown (BAT) and (G) white (WAT) adipose tissues
from aP2-SufuKO and control littermate mice.

(H and I) Quantitative RT-PCR of the transcriptional
hedgehog targets Gli1, Gli2, Ptch1, and Ptch2
confirmed activation of hedgehog signaling in
both (H) WAT and (I) BAT of aP2-SufuKO mice rela-
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(Dex), key inducers of differentiation in adipocyte cultures, have
been shown to block hedgehog activation in several systems
(Fan et al., 1995; Heine and Rowitch, 2009; Jiang and Struhl,
1995). Therefore, to establish a model system to investigate
hedgehog signaling and adipogenesis, we subjected 3T3-L1 pre-
adipocytes to two differentiation cocktails: a minimal induction
medium containing insulin and troglitazone and the standard
Dex and IBMX (increases cAMP) containing cocktail. We
observed complete differentiation of 3T3-L1 cells under both
culture conditions (Figure S4A). Importantly, in the presence of
IBMX/Dex 3T3-L1, cells underwent complete differentiation
whether in the presence or absence of the hedgehog activator
Smoothened AGonist (SAG). Cells cultured in minimal induction
medium, however, displayed a total block of differentiation upon
addition of SAG (Figure S4A), suggesting that IBMX/Dex interferes
with hedgehog stimulation. Expression of the hedgehog target
genes Gli1 and Ptch1 showed that IBMX and Dex completely

To assess the in vivo relevance of
hedgehog signaling in mammalian adipo-
genesis, we generated fat-specific Sufu knockout animals
(aP2-SufuKO) (Figure S4C). Sufu is a potent endogenous inhib-
itor of hedgehog signaling in mammals (Jiang and Hui, 2008).
Sufu®/1°* mice were crossed to the adipose tissue deleting
aP2-Cre transgenic line (Figure S4C), and the resulting aP2-
SufuKO animals were born healthy and at Mendelian ratios.
PCR amplification revealed target deletion in both white adipose
tissue (WAT) and brown adipose tissue (BAT) (Figures 4A and
4D). aP2-SufuKO mice displayed an immediate and obvious
lean phenotype. MRI analysis revealed a significant and global
reduction in white adipose tissue mass, including subcutaneous,
perigonadal, and mesenteric depots (Figure 4B). Intriguingly,
though, in contrast to the gross loss of WAT, cross-sectional
examination of the interscapular region revealed fully developed
BAT depots of both normal size and lipid content (Figures 4B and
4C). Direct measurement of WAT and BAT depot weights corrob-
orated the divergent WAT/BAT phenotype, with an ~85%
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Figure 5. Hedgehog Signaling Specifically
Blocks White Adipogenesis
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(A and B) Microscopic view of Oil Red O-stained
cell cultures reveals that activation of hedgehog
signaling using SAG blocks differentiation of (A)
white (WAT) but not (B) brown (BAT) primary
murine adipocyte progenitors (stromal vascular
cell, SVC, preparations). Data are from 12 days
after induction using minimal induction medium
(see Experimental Procedures).
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(C) Quantitative RT-PCR 96 hr after induction of
WAT-derived precursors reveals activation of
hedgehog signaling (Gli1 expression) and reduc-
tion in WAT differentiation markers.

(D) BAT-derived precursors show no indication of
altered differentiation after 96 hr of hedgehog acti-
vation. Data are mean + SEM, n = 3-5 mice per
group. **p < 0.01.

(E) Phase-contrast images of primary WAT SVCs
from Sufu™® animals induced to differentiate using
minimal induction medium after infection with
Adeno-Cre or the Adeno-GFP control vector.

(F) Same as (E) but using primary brown adipose
SVCs.

See also Figure S5.
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reduction in perigonadal fat pad mass in aP2-SufuKO mice
concomitant with unaltered BAT mass (Figure 4E; Figure S4D).
Tissue weight and histological analyses confirmed lack of any
remarkable phenotype in multiple other tissues including
pancreas and liver (no indication of steatosis), and muscle
mass was unaffected (Figure S4D). Cutaneous adipose was
also markedly diminished (Figure S4E). Whereas the morphology
of Sufu-deficient BAT depots was largely indistinguishable from
that of control animals (Figures 4E and 4F), examination of
multiple WAT pads revealed marked and significant reductions
in both adipocyte size (Figures 4E and 4G; Figure S4F) and total
numbers (Figure S4G) in mutant animals. Of note, qPCR showed
elevated Gli1, Gli2, and Ptch2 expression in both WAT
(Figure 4H) and BAT (Figure 4l), verifying the intended pathway
activation in both tissues. Thus, deletion of Sufu in fat tissue
results in a markedly decreased white fat cell number and,
remarkably, in normal brown adipose tissue.

Hedgehog Activation Blocks White but Not Brown
Adipocyte Differentiation

Since the phenotype of aP2-SufuKO mice suggested a defect in
white adipocyte differentiation, we next stimulated 3T3-L1
“white” and HIB-1B “brown” adipocyte cell lines with SAG to
induce hedgehog activation. Intriguingly, while robust block of
3T3-L1 differentiation was again observed (Figures S4A and
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S4B), HIB-1B cells showed no such
response and underwent complete differ-
entiation (not shown). These data were
also confirmed using recombinant Sonic
hedgehog (shh). Next, stromal vascular
cell (SVC) fractions from both white and
brown adipose depots were isolated
from mice and stimulated with minimal
induction cocktail in either the presence or absence of SAG. Acti-
vation of hedgehog signaling completely blocked adipogenesis
in WAT-derived SVCs while showing no effect on BAT-derived
SVCs (Figures 5A and 5B). gPCR analysis confirmed activation
of hedgehog signaling in both the WAT- and BAT-derived SVC
fractions and recapitulated on a transcriptional level the WAT-
specific block in adipogenesis (Figures 5C and 5D and
Figure S5A). To validate these findings, and to rule out differential
kinetics of aP2-Cre expression between WAT and BAT in vivo,
we isolated and tested SVC fractions from WAT and BAT of
Sufufo/ox  activating the hedgehog pathway genetically,
through administration of a Cre-recombinase containing adeno-
virus (Figures 5E and 5F; Figures S5B and S5C). Control (Adeno-
GFP) and Sufu-deletion-induced (Adeno-Cre) SVCs derived from
BAT showed equivalent and complete differentiation (Figure 5F;
Figure S5C). Once again, WAT-derived SVCs differentiated only
under control conditions, even after 12 days of induction
(Figure 5E; Figure S5C). Thus, activation of hedgehog signaling
in vivo and in vitro blocks white but not brown adipocyte differ-
entiation.

Hedgehog Activation Dysregulates Early Adipogenic
Factors

When we cross-referenced with literature focusing on adipogen-
esis, we found that an impressive 18 of 65 key regulators of



adipogenesis (Farmer, 2006; Gesta et al., 2007; Lefterova and
Lazar, 2009; Rosen and MacDougald, 2006) had been described
as Gli targets in other systems (Table S9). Intriguingly, when
examined in 3T3-L1 preadipocytes, hedgehog activation
induced a coordinated downregulation of the proadipogenic
targets Bmp2, Bmp4, Egr2/Krox20, Sfrp1, and Sfrp2 by an
average of ~50% after only 24 hr (Figure 6A). In contrast, quan-
tification of the antiadipogenic target set showed upregulation of
the multiple critical repressors (Nr2f2, Gilz, Hes1, and Ncor2); the
negative regulators Jag1 and Pref1 remained unchanged at this
time point (Figure 6B). Analysis of the master regulatory
machinery downstream of these effectors revealed critical
reductions in Ppary, Cebpf, and Cebpd and increases in the
antiadipogenic factors Cebpy and Ddit3 (Figure 6C). Outside of
this dramatic antiadipogenic profile, elevated levels of Cebpa
were observed (Figure 6C). Importantly, a similar coordinate
downregulation of Ppary, Cebpp, Cebpd, as well as Cebpa
was observed in WAT-derived SVCs following genetic activation
of hedgehog signaling (Figure 6D).

To establish a direct link between hedgehog activation and
adipogenic block in white adipose, in silico predictions were
used to identify clusters of probable Gli-binding sites in the highly
SAG-responsive genes Ncor2, Nr2f2, Sfrp2, and Hes1 (Fig-
ure S6A). To assess the functionality of these putative binding
sites, we cloned the relevant promoter fragments and performed
luciferase reporter assays (Figure 6E; Figure S6A; Tables S11
and S12). Gli1 and Gli2 induced activation of all Ncor2 and
Nr2f2 reporter constructs, with the binding site clusters
Ncor2_B, Nr2f2_A, and Nr2f2_B showing responses comparable
to the hallmark target Ptch (Figure 6E). Further, chromatin immu-
noprecipitations on 3T3-L1 preadipocytes using Gli2- and Gli3-
specifc antibodies revealed increases in Gli2 and Gli3 binding
within the endogenous Ncor2, Hes1, Nr2f2, and Sfrp2 regulatory
regions following SAG treatment. Together, these findings
demonstrate endogenous Gli2/Gli3 binding to multiple adipo-
genic loci and implicate direct modulation of Ncor2 and Nr2f2
in the dysregulation of adipogenesis (Figure S6B).

Normal Glucose Tolerance and Insulin Sensitivity

in aP2-SufuKO Mice

To relate metabolic consequences of the unique WAT-specific
lipoatrophy observed in our aP2-SufuKO mice to previous
models, we assessed glucose, insulin, and lipid tolerance, insulin
sensitivity, and energy expenditure. Surprisingly, aP2-SufuKO
mice displayed normal glucose tolerance and glucose-induced
insulin secretion during an oral glucose tolerance test (Fig-
ure 7A), and insulin tolerance testing was unremarkable
(Figure S7A). In keeping with lack of apparent insulin resistance,
aP2-SufuKO showed no evidence of enhanced ectopic lipid
accumulation. Further, euglycemic hyperinsulinemic clamps
confirmed the lack of detectable insulin resistance, and interest-
ingly, addition of tracers identified a tripling in glucose utilization
within the residual white adipose tissue depot (Figures 7B and
7C). Measurement of key gluco-regulatory adipokines revealed
a ~75% decrease in serum leptin levels and, unexpectedly, an
increase in adiponectin levels (Figure 7D). Direct culture of
freshly isolated BAT and WAT fragments from control and aP2-
SufuKO animals recapitulated this pattern with significantly
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Figure 6. Hedgehog Signaling Blocks White Adipogenesis through
Coordinate Repression of the Adipogenic Program

(A and B) Quantitative RT-PCR for known (A) proadipogenic and (B) antiadipo-
genic transcriptional hedgehog targets in 3T3-L1 cells 24-48 hr after induction
in the absence (control) and presence of SAG (200 nM).

(C) Quantitative RT-PCR of the Ppary-Cebpa adipogenic regulatory system in
3T3-L1 cells 96 hr after induction, in the presence or absence of SAG.

(D) Same as (C), but performed in primary WAT SVCs derived from Sufu
animals and induced to differentiate after infection with Adeno-Cre or an
Adeno-GFP control vector.

(E) Luciferase reporter assays showing activation of Ncor2 and Nr2f2 pro-
moter constructs in response to GLI1 or GLI2. The GLI target gene PTCH
was used as positive control. Data are the mean of two experiments in
triplicate.

(F) PCR analysis of chromatin immunoprecipitations of 3T3-L1 cells grown in
the presence or absence of 200 nM SAG for 72 hr.

Data in (A)-(D) are presented as mean + SEM, n = 3-5. *p < 0.05. See also
Figure S6.

fl/Al

Cell 140, 148-160, January 8, 2010 ©2010 Elsevier Inc. 155



>
W
(9]

-
o
S

} %

(ng.mg/min)

Glucose (mM)
9.2.7,
GIR (mg/kg.min)
3
Glucose Utilization

Figure 7. aP2-SufuKO Mice Exhibit
Glucose and Energy Handling
(A) aP2-SufuKO mice exhibit unaltered glucose handling
during an oral glucose tolerance test (1 g/kg).
(B) Whole-body glucose infusion rate (GIR) was normal
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reduced leptin (Figures S7C and S7D) and elevated adiponectin
secretion (Figure 7E and Figure S7E). Thus, despite significant
lipoatrophy, aP2-SufuKO mice exhibit largely normal glucose
homeostasis.

When tested using indirect calorimetry, little evidence was
found of altered O,-consumption or CO,-production rates in
the aP2-SufuKO mice with exception of a short period of reduced
gas exchange at the end of the dark cycle (Figure 7F; equivalent to
a~5% decrease in daily energy expenditure). Despite the marked
differences in WAT and body weight (Figure S7F), aP2-SufuKO
mice showed no evidence of altered food intake relative to litter-
mate controls (Figure 7G), respiratory quotient estimation sug-
gested normal macronutrient partitioning (Figure S7G), and intes-
tinal uptake and disposal of lipids were also normal (Figure S7H).
What we did observe was markedly reduced activity in the aP2-
SufuKO animals during the dark cycle (Figure 7F). In the context
of unaltered caloric intake and essentially normal energy expen-
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ture (22°C) can mask phenotypes as profound

as obesity (Feldmann et al., 2009). Ucp1 mRNA
levels measured in brown and white adipose tissue of our aP2-
SufuKO mice housed at 22°C were markedly elevated (Fig-
ure 7H), suggesting exaggerated thermal stress. We therefore
analyzed body temperature, food intake, and body weight in
littermate control and aP2-SufuKO mice kept at 30°C (thermo-
neutrality) for a period of 1 month. Within 1 day at thermoneutral-
ity, body temperature in aP2-SufuKO mice normalized and even
elevated slightly above controls (Figure S71). Food intake also
decreased in parallel with control littermates. Both food intake
and body temperature shifts were maintained into a steady state
(Figure S71 and not shown). Of note, oral glucose tolerance
showed no deviation over this time period. Together these find-
ings suggest that at ambient temperature aP2-SufuKO mice
divert bulk energy toward thermogenesis explaining at least in
part the observed reduction in activity. Thus, aP2-SufuKO mice
exhibit WAT-specific lipoatrophy, normal glucose tolerance,
and largely normal regulation of energy expenditure.



DISCUSSION

The power of D. melanogaster RNAI transgenics to probe gene
function on a genome-wide scale has allowed us to screen
~78% coverage of the Drosophila genome. One significant
advantage of our inducible approach employed here is the ability
to interrogate the fat regulatory potential of the ~30% of the
Drosophila genome that is developmentally lethal under classic
mutation conditions. Indeed, the result that cell differentiation
genes scored as the most enriched ontology subcategory
substantiates the inducible strategy employed and identifies
a large number of developmentally lethal genes with strong lipid
storage regulatory potential. Consistent with a previous feeding-
induced RNAI C. elegans screen, the fraction of candidate genes
resulting in decreased fat content upon knockdown (360 of 516;
70%) exceeded that of obesity-causing candidates (216 of 516;
30%), which is consistent with the hypothesis that the major
evolutionary pressures for animals have been to favor nutrient
storage. Our screen identified a large number of genes already
known to play a key role in mammalian fat or lipid metabolism,
including enzymes of membrane lipid biosynthesis, fatty acid
and glucose metabolism, and sterol metabolism. Further, our
whole-genome screen has uncovered a plethora of additional
candidate genes of adiposity regulation, a large proportion of
which had no previous annotated biological function. Moreover,
we identified multiple genes that either positively or negatively
regulate whole fly triglyceride levels when targeted specifically
in neurons, the fly liver (oenocyte), the fat body, or muscle cells.
Analyses of the hits allowed us to define either gene sets that
function globally in all these tissues or others that display coor-
dinate regulation of adiposity when targeted in metabolically
linked organs such as the fat and the liver. Since >60% of the
candidate genes are conserved across phyla to humans, our
data set is a unique starting point for the elucidation of novel
regulatory modalities in mammals.

The top-scoring signal transduction pathway in our GO-based
enrichment analysis was the hedgehog pathway. Tissue-speci-
ficity assessment revealed further that this enrichment was
primarily derived from a pronounced fat-body restriction in func-
tion. Hedgehog signaling has been previously implicated in
adipose tissue biology (Suh et al., 2006; Wu et al., 2002; Zehent-
ner et al., 2000). In Drosophila larvae, hedgehog activation
reduces lipid content consistent with what we found in adult flies
and our fat-specific fly knockdown lines (Suh et al., 2006). Simi-
larly, knockdown of the C. elegans equivalent of the inhibitory
hedgehog receptor Ptch results in a prominent adiposity
reducing phenotype in a feeding-based RNAi screen (Ashrafi
et al., 2003). We therefore homed into the hedgehog pathway
to provide proof of principle for the fly screen and to translate
our Drosophila results directly into the mammalian context.

Several reports exist describing systemic manipulation of
hedgehog signaling, either by injection of ligand-depleting anti-
body or through examination of a systemic hypomorphic mutant,
the Ptch™™e* mouse (Buhman et al., 2004; Makino et al.,
2001). Indeed Ptch™®'™s mice display largely normal white
adipose tissue depots albeit reduced in size (Li et al., 2008).
Hedgehog signaling plays a crucial role in multiple organs
systems including at least one intimately involved in nutrient

storage and the etiologies of obesity and insulin resistance,
namely, the pancreatic islet (Hebrok et al., 2000; Thomas et al.,
2000). Our in vitro and in vivo data using the adipose-specific
Sufu mutant mice clearly show that hedgehog activation results
in a complete and cell-autonomous inhibition of white adipocyte
differentiation. The residual white adipose tissue observed in our
aP2-SufuKO mice is most likely due to late inefficient deletion
and/or is due to developmental timing effects. Indeed, aP2
(and thus aP2-Cre) are expressed relatively late during adipocyte
differentiation (Gesta et al., 2007). The remarkable finding was
that genetic activation of hedgehog signaling in vivo and
in vitro blocks only white but not brown adipocyte differentiation.

Fat is mainly stored in two cell types: WAT, which is the major
storage site for triglycerides, and BAT, which, through the
burning of lipids to heat (through uncoupling of mitochondrial
oxidative phosphorylation), serves to regulate body temperature
(Farmer, 2009). Recent PET-CT data have revealed that adult hu-
mans contain functional BAT and that the amount of BAT is
inversely correlated with body mass index (Cypess et al., 2009;
van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009; Zingar-
etti et al., 2009). These new data in humans rekindle the notion
that a functional BAT depot in humans could represent a potent
therapeutic target in the context of obesity control. Lineage
tracking and genetic studies have shown that WAT and inter-
scapular BAT cells derive from two different but related progen-
itor pools (Seale et al., 2009; Tseng et al., 2008). Our genetic data
now demonstrate both in vitro and in vivo that hedgehog activa-
tion results in a virtually complete block of WAT development but
leaves the differentiation process of brown adipocytes wholly
intact. These data further support the concept that white and
brown adipocytes are derived from distinct precursor cells.

To the best of our knowledge aP2-SufuKO mice are the first
white adipose-specific lipoatrophic mice with a fully functional
BAT depot over the long-term and normal glucose tolerance
and insulin sensitivity. The capacity of an intact BAT depot to
burn energy in aP2-SufuKO mice likely underlies, at least in
part, their lack of ectopic lipid accumulation and insulin resis-
tance. This largely normal metabolic picture highlights the potent
regulatory capacity of brown adipose tissue and should prove
invaluable in understanding the distinct roles of brown and white
adipose tissues.

EXPERIMENTAL PROCEDURES

Fly Screening

For detailed experimental procedures, please see the Extended Experimental
Procedures. Male UAS-RNAI transgenic flies were obtained from the Vienna
Drosophila RNAi Centre (VDRC) and crossed with Hsp70-GAL4; Tub-GAL80'S
virgins and the progeny transferred to new vials after 3 weeks. Flies were
heat-shocked immediately and after 4 days. On day 7, flies were manually
crushed, sonicated, heat-inactivated, and centrifuged and the supernatant
used for 96-well based colorimetric determination of triglycerides (GPO
Trinder, Sigma) and protein (BCA, Pierce). Tissue-specific secondary screen
followed a parallel procedure without heat-shock and controlled against
w8 wild-types and a random set of RNAI lines shown to exhibit no pheno-

type.

Data Analysis and Ortholog Retrieval
Orthologs were retrieved from InParanoid, OrthoMCL, and Ensembl. Gene
Ontology analysis used GoStat with a Benjamini and Hochberg correction
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using the online GOToolbox application. Network maps were generated using
cytoscape and based on online protein interaction databases.

Generation of Sufu Mutant Mice

Conditional Sufu mice were generated by the laboratory of C.-c.H. (unpub-
lished data). Adipose-specific Sufu knockout mice were generated by crossing
conditional Sufu™" mice with aP2-Cre transgenic mice (R. Evans; JAX). Cre
recombinase-positive wild-type and Cre recombinase-negative Sufu™™ litter-
mates served as controls.

Euglycemic Hyperinsulinemic Clamp, Tissue Glucose Utilization,

and Indirect Calorimetry

Indirect calorimetry was performed for 72 hr using an open-circuit, indirect
calorimetry system including spontaneous activity by beam breaking (Oxylet,
Panlab-Bioseb). Euglycemic hyperinsulinemic clamp studies were performed
on conscious mice 5 days insertion of a femoral catheter and after a 6 hr fast.
D-[3-3H]-glucose and 3H-2-deoxyglucose (tissue-specific utilization) were
used as tracers and insulin was infused at 18 mU/kg/min. Euglycemia was
maintained by variable infusion of 15% glucose. Calculations were based on
blood sampled at steady state (T = 120-180 min). Total radioactivity was deter-
mined by scintillation counting, and glucose concentrations by the glucose
oxidase method (BioMerieux).

Histology, Adipocyte Size, and Number

For staining of neutral lipids, cells were fixed and stained with Oil Red O (OrO)
according to standard procedures. Adipocyte number and size analyses were
performed using H&E-stained paraffin sections of perigonadal WAT pads by
semi-automated morphometry. Definiens software suite was used for the
automated determination of adipocyte size and number from multiple inter-
valled histological sections.

Isolation of Mouse Primary Brown and White Preadipocytes

Primary preadipocytes were obtained by collagenase digestion from perigo-
nadal white and interscapular brown adipose tissue depots in mice. Isolated
cells were plated in DMEM/F12 containing 10% FBS. On the next day, and
to remove most of the contaminating macrophages, adherent cells were tryp-
sinized and transferred to experimental dishes at a density of 15,000 cells/cm?.
Sca-1*CD31"Lin~ primary white and brown preadipocytes were facs sorted
from adipose stromal cell preparations immediately after collagenase
digestion.

Cell Culture and Adipocyte Differentiation

Murine 3T3-L1 preadipocytes (ATCC) and HIB-1B cells, kindly provided by
Bruce Spiegelman, were propagated in DMEM containing 10% calf and fetal
bovine serum, respectively. Mouse primary cells were expanded in DMEM/
F12 supplemented with 10% FBS. For adipocyte differentiation experiments,
cells were differentiated and maintained in an IBMX/dexamethasone-free
minimal induction medium including insulin, T3, biotin, pantothenic acid, and
troglitazone, with the exception of those exploring the effects of IBMX and
Dex (Figure S4). Recombinant sonic hedgehog (Shh; 300 ng/ml; R&D Systems)
or SAG (200 nM; Alexis) were added to the cells as indicated. All chemicals for
cell culture were obtained from Sigma unless otherwise indicated.

Excision of Sufu™* in Primary Adipocyte Progenitors

For adenoviral infection of primary white and brown fat precursors, near
confluent cultures of SVC fractions of perigonadal white and interscapular
brown adipose tissue depots were infected overnight with either Ad5-eGFP
or Ad5-Cre-IRES-GFP. One day after infection, the medium was replaced
and cells were maintained in complete growth medium for an additional 24
hr before inducing differentiation.

Quantitative RT-PCR

For quantitative PCR (QRT-PCR), analysis of total RNA was performed on an
AbiPRISM 7900HT real-time cycler (Applied Biosystems) using iQ SYBR Green
Supermix (Bio-Rad). Threshold cycles (Ci-values) of all replicate analyses were
normalized to acidic ribosomal phosphoprotein PO (Rplp0/36B4). To compare
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the effect of various treatments with untreated controls, 2724 values were
calculated to obtain fold expression levels. Primers are listed in Table S8.

Western Blot

Proteins were extracted by homogenizing in RIPA buffer containing protease
inhibitors (Complete Mini, Roche). Adipose tissue homogenates were resolved
by SDS-PAGE, transferred to PVDF membranes (GE Healthcare), and probed
with anti-Sufu and anti-Hsc70 antibodies (Santa Cruz Biotechnology).

In Silico Gli Target Analysis, Luciferase Assays, and ChIP Analysis
Genomic sequences including 10 kb upstream of mouse Ncor2, Nr2f2, Hes1,
and Sfrp2 were analyzed for putative Gli-binding sites using ScanAce. Lucif-
erase reporter plasmids were assembled from Gli-binding site clusters of
Ncor2 and Nr2f2 cloned into pGL3-basic vector (Promega). Restriction sites
and primer sequences are given in Table S12. 3T3-L1 cells were cotransfected
with Gli effector plasmids or empty vector control and luciferase activity
measured 48 hr post-transfection. For chromatin immunoprecipitation, chro-
matin was isolated from 3T3-L1 cells treated for 72 hr with or without SAG
(200 nM) using the SimpleChlIP Enzymatic ChlP kit (Cell Signaling Technology).
ChlIP assays were performed using the ChIP-IT (Active Motif) and IgG (Active
Motif) used as a negative control. Anti-Gli2 (Abcam) and anti-Gli3 (Santa
Cruz) rabbit polyclonal antibodies were used to immunoprecipitate the DNA/
protein complex. Crosslink reversed samples were treated with Proteinase K
and the DNA purified and analyzed using PCR. A primer list and promoter
maps are included in Table S13 and Figure S6.

Statistical Analyses

All data unless otherwise indicated are shown as mean values + standard error
of the mean (SEM) and tested statistically using two-tailed Student’s t test or
ANOVA. Al figures and statistical analyses were generated using GraphPad
Prism 4. p < 0.05 was considered to indicate statistical significance.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures,
seven figures, and thirteen tables and can be found with this article online at
doi:10.1016/j.cell.2009.12.027.
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EXTENDED EXPERIMENTAL PROCEDURES

Fly Strains

Stocks were raised on standard cornmeal-agar medium at 25°C. The Hsp70-GAL4,; Tub-GAL80'™ (McGuire et al., 2004), ppl-GAL4
(Colombani et al., 2003), oe-GAL4 (line C; (Ferveur et al., 1997)), and C57-GAL4 (Koh et al., 1999) lines have all been previously
described. The nsyb-GAL4 line (synaptobrevin-GAL4), was generated and kindly provided by Julie Simpson (Janelia Farm) and
enhanced in its potency for driving the short hairpin RNAI lines by co-expression of UAS-dicer2 (a kind gift of Barry Dickson). For
tissue-specific secondary RNAi experiments a random set of RNAi lines plus RNAI directed against CG12333, which had been shown
to behave as the isogenic w'''® wild-type fly strain were used as control lines.

Screening Procedure

In order to ensure tight temporal control and limit premature RNAi expression during development, we generated an Hsp70-GAL4;
Tub-GALB8OQ" driver line where a GAL80'™ element prevented potential leaky GAL4 expression through development. This inducible
RNAI expression system represented a means to bypass the developmental lethality associated with 30% of fly genes, and thus inter-
rogate several thousand previously untested genes. Male flies containing the UAS-RNAI transgene against gene “X” where provided
by the Vienna Drosophila RNAi Centre (VDRC) and crossed with 5 virgin Hsp70-GAL4; Tub-GAL80'™ female flies at 18°C. One week
later, parent flies were removed. Two weeks after crossing, vials were moved to 25°C for an additional week after which progeny were
transferred to new vials and kept at 29°C for 2 days. Twice 20 adult male flies were sorted and placed into separate vials, one of which
was subsequently heat shocked. Each RNAI line was determined in parallel with non-heat-shocked control flies of the same cross to
control exactly for age, genetics and environment. Based on pilot experiments (not shown) the most effective heat-shock protocol
was as follows: 30 min at 37°C; 30 min at 18°C; 30 min at 37°C. Flies were then returned to 29°C for 1 additional week. An additional
60 min heat shock in a dry incubator was performed after 2 days to increase the RNAi response. For the ppl-GAL4, nsyb-GAL4, oe-
GAL4, and C57-GAL4 drivers, crosses were set up at 25°C for 2 weeks and the progeny monitored for fat accumulation. At the end of
the experiment eight male flies from heat-shock and control vials were manually crushed into 150 pl of H2O in 96-well nonskirted PCR
plates on ice. Plates were sonicated to homogeneity (Diagenode, 2 min, high intensity). Sonicates were heat-inactivated at 95°C for
10 min, centrifuged 30 min at 300 g and 4°C and frozen until analysis. On the day of analysis plates were thawed, vortexed, re-centri-
fuged, and 20 pl of cold supernatant used for 96-well based colorimetric determination of triglycerides (GPO Trinder, Sigma) and
protein (BCA, Pierce). Reproducibility of the system based on assaying 80 replicates of 8 w1718 wild-type flies (isogenic background
line of the RNA library) 2 to 4 days post-eclosure was 0.45 + 0.06 mg/ml for triglycerides and 0.45 + 0.04 mg/ml for protein content
(Suppl. Figure S1c).

Data Analysis and Ortholog Retrieval

Mouse and human orthologs were retrieved from the orthology resources InParanoid, OrthoMCL or Ensembl. Gene Ontology enrich-
ment was performed using GoStat with a Benjamini and Hochberg correction through the online GOToolbox application (Martin et al.,
2004). For each Gene Ontology term of the class “biological process” a Fisher exact test was performed where the number of genes
assigned to a term in the candidate set and in all other genes from the screen is compared.

Generation of Sufu Mutant Mice

Conditional Sufu mice were generated by the laboratory of C.-c.H. (unpublished data). Briefly, the genomic fragment including exons
4-8 of the Sufu gene was inserted between two loxP (fl) sites of a Neomycin resistance selectable targeting construct. After electro-
poration into embryonic stem cells, neomycin resistant clones were picked and screened by PCR and Southern blot for homologous
recombination into the appropriate genomic locus. Correctly targeted ES cells were injected into blastocysts and transferred to
pseudo-pregnant mice. The resulting chimeric mice were mated to obtain germline transmission and generate a mouse line harbour-
ing a conditional Sufu allele. Mice were maintained on a standard rodent chow diet with 12 hr light and dark cycles. Adipose-specific
Sufu knockout mice were generated by crossing conditional Sufu™™ mice with aP2-Cre transgenic mice generated by the Evans
laboratory and obtained from JAX (B6.Cg-Tg[Fabp4-cre]1Rev/J; Strain:005069) (He et al., 2003). Both, Cre recombinase positive
wild-type and Cre recombinase negative Sufu™ littermate served as controls. All experimental procedures in the current study
were performed on mice backcrossed at least 6 generations onto C57BL/6J. All animal experiments were carried out according
to an ethical animal license protocol and contract approved by the Medical University Vienna (MUW), IMBA and the Austrian Ministry
of Sciences (BMWF-66.009/0104-C/GT/2007).

Indirect Calorimetry

Mice were placed for 72 hr in metabolic cages connected to an open-circuit, indirect calorimetry system combined with the deter-
mination of spontaneous activity by beam breaking (Oxylet, Panlab-Bioseb). The animals were accustomed to the apparatus during
the first 24 hr, followed by measurement for a further 48 hr. Oxygen consumption and carbon dioxide production were recorded at 5
min intervals using a computer-assisted data acquisition program (Chart 5.2, AD Instruments Sydney, Australia).
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Euglycemic Hyperinsulinemic Clamps and Tissue Glucose Utilization

An indwelling catheter was placed into the left femoral vein and externalised in the interscapular region. The animals were allowed to
recover for 5 days and fasted for 6 hr on the day of the experiment. For 3 hr D-[3-3H]-glucose was infused at a rate of 30 Ci/kg/min
and insulin at a rate of 18 mU/kg/min. Euglycemia was maintained by variable infusion of 15% glucose. Whole blood was sampled
from the tail every 10 min during the last hour. Total radioactivity in the supernatant was determined by scintillation counting. Total
glucose concentrations were determined by the glucose oxidase method (BioMerieux). Released glucose was determined by
a glucose oxidase method (BioMerieux). In order to determine glucose utilization of individual tissues, mice were injected with 3H-
2-deoxyglucose (Perkin Elmer) through the intrafemoral catheter one hour before completion of the infusion procedure (Knauf
et al., 2005). Tail blood was sampled at 5, 10, 15, 20, 30, 45, and 60 min after the injection to determine the time course of SH-2 de-
oxyglucose disappearance. The ®H-2 deoxyglucose-6-phosphate content was determined from NaOH hydrolysed tissues by the So-
mogyi procedure.

DNA Isolation, Genotyping, and Detection of Recombined Sufu' Alleles

Genomic DNA was isolated from various tissues using the QlAamp DNA mini kit (QIAGEN). Mice were genotyped on tail DNA. For the
detection of the Cre transgene, genomic PCR was performed using Cre-forward (5'-TCGCGATTATCTTCTATATCTTCAG-3') and
Cre-reverse (5'- GCTCGACCAGTTTAGTTACCC-3') primers, respectively. Genotyping and detection of different Sufu alleles was
done using the following primer combinations: Sufu wild-type allele: P1 (5'-GCTGAATTCTTGACTCACTG-3') and P2 (5'-CCTACC
CTTTCCAGTGAAG-3'); Sufu allele: P1 (5-GCTGAATTCTTGACTCACTG-3') and P3 (5'- CTGAAGGCTCTTTACTATTGCT-3'); Sufu
recombined allele: P4 (5-GTGTCAGTTTCATAGCCTG-3') and P5 (5-GCTGTTTGTACTCATGGTC-3').

Histology

For tissue sections, hematoxylin and eosin (H&E) staining was performed on 5 um paraffin sections of tissues fixed for 16 hr in 4%
phosphate-buffered formalin at 4°C. Adipocyte number analysis was performed according to method of (Cinti et al.). The morpho-
metric technique measures adipocyte number and area relative to total tissue area. All cells on 3 sections (0.5 mm intervals) per
animal were quantified; in excess of 10,000 adipocytes per knockout fat pad and >35,000 for controls. Perigonadal WAT pads
from 4 animals per group were analyzed. Definiens software suite was used to define and quantify tissue compartments based
on shape, size and presence of a lipid droplet. Calculations of total number per fat pad were then made based on adipose tissue
mass measured upon tissue harvesting.

Isolation of Mouse Primary Brown and White Preadipocytes

Primary pre-adipocytes were obtained by collagenase digestion from perigonadal white and interscapular brown adipose tissue
depots in mice. In brief, minced white and brown adipose tissue depots from 6-8 week old mice were digested at 37°C for 45-60
min in a shaking water bath with a cocktail consisting of 1 mg/ml collagenase Il (Worthington) in DMEM containing 3% fatty acid
free BSA (Sigma) and DNase | (100 Units/ml, Sigma). For brown adipose tissue digestions, Dispase 1 (1.2 U/ml, Worthington) was
added to the cocktail to increase digestion efficiency. After digestion, the slurry was passed through a 100 um cell strainer (Becton
Dickinson). Cells were then pelleted by centrifugation at 250 g for 5 min, washed with DMEM/F12 containing 10% FBS, and red blood
cells were lysed using RBC lysis buffer (Sigma). After a final washing step cells were passed through a 30 um cell strainer (Partec) to
remove clumps and most of the endothelial cell aggregates. On the next day, and to remove most of the contaminating macrophages,
adherent cells were trypsinized and transferred to experimental dishes at a density of 15,000 cells/cm?.

Isolation of Sca-1*CD31 Lin~ Primary Adult Brown and White Preadipocytes

Primary white and brown preadipocytes from adipose stromal cells were isolated as described (Scime et al., 2005). In brief, stromal
vascular cell (SVCs) fractions of white and brown adipose tissue depots from 6-week-old C57B/6J mice were digested. Isolated
SVCs were re-suspended and incubated on ice for 20 min with conjugated antibodies (Becton Dickinson) recognizing Stem Cell
Antigen-1 (Sca-1) conjugated to APC (Caltag), CD31 conjugated to FITC (Becton Dickinson), and Lineage antibodies (Becton Dick-
inson) including the blood markers Mac-1, Gr-1, Ter119, CD45R/B220, and CD3¢ conjugated to biotin (Lin-biotin). Detection of Lin-
biotin was done by avidin conjugated to PE (Becton Dickinson). Labeled cells were sorted on an automated cell sorter (FACSAria,
Becton Dickinson). The Sca-1* CD31~Lin~ cell sorted fraction was plated at a density of 15,000 cells/cm?.

Cell Culture and Adipocyte Differentiation

Murine 3T3-L1 pre-adipocytes (ATCC) and HIB-1B cells, kindly provided by Bruce Spiegelman, were propagated in DMEM contain-
ing 10% calf and fetal bovine serum, respectively. Mouse primary cells were expanded in DMEM/F12 supplemented with 10% FBS.
Cells were never allowed to become confluent, strictly split before reaching 70%-80% confluence, and were kept at 37°C and 5%
CO.,. For adipocyte differentiation experiments, cells were allowed to become confluent and post-confluent cells were then differ-
entiated and maintained until analyses in an IBMX/dexamethasone-free minimal induction medium. This cocktail consisted of the
respective growth media supplemented with 850 nM insulin, 1 nM T3, 33 uM biotin, 17 uM pantothenic acid, 5 uM troglitazone,
and was changed every 2-3 days. All differentiation experiments, BAT and WAT, cell line and primary cell based, were performed
using the minimal induction media with exception of those exploring the effects of IBMX and Dex (Figure S4). For the classical
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IBMX/dexamethasone protocol, adipocyte differentiation was induced by treating post confluent cells for 48 hr by adding 0.5 mM
IBMX, 1 mM dexamethasone, 850 nM insulin, 1 nM T3, and 5 uM troglitazone. When using this regimen, cells were switched
back after 48 hr to growth medium supplemented with 850 nM insulin, 33 uM biotin and 17 uM pantothenic acid, which was changed
every other day. Recombinant sonic hedgehog (Shh; 300 ng/ml; R&D Systems) or SAG (200 nM; Alexis) were added to the cells as
indicated in the text or figure legends. All chemicals for cell culture were obtained from Sigma unless otherwise indicated.

Excision of Sufu from Sufu®/? Adult Primary Adipocyte Progenitors

For adenoviral infection of primary white and brown fat precursors, near confluent cultures of SVC fractions of perigonadal white and
interscapular brown adipose tissue depots were isolated from of homozygous Sufu™" mice and plated as outlined above. Isolated
cells were infected overnight with adenoviruses expressing GFP (Ad5-eGFP) and adenoviruses expressing Cre and GFP (Ad5-Cre-
IRES-GFP) (The multiplicity of infection = 100; in DMEM/F12 containing 10% FBS). Both adenoviruses were obtained from the Devel-
opmental Studies Hybridoma Bank, lowa. One day after infection, the medium was replaced and cells were maintained in complete
growth medium for an additional 24 hr before inducing adipogenic differentiation using our IBMX/dexamethasone-free protocol
described above.

Oil Red O Staining

For staining of neutral lipids, cells were fixed and stained with Oil Red O (OrO) according to standard procedures. In brief, cells were
washed with PBS and fixed with 2% PFA in PBS at room temperature for 10 min. Fixed cells were washed again with PBS and stained
with OrO (1% w/v isopropanol, diluted 3:2 in PBS) for 1 hr at room temperature. Stained cells were washed and selected wells photo-
graphed using either a digital camera or a microscope to obtain pictures at higher magnifications.

Quantitative RT-PCR

For gRT-PCR analysis total RNA was extracted from respective tissues and cells using the RNeasy Mini and Micro Isolation Kits
(QIAGEN) according to the manufacturer’s instructions. Isolated total RNA was reverse-transcribed into cDNA using commercially
available kits (Applied Biosystems). All subsequent gRT-PCR reactions were performed on an AbiPRISM 7900HT real-time cycler
(Applied Biosystems) using the iQ SYBR Green Supermix (Bio-Rad). Post-amplification melting curve analysis was performed to
check for unspecific products and primer-only controls were included to ensure the absence of primer dimers. For normalization
threshold cycles (Ci-values) of all replicate analyses were normalized to acidic ribosomal phosphoprotein PO (Rplp0/36B4) within
each sample to obtain sample-specific AC; values (= C; gene of interest - C; Rplp0). To compare the effect of various treatments
with untreated controls, 2"*2°! values were calculated to obtain fold expression levels, where AAC; = (AC; treatment - AC, control).
Primers used are listed in Table S10.

Western Blot Analysis

Proteins were extracted from tissues by homogenizing in RIPA buffer (0.5% NP-40, 0.1% sodium deoxycholate, 150 mM NaCl,
50 mM Tris-HCI, pH 7.5) containing protease inhibitors (Complete Mini, Roche). The homogenate was cleared by centrifugation at
4°C for 30 min at 15,000 g and the supernatant portion containing the protein fraction recovered. 20 ng of white and 10 pg of brown
adipose tissue homogenate were resolved by SDS-PAGE, transferred to PVDF membranes (GE Healthcare) and probed with anti-
Sufu and anti-Hsc70 antibodies (sc-10934; dilution 1:500 and sc-7298; dilution 1:20,000, Santa Cruz Biotechnology). Antigen-
specific binding of antibodies was visualized using a commercial chemiluminescence detection system (ECL plus, GE Healthcare).

In Silico Gli Target Gene Analysis, Luciferase Reporter Assays and ChIP Analysis

Genomic sequences including the 10kb upstream regions of mouse nuclear receptor co-repressor 2 (Ncor2, RefSeq NM_011424),
nuclear receptor subfamily 2, group F, member 2 (Nr2f2, RefSeq NM_183261), hairy and enhancer of split 1 (Hes1, RefSeq
NM_008235), and secreted frizzled-related protein 2 (Sfrp2, Refseq NM_009144), were retrieved from http://genome.ucsc.edu
and analyzed for putative Gli binding sites using the ScanAce motif search algorithm (Roth et al., 1998). Potential Gli responsive
elements selected for chromatin immunoprecipitation and reporter analysis had to fulfill the following criteria: i) a maximum of 2
mismatches to the consensus Gli-binding site GACCACCCA (Kinzler and Vogelstein, 1990), ii) no mismatch at essential positions
4C and 6C, and iii) clustering of two or more high-scoring sites fulfilling the first two criteria within a maximum distance of 1 kb.
For the construction of luciferase reporter plasmids, fragments containing clustered Gli-binding sites in the 5’ cis-regulatory or intron
regions of Ncor2 and Nr2f2 were PCR-amplified from mouse genomic DNA and cloned into a pGL3-basic vector (Promega). Respec-
tive restriction sites and primer sequences are given in Table S12. For luciferase reporter assays, 3T3-L1 cells were cotransfected
with Gli effector plasmids or empty vector as control, the respective reporter construct and a lacZ expression vector for normaliza-
tion. Luciferase activity was measured 48 hr post-transfection on a Luci-Il luminometer (Anthos) using Luciferase Assay Substrate
(Promega) according to the manufacturer’s instructions. For chromatin immunoprecipitation, 3T3-L1 cells were grown in DMEM
(high glucose) supplemented with 10% fetal calf serum and either treated for 72 hr with 200 nM SAG (Alexis Biochemicals) or left
untreated. Preparation of chromatin was done with the SimpleChIP Enzymatic ChlIP kit (Cell Signaling Technology) according to
the manufacturer’s instructions. ChlIP assays were performed using the ChIP-IT kit (Active Motif) according to the manufacturer’s
protocol. Negative control IgG (Active Motif), anti-Gli2 rabbit polyclonal antibodies (Abcam), and anti-Gli3 rabbit polyclonal

Cell 140, 148-160, January 8, 2010 ©2010 Elsevier Inc. S3



antibodies (Santa Cruz) were used to immunoprecipitate the DNA/protein complex. Following immunoprecipitation, crosslinking was
reversed, the proteins were removed by treatment with Proteinase K, and the DNA was purified and analyzed using PCR. A primer list
and promoter map are included in Table S13 and Figure S6.

Statistical Analyses

All data unless otherwise indicated are shown as mean values + SEM. Data sets were compared for statistical significance using the
two-tailed Students t test or ANOVA where appropriate. All figures and statistical analyses were generated using GraphPad Prism 4.
p < 0.05 was considered to indicate statistical significance.
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Figure S1. Basal Triglyceride and Protein Contents in Drosophila, Relates to Figure 1

(A) Triglyceride content of w'?"® Drosophila strain measured throughout development using a medium-throughput 96-well plate based system with a colorimetric
determination endpoint.

(B) Protein content of w’”"® Drosophila measured with the same experimental set-up. Data in a and b are shown as mean triglyceride content + SEM. n = 5-8.
(C) Individual triglyceride and protein content in 80 different sets of 8 male flies each measured 2 to 4 days after eclosure. Measurement was made to validate the
medium throughput experimental system designed for the genome-wide screen.

(D) Pie chart summarizing the most depleted functional classifications using gene ontology for biological processes for all annotated genes with Z-scores in
excess of + 1.65 through three rounds of testing.
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Figure S2. Interaction Network for Candidate Obesity Genes, Relates to Figure 1

The interaction network was assembled using Cytoscape 2.6.2 based on interactions retrieved from STRING, DROIDB, and BIOGRID. Datasets consisted of
yeast-two-hybrid, text-mining, and database annotations (e.g., KEGG). Assembly of the visual layout was performed using manual modification of an automated

force-directed layout. Insets highlight the location of both the hedgehog and insulin signaling pathways.
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Figure S3. Tissue Specificity of Hedgehog and OxPhos Pathway Triglyceride Changes, Relates to Figure 3

(A) Correlation analysis of triglyceride levels in RNAi lines targeting hedgehog signaling crossed to the tissue-specific drivers nsyb-GAL4 (pan-neuronal), oe-GAL4
(oenocyte), C57-GAL4 (muscle), and ppl-GAL4 (fat-body). Tissue-specific triglyceride changes (y-axes) are correlated with those observed using the inducible
ubiquitous Hsp70-GAL4;Tub-GALSO' (x axis).

(B) Triglyceride changes in pp/-GAL4 driven UAS-RNAI transgenic lines targeting hedgehog specific ligand processing and release genes.

(C) Heat-map of the adiposity of UAS-RNAI transgenic fly lines targeting the members of the gene ontology category oxidative phosphorylation. Changes in
adiposity were in response to tissue-specific silencing using the drivers nsyb-GAL4 (pan-neuronal), oe-GAL4 (oenocyte), C57-GAL4 (muscle), and ppl-GAL4
(fat-body). Changes are relative to averages of control RNAi-lines and w’’"® flies crossed to the respective GAL4 lines.

(D) Triglyceride responses of the same oxidative phosphorylation targeting RNAi-transgenic lines to heat-shock induced ubiquitous knockdown. Data are
presented as mean + SEM, n = 4.
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Figure S4. IBMX and Dexamethasone Dependence of Hedgehog Signaling in Adipocytes and Generation of Lipoatrophic Sufu Mutant Mice,
Relates to Figure 4

(A) Oil Red O staining of 3T3-L1 cells induced with minimal (Insulin/Troglitazone) or complete (Insulin/Troglitazone/IBMX/Dex) differentiation cocktails in the
absence (control) or presence (SAG) of the hedgehog agonist SAG (200nM). One experiment representative of 5 repeats is shown.

(B) Quantitative RT-PCR monitoring of hedgehog pathway activation with the target genes Gli1 and Ptch1 confirmed activation by SAG and abrogation of
hedgehog induction in the presence IBMX and Dex.

(C) To establish an in vivo model to assess hedgehog effects on adipose biology, a targeting strategy was used to generate mice with a conditional Sufu allele. The
conditional allele encorporates two Cre-sensitive loxP sites flanking exons 4-8 of the Sufu open reading frame. Numbered boxes indicate exons.

(D) White (perigonadal) adipose tissue, interscapular brown adipose tissue and muscle (soleus and gastrocnemius) masses were determined in aP2-SufuKO mice
at 8 weeks of age. Data from littermates that carry the floxed allele (flox) or aP2-Cre (cre) are shown as controls. Data are presented as mean + SEM, n = 6 mice per
group. **p < 0.01.

(E) H&E stained sections of skin highlight a clear reduction in cutaneous adipose tissue.

(F) White adipocyte size distributions in perigonadal fat pads taken from 4 week old male aP2-SufuKO mice and littermate floxed (flox) and aP2-Cre (cre) controls.
Measurements were made by morphometry on > 10,000 (KO) and > 35,000 (controls) cells per animal using a combination of scanning of H&E stained interval
sectioned adipose tissue (3 per mouse) and subsequent software assisted morphometric analysis (G) Total white adipocyte cell numbers in 4- to 8-week-old male
aP2-SufuKO mice and littermate floxed (flox) and aP2-Cre (cre) controls. Data are presented as mean + SEM, n = 5.
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Figure S5. Hedgehog Activation Blocks White Adipogenesis in Primary White but Not Brown Progenitor Cells, Relates to Figure 5

(A) BAT-derived SVC precursors show no indication of altered generic adipocyte markers despite marked hedgehog activation. Quantitative RT-PCR analysis for
Gli1 and the indicated markers are shown for 96 hr after induced differentiation using minimal induction medium. Data are presented as mean + s.e.m., n = 3-5
mice per group. **p < 0.01.
(B) Phase-contrast and immunofluorescence images of primary white adipose SVC’s from Sufu™® animals induced to differentiate after infection with Adeno-Cre
or and the Adeno-GFP control vector. Adeno-Cre contained an IRES-GFP with a nuclear localization sequence. Infected cells therefore display fluorescent green
nuclei. The Adeno-GFP control produces cytoplasmic GFP. Right panels show an overlay of the phase contrast and GFP images.

(C) Phase-contrast and immunofluorescence images of primary brown adipose SVC’s from Sufu™ animals induced to differentiate after infection with Adeno-Cre
or and the Adeno-GFP control vector. Representative experiments are shown that for both WAT and BAT differentiation were repeated multiple times. Note that

the same experiments as in Figure 5E and 5F are shown.
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Figure S6. Proposed Role of Hedgehog Signaling in White Adipogenesis, Relates to Figure 6

(A) The relative positions of in silico predicted Gli binding sites in the 5" upstream regulatory or intron regions of the respective genomic loci (not drawn to scale) are
shown. Numbers indicate the position of each predicted binding site relative to the transcriptional start site (TSS), which was set to +1. Blue rectangles in the Hes1
promoter region highlight previously ChlIP validated Gli binding sites.

(B) Schematic summarizing the postulated mechanism of hedgehog induced blockade of white adipocyte differentiation.
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Figure S7. Glucose and Energy Handling in aP2-SufuKO Mice Is Largely Normal, Relates to Figure 7

(A) Insulin tolerance testing showed no evidence of insulin resistance (i.p. 1 U/kg) consistent with (B) unaltered intra-hepatic and intra-muscular triglyceride levels.
Lipids were measured after lipid extraction from biopsies taken in the fed state.

(C-E) Adiponectin and leptin secretion in vitro from BAT and WAT fragment cultures from aP2-SufuKO animals. Secretion is calculated both (C) per mg tissue, as
well as (D and E) per adipose tissue pad to highlight the relative contribution of WAT versus BAT and to directly relate knockout to control tissues.

(F) Body weight measurements of aP2-SufuKO mice and littermate controls.

(G) Respiratory quotient calculated from gas exchange values measured by indirect calorimetry.

(H) Lipid tolerance testing (2 g/kg olive oil) in aP2-SufuKO mice after a 6 hr fast highlight normal uptake and disposal of a lipid load.

(I) Food intake and body temperature in mice moved from 22°C to 30°C. Data are mean + SEM (n = 6-12). *p < 0.05.
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OBJECTIVE—T cells and level of the cytokine interferon-y
(IFN-y) are increased in adipose tissue in obesity. Hedgehog
(Hh) signaling has been shown to potently inhibit white adipocyte
differentiation. In light of recent findings in neurons that IFN-y
and Hh signaling cross-talk, we examined their potential interac-
tion in the context of adipogenesis.

RESEARCH DESIGN AND METHODS—We used Hh reporter
cells, cell lines, and primary adipocyte differentiation models to
explore costlmulatlon of IFN-y and Hh signaling. Genetic dissec-
tion using Ifngrl ’~ and Statl '~ mouse embryonic fibroblasts,
and ultimately, anti-IFN-y neutralization and expression proﬁling
in obese mice and humans, respectively, were used to place the
findings into the in vivo context.

RESULTS—T-cell supernatants directly inhibited hedgehog
signaling in reporter and 3T3-L1 cells Intriguingly, using blocking
antibodies, Ifngrl ~ and Statl™’" cells, and simultaneous acti-
vation of Hh and IFN-y signaling, we showed that IFN-y directly
suppresses Hh stimulation, thus rescuing adipogenesis. We con-
firmed our findings using primary mouse and primary human
(pre)adipocytes. Importantly, robust opposing signals for Hh
and T-cell pathways in obese human adipose expression profiles
and IFN-y depletion in mice identify the system as intact in adi-
pose tissue in vivo.

CONCLUSIONS—These results identify a novel antagonistic
cross-talk between IFN-y and Hh signaling in white adipose tissue
and demonstrate IFN-y as a potent inhibitor of Hh signaling.

he World Health Organization (WHO) currently

estimates that more than 1 billion individuals

worldwide are overweight. Almost one-third of

these individuals are clinically obese, markedly
raising their chances of cardiovascular disease, type 2 di-
abetes, cancer, and stroke (1).
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Interestingly, not all obesity results in metabolic disease,
and thus, it is not adiposity alone that contributes to adi-
pose tissue abnormalities (2-9). For instance, large, lipid-
loaded fat cells appear to be particularly important for
the development of obesity-related cardiovascular and
metabolic disorders. Increases in adipocyte size correlate
with higher production of inflammatory adipokines, and
increased circulating inflammatory markers are clinically
observed in patients with hypertrophic adipocytes com-
pared with fat mass-matched control subjects with smaller
fat cells. Exactly why this is the case remains to be proven;
one suggestion has been that the impaired function of large
adipocytes results from the relative hypoxia of the micro-
environment (2,3).

Poor expandability of the adipocyte pool, combined
with chronic low-grade inflammation, is thought to initiate
a vicious cycle that ultimately culminates in obesity with
full metabolic dysfunction, including insulin resistance
(10-13). Several studies have shown that in addition to
macrophages, the number of CD3" T cells is increased in
adipose tissue in obesity (14,15). Furthermore, genetic or
diet-induced obese (DIO) mouse models exhibit a prom-
inent and early influx of cytotoxic CD8" T cells (16-19).
Local mRNA levels of the activated T-cell cytokine in-
terferon-y (IFN-y) are increased in adipose tissue of DIO
mice compared with lean controls, and IFN-y-deficient
animals show significantly decreased proinflammatory
gene expression and macrophage accumulation in adipose
tissue in obesity (20). In addition, [FN-y decreases insulin
sensitivity and suppresses differentiation in human adi-
pocytes (21,22). However, whether T-cell activation and
associated increases in IFN-y per se cause insulin resistance
in adipose tissue has been questioned (23). Indeed, mac-
rophage infiltration is the most robust discriminant between
insulin-sensitive (IS) and insulin-resistant (IR) individuals
with morbid obesity (24).

Hedgehog (Hh) signaling is an ancestral developmental
process directing embryonic differentiation and adult tissue
homeostasis through stem cell regulation and orchestration
of complex differentiation programs (25-28). Activation of
the Hh pathway is initiated by the Hh ligands, which release
inhibition of the Smoothened (Smo)-Patched (Ptch) dual-
receptor system at the cell surface, ultimately culminating
in translocation of the Gli transcription factors to the nu-
cleus and modulation of their target genes. Activation rein-
forces the signaling system as promoters of a number of
the signaling constituents themselves represent Gli-targets,
including Glil and Ptchl. We and others have demonstrated
that Hh signaling is important in adipose tissue differenti-
ation in vivo (29,30), specifically blocking white but not
brown adipocyte differentiation at an early stage (30). Of
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note, expression of Hh target genes is significantly de-
creased in adipose tissue of genetic and DIO mouse models,
suggesting persistent inhibition of the pathway in obesity
(29).

Cross-talk between Hh and IFN-y signaling has been
described in some cells of the central nervous system (31—
33). Canonical Hh signaling has been shown to mediate
neuronal and oligodendroglial differentiation (34-37). In-
terestingly, IFN-y induces sonic Hh (Shh) mRNA expres-
sion in astroglia and neuronal stem cells (32) and has been
shown to contribute to medulloblastoma development by
reactivating Hh signaling via induction of Shh (38). IFN-y
stimulation induces Shh gene expression in cultured pri-
mary granular neuronal precursor cells, with subsequent
induction of the Hh target gene Gii1 (33). However, IFN-y
might also be capable of inhibiting canonical Hh-signaling
and Gli1 expression in neuronal stem cells in multiple
sclerosis and associated animal models (32).

Considering that CD8" T cells that produce IFN-y are
among the first invaders of adipose tissue in obesity and
that Hh blocks white fat expansion in vivo (30), we hy-
pothesized that IFN-y might interfere with ongoing Hh
signaling and support increased adipocyte turnover. Using
a combination of in vitro and in vivo models we show that
IFN-y— and Hh-signaling pathways independently impair
white adipocyte differentiation. Surprisingly, costimulation
of both signaling cascades resulted in reciprocal cosup-
pression, relieving their individual antiadipogenic actions
and permitting adipogenesis. Our data demonstrate for the
first time inhibition of Hh signaling via the IFN-y/Janus
kinase (Jak)/signal transducer and activator of transcription
(Statl) axis in adipose tissue and suggest a novel antago-
nistic regulatory module to optimize white adipocyte
turnover according to the metabolic state.

RESEARCH DESIGN AND METHODS

Screening of Hh pathway activities using Shh-LIGHT2 and Ptch = cells.
Shh-LIGHT2 cells, a NIH-3T3-derived cell line generated to screen for Hh
pathway activities (39) were obtained from the American Type Culture Col-
lection (cat. CRL-2795, Manassas, VA) and cultured according to recom-
mended protocols (39). After reaching confluence, cells were starved in
Dulbecco’s modified Eagle’s medium containing 0.5% FCS. Starved cells were
stimulated for 48 h with the synthetic Smoothened AGonist (SAG; ALEXIS
Biochemicals, San Diego, CA) or recombinant sonic Hh (Shh) protein (R&D
Systems, Minneapolis, MN) and/or IFN-y (BD Pharmingen, San Diego, CA), or
were left untreated. Jak proteins were inhibited by Jak Inhibitor I (Calbio-
chem, San Diego, CA). Primary fibroblasts lacking functional Ptch (Ptch ")
were derived from Pich™’~ mouse embryos (strain 003081, The Jackson
Laboratory, Bar Harbor, ME). After the cells had reached confluence, they
were maintained in low-serum medium (0.5% FCS) and treated with IFN-y or
left untreated for 2 days. Hh signaling activities in Shh-LIGHT2 and Ptch ™/~
cells were measured using the Dual-Luciferase Reporter Assay System
(Promega, Madison, WI) or the Tropix galacto-light plus assay system (Tropix,
Bedford, MA), respectively. Signal intensities were normalized to Renilla lu-
ciferase (Shh-LIGHT2 cells) or total protein content (Ptch’/ ~ cells), as de-
scribed (39).

Preparation and activation of T cells. CD8" lymphocytes were purified
from spleens from C57BL/6J mice using negative selection with IMag Strep-
tavidin Particles Plus-DM (BD Biosciences, Bedford, MA) according to the
manufacturer’s protocol. T cells were added to 48-well plates coated with 1
mg/mL anti-Cd3e and 3 mg/mL anti-Cd28 (both BD Pharmingen). Supernatants
of stimulated T cells were harvested after 48 h.

Cell culture and adipocyte differentiation. Mouse 3T3-L1 preadipocytes,
primary mouse, and human cells were isolated, propagated, and differentiated
as described ([30] and Supplementary Methods). Recombinant Shh (R&D
Systems), SAG (ALEXIS Biochemicals), and/or recombinant IFN-y (BD
Pharmingen) were added to the cells, as indicated in the text or Figure legends.
0il Red O staining. For staining of neutral lipids, cells were fixed and stained
with Oil Red O (OrO; Sigma-Aldrich, St. Louis, MO) according to standard
procedures. In brief, cells were washed with PBS and fixed with 2% para-
formaldehyde in PBS at room temperature for 10 min. Fixed cells were washed
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again with PBS and stained with OrO (1% w/v isopropanol, diluted 3:2 in PBS)
for 1 h at room temperature. Nuclei were counterstained with bromophenol
blue. Stained cells were washed and photographed.

Quantitative RT-PCR. Transcript levels were quantified as described in the
Supplementary Appendix.

Western blot analysis. Antibodies and detailed methods are described in the
Supplementary Appendix.

Isolation of primary mouse embryonic fibroblasts. Primary mouse em-
bryo fibroblasts (MEFs) were derived from day 13.5 embryos obtained from
wild-type, Statl e (40) and Ifngrl - (41) mice. MEFs were prepared as de-
scribed (42). All mice were of C57BL/6 background. The animal experiments
were discussed and approved by the ethics committee at the Institute of Animal
Breeding and Genetics, University of Veterinary Medicine Vienna and the
Austrian laws (GZ 68.205/0204-C/GT/2007 and GZ 68.205/0233-11/10b/2009).
Animal handling and treatment of mice with anti-IFN-y monoclonal
antibody. C57BL/6J mice were purchased from The Jackson Laboratory. At
age 6 weeks, male littermates were placed for 24 weeks on a high-fat (HF) diet
(HF group, n = 15, 60 kcal% fat, D12492) to induce obesity and on a low-fat
(LF) diet (LF group, n = 10, 10 kcal% fat, D12450B) to serve as lean controls
(both diets from Research Diets, New Brunswick, NJ). For the last 2 weeks of
diets, mice fed the HF diet were randomly split into two groups: HF and HF
treated with antibodies (HF+Ab, n = 5). HF+Ab mice were injected with 0.5
mg i.p. anti-IFN-y monoclonal antibodies (BD Pharmigen) three times within
the last 2 weeks of the diet. Control LF and HF animals received the same
amount of rat IgG (Sigma-Aldrich). All experimental protocols were approved
by the Institutional Animal Care and Use Committee at Medical University
Vienna (protocol no. BMWF-66.009/0066-1I/106/2009), and all studies were
performed according to the methods approved in the protocol.

IFN-vy and adiponectin ELISA. IFN-y and adiponectin levels in mouse serum
were determined by ELISA (R&D Systems). For details see Supplementary
Methods.

Adipose tissue fractionation. Digestion of perigonadal white fat pads was
performed as described previously (30). Adipose tissue macrophages were
isolated from stromal vascular fraction (SVF) cells using an antibody directed
against the panmacrophage marker F4/80 (eBiosciences, San Diego, CA)
coupled to magnetic beads (Miltenyi Biotech, Auburn, CA) according to the
manufacturer’s protocol.

Human samples and clinical parameters. The study included 25 obese
patients and 21 nonobese control subjects who underwent weight-reducing
surgery or elective surgical procedures such as cholecystectomy. Participants
were included if they had fasting plasma glucose levels <7.0 mmol/L, no history
of diabetes or use of blood glucose-lowering medications, no weight changes
>3% during the previous 2 months, and C-reactive protein levels <20 mg/L. To
reduce confounding by insulin resistance, obese subjects with a homeostasis
model assessment (HOMA) index >2.5 were excluded. All study subjects
provided informed consent, and the local ethics committee approved the study
protocols. Tissue biopsy specimens from visceral adipose tissue, obtained
during surgery, were collected in RNA-later (Ambion, Austin, TX) and stored
at —80°C until further processing. Plasma glucose, insulin, C-reactive protein
concentrations, and the HOMA index were determined as described (43).
Gene set enrichment analysis. Gene set enrichment analysis methods were
done as described in the Supplementary Appendix.

Statistical analyses. All data are shown as mean + SEM, unless otherwise
indicated. The significance of differences between means was assessed by
two-tailed Student ¢ test or ANOVA with the Tukey honestly significance dif-
ference test post hoc, where appropriate. Differences between human study
groups were ascertained by ANOVA. We used multiple regression to adjust all
measurements for concomitant effects of sex and age. Adjustments for CD68
and CD144 were performed as indicated. Categoric data were summarized by
frequencies and analyzed by the x? test. All reported P values are two-tailed.

RESULTS

T-cell activation blocks Hh signaling in an IFN-y-
dependent manner. Previous studies have shown that
Hh signaling activity is diminished in the adipose tissue of
obese mice (29) and that CD8" T-cell infiltration is an early
hallmark of obese adipose tissue in both mice and humans
(17). To test whether the two phenomena are causally re-
lated, we examined the effects of activated T-cell super-
natants on the Hh-responsive luciferase reporter cell line
Shh-LIGHT2 (39). Addition of the Hh-activator SAG to Shh-
LIGHT?2 cells robustly induces luciferase activity (Fig. 1A).
Intriguingly, cotreatment with supernatants from CD8*
T cells activated in vitro with anti-CD3 and anti-CD28
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FIG. 1. Suppression of Shh signaling by activated T cells is IFN-y dependent. A: Shh-LIGHT2 cells were cultured for 48 h with no stimulus, SAG
(200 nmol/L), SAG in presence or absence of supernatant from resting or activated CD8" T cells, with or without anti-IFN-y monoclonal antibody
(25 ng/uL) and assayed for luciferase activity. B: 3T3-L1 preadipocytes were treated in the same way as described for the Shh-LIGHT2 cells above
(SAG 20 nmoV/L). Glil mRNA was measured by quantitative RT-PCR and normalized for ribosomal protein, large, PO, (Rplp0). C: Shh-LIGHT2 cells
were cultured for 48 h in the absence or presence of SAG plus the indicated concentrations of IFN-y and assayed for luciferase activity.
D: Confluent Shh-LIGHT2 reporter cells were left untreated (Con), or treated with recombinant Shh (200 ng/mL), IFN-y (10 ng/mL), or both, for
48 h. Data represent means = SEM of triplicate samples. *P < 0.05; **P < 0.01; ***P < 0.001.

antibodies markedly diminished the SAG-induced lucif-
erase response. Importantly, the supernatant from rest-
ing T cells showed no inhibitory effect (Fig. 1A). To test
whether the observed effect was unique to Shh-LIGHT2
cells, we exposed 3T3-L1 preadipocytes to parallel
treatment conditions. In direct corroboration of the Shh-
LIGHT2 findings, the activated CD8" T-cell supernatant
substantially reduced SAG-induced Glt! mRNA expres-
sion in 3T3-L1 cells (Fig. 1B). Once again, the addition of
supernatant from resting, rather than activated cells,
showed no effect. Importantly, the addition of anti—-IFN-y—
blocking antibodies abolished the marked inhibitory effect
of the T-cell supernatant on Hh activation in both experi-
mental systems (Fig. 1A and B), directly implicating IFN-y
in the inhibition of Hh signaling in Shh-LIGHT2 cells and in
preadipocytes. Characterization of the potency of IFN-y—
mediated Hh inhibition revealed significant effects at the
low nmol/L level in Shh-LIGHT2 cells (Fig. 1C). Indeed,
IFN-y alone was sufficient to affect a nearly total block
of SAG-induced Hh activity. Importantly, these findings
were confirmed pharmacologically using the endogenous
Shh ligand as well as genetically using fibroblasts derived
from Ptch knockout mouse embryos (39) harboring con-
stitutive activation of Hh signaling and downstream target
genes (Fig. 1D and Supplementary Fig. 1). Thus, activated
CD8" T cells inhibit Hh signaling in an IFN-y—dependent
manner.

IFN-v rescues adipogenesis in vitro by over-riding the
strong inhibitory effect of Hh signaling. To functionally
assess the inhibitory role of IFN-y on Hh signaling in adi-
pocytes, we induced 3T3-L1 cells to undergo adipogenesis
in the presence or absence of SAG, IFN-y, or vehicle for
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10 days. In line with our previous data (30), SAG treatment
of 3T3-L1 cells completely blocked adipogenesis. These
effects were observed macroscopically with OrO staining
for lipid droplets (Fig. 24 and B), by quantitative PCR-based
expression profiling of the hallmark Hh target genes Gli1,
Hhip, and Ptchl (Fig. 2C), and on corresponding protein
levels of Glil and Hhip (Fig. 2D and Supplementary Fig. 2).

In keeping with the macroscopic findings, we ob-
served substantially reduced mRNA expression levels of
the key adipogenic markers Fabp4 and Adipoq as well as
the master regulators of adipogenesis, Cebpa and Ppary
(Fig. 2E). In line with published data, IFN-y also partially
blocked differentiation of 3T3-L1 cells with a reduction of
OrO-positive adipocytes and a decrease of key adipose-
specific markers ([20-22]; Fig. 24, B, and F). Intriguingly,
whereas treatment of 3T3-L1 cells with IFN-y alone induced
a partial inhibitory effect on adipogenesis, simultaneous
activation of Hh and IFN-vy signaling pathways in 3T3-L1
preadipocytes rescued any observable Hh-induced block
and restored nearly complete adipogenesis (Fig. 2A-F).
Restoration of differentiation capacity by coaddition of IFN-y
and SAG was associated with substantial reductions in
Hh target gene expression relative to SAG alone on both
the protein and the mRNA levels (Glil and Hhip; Fig. 2C and
D and Supplementary Fig. 2) as well as recovery of mRNA
expression for all key differentiation markers (Fabp4, Adipoq,
Cebpa, and Ppary, Fig. 2E). Further, IFN-y treatment blunted
the SAG-induced increase of chicken ovalbumin upstream
promoter-transcription factor 2 (Coup-TF2) and Gata2 (Sup-
plementary Fig. 3), direct downstream mediators of Hh-
induced adipogenic block (30,44). Thus, IFN-y rescues
Hh-induced adipogenic block.
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online issue.)

IFN-y-mediated inhibition of Hh responses requires
activation of Jak-Stat signaling. Among others, I[FN-y
activates the Jak-Stat pathway (45). To test whether acti-
vated Jak-Stat signaling was responsible for inhibition of
SAG responses, we treated Shh-LIGHT2 cells with SAG
and/or IFN-y in the presence or absence of a pan-Jak in-
hibitor (JakInh) (46). As expected, of the single-compound
control wells, only SAG elicited a substantial luciferase
response (Fig. 34). IFN-y and JakInh alone or combined
showed no significant induction of Hh signaling. Surpris-
ingly, simultaneous treatment of cells with SAG (200 nmol/L)
and JakInh (2 pmol/L) resulted in a marked potentiation of
the Gli-induced luciferase activity compared with SAG
treatment alone (Fig. 3A). Critically, the addition of JakInh
to IFN-vy/SAG costimulated wells also resulted in a po-
tentiated response compared with SAG alone, indicating
that IFN-y requires downstream Jak activity to inhibit

4 DIABETES

Hh signaling (Fig. 3A). Of note, there is evidence that
IFN-y can regulate the expression of select downstream
genes even in the absence of Statl (47). To address this
issue, we tested whether IFN-y suppression of Glil ex-
pression was maintained in MEFs isolated from IFN-y re-
ceptor 1-deficient (Ifngrl ~~) and Statl-deficient (Statl ")
mice. Importantly, we observed that the inhibitory effect of
IFN-y on Hh signaling was abolished in MEF's isolated from
both strains, direct genetic evidence implicating Ifngrl and
Statl in Hh signaling control (Fig. 3B-D). Thus, IFN-y
inhibits Hh signaling via Infgrl-induced activation of Statl.

To corroborate the 3T3-L1 studies, we attempted to test
Ifn-y-Hh cross-talk in human and mouse primary white
preadipocytes. Because the key differentiation factors
3-isobutyl-1-methylxanthin (IBMX) and dexamethasone (Dex)
block Hh activation (30), 3T3-L1 and primary preadipocytes
were induced using a minimal induction medium containing
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insulin and troglitazone only. We previously used this dif-
ferentiation cocktail to successfully explore Hh signaling
effects of adipogenesis in 3T3-L1 cells (30). In contrast
to 3T3-L1 cells, induction of primary mouse and human
preadipocytes by the minimal induction medium was in-
sufficient to induce substantial differentiation, even after
10 days.

Primary cells cultured in parallel under classical conditions
differentiated efficiently (Supplementary Fig. 44 and B).
IBMX/Dex completely blocked Hh activation by SAG
(Supplementary Fig. 4D). These findings were supported
by OrO staining of the same cells (Supplementary Fig. 4F
and F). We confirmed this IBMX/Dex Hh-neutralizing
effect by qPCR of the Hh target gene GliI and the early
adipogenic marker peroxisome proliferator-activated
receptor-y (Ppar-y) 48 h after induction (Supplementary
Fig. 4G and H). Looking instead at preadipocytes, IFN-y
efficiently inhibited SAG-induced Gl71 mRNA expression
in both human and mouse primary cultures (Fig. 44 and
Supplementary Fig. 4I), providing strong evidence that
the appropriate signaling framework exists and is functional
in the human and mouse progenitor pool. Importantly, in
direct agreement with the findings in 3T3-L1 cells above,
addition of IFN-y attenuated SAG-induced Hh activation
and relieved Hh suppression of Ppary expression (Fig. 4B
and Supplementary Fig. 4J).

IFN-y depletion restores Hh signaling in adipose
tissue stromal vascular cells in vivo. Genetic-induced
and diet-induced obesity both decrease expression levels
of Hh target genes in perigonadal white fat pads of mice
(29). This is in accordance with antiadipogenic properties
of Hh signaling and the substantial generation of new
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adipocytes during weight gain. However, the underlying
cause of this deregulation of Hh targets is not understood.
We examined the effects of IFN-y depletion on the ex-
pression of Hh target genes in obese adipose tissue using
an in vivo neutralizing antibody strategy. Male C57BL/6J
mice exposed to a HF diet for 22 weeks were randomly
assigned to a control group (HF; n = 10) or a group that
received intraperitoneal anti-IFN-y-neutralizing antibody
(HF+IFN-y-Ab; n = 5). Control animals were injected in
parallel with a control IgG antibody. Consistent with pre-
vious findings (20) IFN-y serum levels in the HF group
were significantly higher than in animals fed normal chow
(Supplementary Fig. 5). Immunoneutralization in the treated
animals was similarly confirmed by ELISA.

As expected, body weight, fasted blood glucose levels,
perigonadal fat mass, adipose tissue infiltration with Mac2*
macrophages, and adipocyte size were significantly higher
in HF fed mice relative to LF fed controls (Supplemen-
tary Table 1 and Supplementary Fig. 6A-K ). Anti—IFN-y—
neutralizing antibody treatment for 2 weeks did not
significantly affect any of these gross metabolic parameters
(Supplementary Table 1 and Supplementary Fig. 6A-K). To
characterize the system, we compared Hh signaling activity
in adipose tissue fractionated into mature adipocytes,
macrophages, and macrophage-depleted stromal vascular
cells. In line with the role of Hh signaling in inhibiting
fat formation, the Hh target Glil1 showed low expression
in mature adipocytes compared with macrophage- and
macrophage-depleted stromal vascular fractions (dSVF).
Indeed, the highest GliI mRNA expression levels were found
in the macrophage fraction (Fig. 5A). Further, Glil ex-
pression in all three adipose tissue compartments was
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significantly lower in HF-treated mice relative to the LF-
treated control animals, suggesting that the HF diet im-
posed a broad suppressive effect on Hh activity in adipose
tissue (Fig. 5B).

Intriguingly, examination of expression profiles from
IFN-y-depleted animals suggested that IFN-y mediates Hh-
suppression in adipose tissue in vivo. Immunoneutraliza-
tion substantially reversed HF-induced suppression of the
downstream Hh target Glil (greater than twofold), and
impressively, completely restored expression of the target
Hhip to normal chow levels (~20-fold increase; Fig. 56C
and D). Critically, the Hh target Nv2f2/Coup-Tf2 also
showed restoration of expression (Supplementary Fig. 7),
as did the key insulin-sensitizing adipokine adiponectin
(Adipoq; Fig. bE). This latter finding correlated directly
with increased serum adiponectin levels in immunoneu-
tralized animals (Supplementary Fig. 8).

Together, these data identify Hh signaling as a target of
IFN-y in adipose tissue in vivo and support a functional
role for their cross-talk in balancing adipose tissue func-
tion. Thus, IFN-y mediates functional suppression of Hh
signaling by a HF diet in vivo.

Hh signaling is downregulated in human obesity. Next,
we determined GLII transcript levels in human intra-
peritoneal adipose tissue of lean and insulin sensitive (IS)
obese subjects. This design allowed us to detect potential
associations of Hh signaling activity with intraperitoneal
adipose tissue expandability in humans without confound-
ing interference of insulin resistance. Despite a slight age
and sex variation in this unique patient set, no differences
were observed in plasma glucose and insulin levels or in the
HOMA index (Supplementary Table 2). GLUT% expression
values were similar in both groups, reflecting the equal
presence of glucose transporters (Table 1). In line with
current knowledge, IS obese subjects did not show in-
creased CD68 expression levels or alterations in the en-
dothelial marker VE-cadherin (CD144). However, and in
line with our hypothesis that increased Hh activity inhibits
adipose tissue expansion, GLII expression was significantly
decreased in adipose tissue samples of IS obese subjects
(P = 0.0237). Importantly, adjusting for age, sex, CD68, and
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CD144 did not affect any of the statistical results, suggesting
that decreased GLII levels in IS obese subjects are not due
to changes in vascularization or macrophage infiltration
(Table 1). These findings highlight reduced Hh activity in
patients with a likely intact expandable progenitor pool
and no evidence of immune cell infiltration.

Next, we sought additional, more generalized evidence
where inflammation is present. We used gene set enrich-
ment to analyze publically available adipose tissue ex-
pression arrays from two of the best genetically controlled
human obesity cohorts, Pima Indians (GEO Reference
Series GSE2508) and a set of 13 pairs of monozygotic twins
discordant for adiposity (EBI-EMBL Reference Series
E-MEXP-1425). Not without surprise, pathway enrichment
for Th1/Th2 T-cell differentiation markers, a surrogate for
T-cell infiltration, exhibited robust enrichment in obese
Pima Indian and obese MZ-twin adipose tissues (FDR 0.08
and 0.16, respectively; nom. P = 0.006 and P = 0.01,
respectively; Supplementary Fig. 9). Intriguingly, and
with equally robust signal intensity to that of the Th1/Th2
pathway, Hh signaling exhibited an enrichment signal in the
control subjects of both genetically distinct cohorts, in-
dicating consistent downregulation of the pathway in both
obesity cohorts (FDR 0.08 and 0.12, respectively; nom. P =
0.08 and P = 0.12, respectively).

These findings indicate that in the absence of in-
flammation, low Hh signaling is associated with insulin
sensitivity and, presumably, a highly plastic progenitor pool,
and that T-cell infiltration correlates highly with suppressed
Hh signaling in human adipose tissue.

DISCUSSION

Understanding the molecular mechanisms involved in
adipocyte differentiation is of great importance because it
may lead to new ways of treating obesity and, in particular,
its associated metabolic complications. Hh signaling and
IFN-y already have an established role in inhibiting adipo-
genesis (21,22,29,30).

Here we demonstrate for the first time that inhibition of
adipocyte differentiation by Hh signaling can be balanced
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by the antagonistic actions of IFN-y. The effect was ob-
served in 3T3-L1 adipocytes (Fig. 2A-E) as well as in three
different primary culture systems—mouse embryonic fibro-
blasts (Fig. 3B-D), primary mouse preadipocytes (Fig. 44
and B), and primary human preadipocytes (Supplementary
Fig. 4I and J). These data, as well as recapitulation of the
phenotype using the endogenous Shh ligand, rule out cell-line
or chemical artifacts. The difficulty associated with re-
capitulating these studies in mature primary adipocytes
is caused by the direct inhibition of Hh signaling by both
IBMX and Dex, required constituents of primary adipocyte
differentiation cocktails.

Cross-talk between the Hh signaling pathway and IFN-y
has already been shown to influence cell differentiation

TABLE 1
Comparison of intraperitoneal adipose mRNA expression levels
in lean vs. obese study subjects (n = 46)

Lean Obese
Gene (mn =21) (n = 25) Adjusted for P*
GLUT% 5.77 (0.70) 4.78 (0.43) Sex, age NS
CD68  3.38 (0.39) 3.03 (0.29) Sex, age NS
CD144 8.18 (0.81) 10.16 (0.77) Sex, age NS
GLI1 746 (0.79) 5.17 (0.39) Sex, age 0.0237
GLII 754 (0.79) 5.32 (0.39) Sex, age, CD68 0.0224
GLI1  7.80 (0.79) 5.06 (0.39) Sex, age, CD144 0.0049
GLII  7.85(0.79) 5.27 (0.39) Sex, age, CD68, CD144 0.0065

Data are arbitrary units and presented as mean = SEM. *P values
obtained from ANOVA. NS, not significant.

diabetes.diabetesjournals.org

and proliferation in specific neuronal settings (31-33). IFN-y
indirectly regulates proliferation of neuronal precursor
cells through mechanisms involving elevated expression
of Shh and its major target genes, Glil and Pich (31). Dis-
cordant upregulation of Skh by IFN-y, while suppressing
its target Glil, was observed in studies on the differenti-
ation of neuronal stem cells (32). Interestingly, our studies
demonstrate that IFN-y-mediated inhibition of Hh target
genes (Glil, Ptch, Hhip, and Nv2f2/Coup-Tf2) in 3T3-L1
cells promotes adipocyte differentiation. IFN-y not only
rescued adipocyte differentiation but also decreased Coup-
Tf2 and Gata2 levels, further supporting an antiadipogenic
role of both genes (32). Thus, it appears that IFN-y sig-
naling can have very context-dependent effects on Hh
signaling.

After binding of IFN-vy to its receptor, Jakl and Jak2 are
activated and regulate downstream phosphorylation of
Statl (46). Although Statl is required for many IFN-y—
dependent actions, evidence shows that in the absence of
Statl, IFN-y can still regulate the expression of some genes
(46,47). Because IFN-y—mediated inhibition of Hh signal-
ing did not occur in Statl '~ MEFs, we conclude that this
cross-talk depends on Statl. Interestingly, blocking con-
stitutive Jak-Stat activation by a pan-Jak inhibitor resulted
in greatly increased Glil luciferase activities in SAG-treated
Shh-LIGHT2 cells, even in the absence of IFN-y. This sug-
gests that basal Jak activity exerts an inhibitory tone on Hh
pathway activation.

Because the concentration of IFN-y is elevated in obe-
sity and the Hh signaling pathway was less active in obese
compared with lean mice, we hypothesized that [IFN-y might
inhibit Hh signaling in vivo. Interestingly, when examining
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adipose tissue fractions for differences in Glil expression
in the lean and obese state, we found low Gli1 expression in
mature adipocytes. Levels of mRNA in dSVF were >20-fold
and in macrophages >40-fold higher than in the adipocyte
fraction. This is in accordance with previous data that show
decreased expression of positively acting Hh components
(Smo and the Glis) during adipogenesis (29,30). To de-
termine whether reduced expression of Hh target genes
in white fat of obese animals depends on higher IFN-vy
concentrations in obesity, we treated obese mice with a
neutralizing antibody against IFN-y. Our results demon-
strate that obesity-associated repression of Hh-target genes
like Gli1 and Hhip in the dSVF was partially or completely
relieved by inhibiting IFN-y elicited Jak/Stat signaling. This
suggests that IFN-y opposes inhibition of Hh signaling in
obese adipose tissue in vivo.

Increases in fat mass can involve both hypertrophy and
hyperplasia of adipocytes. Obesity in adults is typically
associated with adipocyte hypertrophy, and an additional
adipocyte hyperplasia occurs in morbidly obese humans
and rodents (48-50). Adiposity-induced cellular and tissue
hypoxia is an important contributor to adipose tissue
immunopathies and adipocyte and adipose tissue dys-
function (2,8,9,16). Data suggest that the initial hypertro-
phic response of adipocytes promotes necrotic-like death,
after which the lipid storage capacity of adipose tissue can
be efficiently maintained or increased only by adipocyte
hyperplasia. Interestingly, current concepts support that
early adipose tissue expandability prevents metabolic
consequences like insulin resistance, even in morbid obe-
sity (9).

Some have proposed that the generation of new adipo-
cytes may be balanced by adipocyte death, with the constant
and tightly regulated total number set by early adulthood
(560). Our findings suggest a model where the inhibition of
Hh signaling by IFN-y in obesity contributes to the de-
velopment of new adipocytes (Fig. 6). At steady-state in
lean individuals, basal Hh-pathway activity prevents the
formation of new adipocytes. T-cell infiltration, as an
early event in obesity development, leads to elevated IFN-y

4 h

Hh-ligand
producing cell T-cell
Hh-ligand IFN-y
<> —
Adipogenesis
Preadipocyte Adipocyte

\ /

FIG. 6. Model shows a novel cross-talk mechanism between IFN-y and
Hh signaling maintains adipogenesis in adipose tissue. Activation of Hh
signaling blocks white adipocyte differentiation. T cells infiltrating
white adipose tissue early during the development of obesity secrete
IFN-vy, and thus inhibit ongoing Hh signaling. Decreased Hh signaling
activity in (pre)adipocytes rescues adipogenesis.
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production in adipose tissue and inhibition of Hh-signaling,
a scenario that is permissive for the recruitment and de-
velopment of new adipocyte populations. Such an early
inhibition of Hh signaling may be a prerequisite for com-
pensatory increases in total adipocyte numbers, although
that is speculation.

Our observation that the main Hh target gene GLII
is downregulated in intraperitoneal adipose tissue from
metabolically healthy IS obese subjects supports the con-
cept that early inactivation of Hh signaling and subsequent
release of the intracellular progenitor pool to expansion
might alleviate obesity associated insulin resistance. Clearly
though, the system is more complex. Indeed, robust op-
posing signals for T-cell infiltration (upregulated) and Hh
signaling (downregulated) in the adipose tissue of MZ twins
as well as in Pima Indian cohorts support the idea that in-
hibition of Hh signaling alone is insufficient to block pa-
thologies associated with obesity and chronic inflammation
(Supplementary Fig. 9). It is almost certain that additional
positive expansion signals are required for proper ex-
pansion. A deeper understanding of these concepts will
be aided by long-term genetic dissections in vivo, using for
instance inducible adipose tissue specific IFN-y receptor—
deficient mice.

In conclusion, we have established for the first time that
IFN-vy directly inhibits Hh signaling in (pre)adipocytes in
vitro and in adipose tissue in vivo. Our results suggest that
the cross-talk between IFN-y and the Hh-signaling pathway
is essential in the maintenance of optimal adipocyte dif-
ferentiation. The ability to control the plasticity of adipo-
cyte turnover would be a powerful tool in alleviating many
complications associated with obesity. That Hh antago-
nists will one day be used for such purposes in the clinic is
perhaps a stretch. However, understanding the regulatory
architecture that controls the progenitor cell decision “To
differentiate, or not to differentiate?” will be critical to the
development of any such therapies. We believe we have
added one of the first pieces with which to construct this
complex puzzle.
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