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Summary

Summary

Pathophysiological conditions, like obesity or lipodystrophy, contribute to adipose tissue
dysregulation leading to associated metabolic disorders, such as type 2 diabetes and
cardiovascular diseases, which are major public health and economic burdens worldwide.
Thus, delineating the mechanisms regulating adipocyte development and function is a pivotal

and global research task.

Post-translational protein modifications are well-established key players in adipocyte
development. Neddylation is one type of post-translational signaling operating by covalent
tagging of a ubiquitin-like protein Nedd8 (neural precursor cell-expressed, developmentally
downregulated gene 8) to substrate proteins. Nedd8 conjugation has an important role in cell
cycle progression and cancer, regulation of cell signaling and developmental programming
processes. However, in contrast to other post-translational protein modifications, the role of
neddylation in adipocyte biology remained largely unknown.

The present study revealed that neddylation plays critical roles in controlling adipogenesis
and adipocyte function. It acts as a physiological regulatory pathway controlling obesity and
metabolism in vivo. The increase in neddylation during adipogenesis in cell cultures and
during obesity in mice, highlight the relevance of neddylation in adipocyte biology. We found
that neddylation of the key transcriptional regulatory protein C/EBPB (CCAAT/enhancer-
binding protein B) promotes its transcriptional activity by controlling the binding to its cognate
DNA consensus sites. Thereby, C/EBPB neddylation regulates the expression of the
adipocyte master genes, C/EBPa and PPARYy, and consequently the induction of adipocyte-

specific metabolic genes required for the development and function of fat cells.

By using two different mouse models, we gained insight in the biological relevance of Nedd8
in obesity and metabolism. Adipose tissue-specific ablation of the neddylation pathway in
mice (NaelAdipoCreER™ KO) prevents and reduces high fat diet-induced obesity by
decreasing food intake and adipose tissue mass. However, it manifests many features of the
human disorder lipodystrophy, resulting in dysfunctional adipose tissue, hepatic steatosis,
glucose intolerance, impaired metabolic flexibility and altered adipokine secretion. In
contrast, in a second mouse model, peripheral neddylation blockade by chronic
subcutaneous administration of the neddylation inhibitor MLN4924 ameliorates high fat diet-
induced obesity and metabolic dysfunction. This mouse model offers a platform upon which
we have unraveled the more complex interplay of neddylation in different tissues. Global

neddylation inhibition reduces adiposity by stimulating perirenal BAT thermogenesis and
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Summary

restoring WAT physiology, making this mouse model particularly interesting from a clinical

perspective.

Taken together, this study unraveled the potent impact of neddylation on adipocyte identity
and survival, obesity and metabolism. Moreover, it suggests that global neddylation inhibition
induces a profound adipose tissue remodeling particularly in response to nutritional stress,
revealing this posttranslational modification as a potential therapeutic target in the treatment

of adiposity and obesity-related metabolic disorders.
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Zusammenfassung

Zusammenfassung

Stoffwechselkrankheiten wie Adipositas oder Lipodystrophie fihren haufig zu metabolischen
Erkrankungen wie Typ 2 Diabetes oder kardiovaskularen Komplikationen. Deshalb stellen
diese Stoffwechselerkrankungen weltweit eine erhebliche Bedrohung fur die Gesundheit
sowie eine starke dkonomische Belastung dar. Die Aufklarung von Mechanismen, welche die
Entwicklung und Funktion von Adipozyten kontrollieren, ist daher von bedeutendem

wissenschaftlichem Interesse.

Posttranslationale Proteinmodifikationen spielen eine wichtige regulatorische Rolle bei der
Entwicklung von Adipozyten. Neddylierung ist eine Art der posttranslationalen
Proteinmodifikation, bei der das Ubiquitin-ahnliche Protein Nedd8 (neural precursor cell-
expressed, developmentally downregulated gene 8) kovalent an Zielproteine gebunden wird.
Die Modifikation von Proteinen durch Nedd8 spielt unter anderem in der
Zellzyklusprogression und in der Pathogenese von Krebserkrankungen, in der Regulation
von zellularen Signalwegen und in Prozessen, welche die Embryonalentwicklung
kontrollieren eine wichtige Rolle. Die Bedeutung der Neddylierung fur die Funktion und

Entwicklung von Adipozyten ist allerdings noch weitgehend unerforscht.

Die vorliegende Studie zeigt, dass Neddylierung eine wichtige Rolle in der Kontrolle der
Differenzierung und Funktion von Adipozyten spielt. Zudem wurde gezeigt, dass
Neddylierung von physiologischer Relevanz hinsichtlich der Kontrolle von Adipositas und
Metabolismus ist. Die gesteigerte Neddylierung wahrend der Adipozytendifferenzierung in
Zellkulturen und als Folge von Adipositas in Mausen unterstreicht die wichtige Bedeutung
von dieser posttranslationalen Modifikation in der Adipozytenbiologie. Es konnte gezeigt
werden, dass die Neddylierung des wichtigen Transkriptionsfaktors C/EBPS
(CCAAT/enhancer-binding protein B) dessen transkriptionelle Aktivitat steigert, indem es die
Kapazitat an seine Zielstrukturen auf der DNA zu binden, erhoht. Auf diese Weise kontrolliert
die Neddylierung von C/EBP die Expression der Transkriptionsfaktoren C/EBPa und
PPARYy und somit die Expression der metabolischen Gene, die fur die Differenzierung und

Funktion von Fettzellen benttigt werden.

Mit Hilfe zweier Mausmodelle konnten wir Einblicke in die biologische Relevanz von Nedd8
in Adipositas und Metabolismus in vivo gewinnen. Die Ablation des Nedd8-Signalwegs im
Fettgewebe von Mausen (NaelAdipoCreER™ KO) verhindert und mindert durch fettreiche
Kost hervorgerufene Fettleibigkeit. Dies wird durch die Reduktion der Nahrungsaufnahme

und Fettgewebsmasse bewirkt. Jedoch weisen diese KO Mause viele Charakteristiken der
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Zusammenfassung

humanen Stoffwechselerkrankung Lipodystrophie auf, die zu einem dysfunktionellen
Fettgewebe, Lebersteatose, Glukoseintoleranz, gestdrter metabolischen Flexibilitat und einer
geanderten Sekretion von Adipokinen fihrt. In einem zweiten Mausmodell, verbessert die
periphere Blockade des Nedd8 Signalwegs durch die chronische Gabe des
Neddylierungsinhibitors MLN4924 die durch fettreiche Kost hervorgerufene Fettleibigkeit und
damit assoziierte metabolische Stérungen. Dieses Mausmodell bietet die Mdglichkeit das
komplexe Zusammenspiel von Neddylierung in den einzelnen Geweben zu untersuchen.
Globale Inhibition des Nedd8 Signalwegs vermindert Adipositas durch die Stimulation von
Thermogenese in braunem perirenalem Fettgewebe und der Wiederherstellung der
physiologischen Funktion des weil3en Fettgewebes. Dementsprechend ist dieses
Mausmodell aus klinischer Perspektive sehr interessant.

Zusammengefasst demonstrierten die vorliegenden Untersuchungen den starken Einfluss
der Neddylierung auf die Identitat und das Uberleben von Adipozyten, sowie auf Adipositas
und Metabolismus. Aul3erdem zeigten sie den Effekt von globaler Blockade des Nedd8
Signalwegs auf die Re-Modulierung des Fettgewebes, insbesondere nach Gabe fettreicher
Kost. Somit ist diese posttranslationale Modifikation ein potentieller therapeutischer
Angriffspunkt bei der Behandlung von Fettleibigkeit und deren assoziierten metabolischen

Folgeerkrankungen.



Introduction

1. Introduction

1.1 Adipose tissue

Adipose tissue (AT) consists of mature adipocytes, preadipocytes, small blood vessels,
nerve tissue, fibroblasts, endothelial cells and immune cells. In mammals, two principal types
of AT exist, white (WAT) and brown (BAT). Historically, the study of WAT has centered
around its principal function in controlling energy homeostasis via the storage and release of
lipids in response to systemic nutritional and metabolic needs. However, WAT plays multiple
roles in metabolic and inflammatory responses via the production of several adipocyte-
derived factors (Kershaw and Flier, 2004). BAT, present in small amounts in adult humans,
possesses a unique uncoupling protein (UCP1) which enables the dissipation of energy
through the production of heat and the oxidation of lipids and glucose. BAT is associated with
significant improvements in glucose and lipid homeostasis (Cannon and Nedergaard, 2004).
An exceptional amount of research interest has been accompanied by the discovery of beige
fat characterized as discrete areas of UCP1-containing cells dispersed within WAT
controlling energy expenditure and metabolic homeostasis (Wang and Seale, 2016).

In this section | examine the prominent AT depots, highlight some of their most distinctive
features and review the dynamic role of AT in organ crosstalk controlling metabolic

homeostasis.

1.1.1 Distinct types and locations
Adipose tissue types

Two different types of AT exist: WAT and BAT. White adipocytes contain large unilocular lipid
droplets (Rosen and Spiegelman, 2014), organelles in which excess energy can be stored in
form of triglycerides (TG) (Welte, 2015). In contrast, brown adipocytes are composed of
numerous lipid droplets and contain a high quantity of mitochondria, which are responsible
for the brown color (Harms and Seale, 2013). Thus, this tissue is a highly oxidative tissue
that generates heat via non-shivering thermogenesis (Cannon and Nedergaard, 2004). Until
recent years it was supposed that BAT is not present in human adults but only in newborns,
which allows them to maintain body temperature without shivering (Betz and Enerback,
2015). However, fluorodeoxyglucose positron emission tomography (PET) analysis revealed
that metabolic active regions, which are able to uptake high levels of glucose, are present in

healthy human subjects (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et
1



Introduction

al., 2009). Furthermore, in addition to classical brown adipocytes, a brown-fat-like gene
expression program can be induced in WAT by various factors, including chronic cold
exposure, B-adrenergic stimulation, exercise, PPARy ligands, tissue injury and cancer
cachexia. This process referred to as browning results in beige adipocytes in which the
energy expenditure is enhanced to a similar extend as in BAT through thermogenesis (Wang
and Seale, 2016). The characteristics of white, beige and brown adipocytes are highlighted in

Figure 1.

White adipocyte Beige adipocyte  Brown adipocyte

High energy Energy expenditure Energy expenditure
storage capacity by thermogenesis by thermogenesis

Figure 1: Different types of adipocytes: White, beige and brown. Schematic illustration showing the three
different types of adipocytes. White adipocytes are unilocular and have a high capacity to store TG in their lipid
droplet, specific TG storage organelles (depicted in yellow). Upon appropriate stimulation, a brown-fat-like gene
expression program can be induced in WAT, resulting in the so-called beige adipocytes. Beige and brown
adipocytes have numerous lipid droplets, a high mitochondria content and anticipate energy by heat generation.

Locations

WAT is distributed in subcutaneous (e.g. inguinal fat) as well as visceral regions in the body.
The visceral AT, surrounding the inner organs, can be divided in omental, mesenteric,
retroperitoneal, perirenal, gonadal (e.g. epididymal) and pericardial fat. Brown adipocytes are
localized in BAT depots within the interscapular, axillary and perirenal region (Bjorndal et al.,
2011; Cypess et al., 2009; Ikeda et al., 2018; van Marken Lichtenbelt et al., 2009; Virtanen et
al., 2009). Perirenal BAT is located at the site of the renal hilum, whereas perirenal WAT is
located at the opposite site at the renal capsule and posterior to the capsule (de Jong et al.,
2015). Beyond the different types of AT, also the localization of WAT in the body has
different metabolic outcomes. For instance, it is well established that primarily subcutaneous
fat depots are prone to browning upon appropriate stimulation (Sidossis and Kajimura, 2015)
resulting in a lower risk for the development of metabolic disorders. Enhanced storage of fat
in visceral AT depots is implicated in obesity-associated metabolic diseases, e.g. Type 2
diabetes mellitus (T2DM) (Lee et al., 2013b). Depot-specific functions might be due to
differential developmental processes (Gesta et al., 2006; Yamamoto et al., 2010) or distinct

paracrine and endocrine signals (Girard and Lafontan, 2008). Moreover, visceral fat releases

2
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fatty acids (FA) and hormones, which due to the fat depot’s specific location, directly proceed
to the liver through the portal vein, thus having a more pronounced effect on hepatic

metabolism due to its location in the body (Huang-Doran et al., 2010).

1.1.2 Adipocyte development

1.1.2.1 Development of white adipocytes

Adipogenesis, the development of mature adipocytes, is progressing in two sequential
phases. In the first phase, which is known as determination or commitment, pluripotent stem
cells undergo commitment to the adipocyte lineage when appropriately stimulated (Covas et
al., 2008). The second phase, known as terminal differentiation, involves a multistep genetic
program that is mediating the conversion from preadipocytes to mature adipocytes (Tang
and Lane, 2012).

Cell culture models: powerful tools to study the transcriptional cascades orchestrating

adipocyte cell differentiation

The molecular machinery controlling terminal differentiation is more comprehensively studied
due to commercially available preadipocyte cell lines that paved the way to understand a
large part of this cellular process. Among these cellular models, the 3T3-L1 preadipocyte cell
line is the best established one, serving as the “gold standard” to study the transcriptional
cascade controlling terminal differentiation in the last decades. The 3T3-L1 preadipocyte cell
line, which was derived from 17-19-day-old Swiss 3T3 mouse embryos, is able to give rise to
spherical adipocytes filled with lipid droplets upon stimulation with adipogenic inducers
(Green and Kehinde, 1974). Thus, it is serving as a convenient model to study the

development of adipocytes, as we have done in our study.

Differentiation of two-day confluent 3T3-L1 cells can be induced by applying an adipogenic
cocktail, containing 1-Methyl-3-isobutylxanthine (IBMX), dexamethasone, and insulin (MDI) in
the presence of fetal calf serum (Green and Kehinde, 1975; Rubin et al., 1978; Russell and
Ho, 1976). Commonly, adipogenesis in primary preadipocyte cultures or mouse embryonic
fibroblasts (MEFs) is additionally stimulated by peroxisome proliferator-activated receptor y
(PPARYy) ligands, such as thiazolidinediones (TZD) like troglitazone or rosiglitazone (Kim et
al., 2007b; Rhee et al., 2008). Upon induction of adipocyte differentiation, growth-arrested
preadipocytes reenter the cell cycle und undergo several rounds of cell division, a process
known as mitotic clonal expansion (MCE), before acquiring the adipocyte phenotype

(Bernlohr et al., 1985; Tang et al., 2003). Whether MCE is required for adipogenesis is
3



Introduction

strongly debated, as various preadipocyte cellular models are capable of differentiating
without post-confluence mitosis (Cho and Jefcoate, 2004; Entenmann and Hauner, 1996).
Nevertheless, approximately 16-20 hours after induction of 3T3-L1 differentiation, alterations
in gene expression of cell-cycle proteins involved in S-phase entry can be observed and
synchronously DNA replication is initiated (Tang et al., 2003). In 3T3-L1 cells, MCE is
accompanied by sequential activation of a battery of adipogenic transcription factors that

finally promote adipocyte development (Tang et al., 2003).

Adipogenesis is generally depicted as a transcriptional cascade orchestrating adipocyte cell
differentiation (Farmer, 2006) (Figure 2). Numerous transcription factors, coactivators and
negative regulators act together to induce adipocyte specific gene expression and
consequently adipocyte development. In the following, the focus was centered on the factors
which are relevant to the thesis content. The addition of the adipogenic inducers, insulin,
dexamethasone and IBMX is activating the Insulin-like growth factor 1 receptor (IGF1R)
signaling pathways, the glucocorticoid receptor (GR)- and the cAMP-dependent pathway,
respectively (Elks and Manganiello, 1985; Rubin et al., 1978; Smith et al., 1988).

Insulin, acting through the IGF1R, is essential for the initiation of adipogenesis (Smith et al.,
1988). The two closely related hormones insulin and IGF1 are able to bind and activate the
respective other receptor, although with reduced affinity than to their own receptors (Boucher
et al., 2010). Once activated by insulin, IGF1R or insulin receptor (IR) elicit the activation of a
cascade of intracellular events ultimately leading to the activation of the serine/threonine
kinase Akt, also known as Protein kinase B (Xu and Liao, 2004). Akt is an important signaling
mediator in the IGF1 receptor signaling cascade and is necessary for inducing adipocyte
differentiation as it is crucial for controlling glucose uptake and metabolism in 3T3-L1 cells
(Kohn et al.,, 1996; Magun et al., 1996; Xu and Liao, 2004). Insulin- or IGF1-induced
phosphorylation of Akt in the threonine 308 (Thr308) and serine 473 (Ser473) residues is a
required step in promoting Akt activity (Alessi et al., 1996).

Subsequently, cAMP response element-binding protein (CREB) is activated by the protein
kinase Akt through phosphorylation at Serl33 (Du and Montminy, 1998). CREB
phosphorylation at Serl33 accelerates the capacity to activate CREB-dependent
transcription, a process mandatory for adipocyte differentiation (Klemm et al., 1998; Reusch
et al., 2000). CREB can be also activated by phosphorylation at Ser133 through an insulin-
dependent ERK1/2 activation or by its most important activator cAMP-dependent protein
kinase A (PKA) (Ginty et al., 1994; Gonzalez and Montminy, 1989; Klemm et al., 1998).
IBMX inhibits phosphodiesterases, thereby increasing intracellular cAMP levels and

promoting CREB phosphorylation.
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Immediately after induction of differentiation, a member of the CCAAT/enhancer-binding
protein (C/EBP) family, the C/EBP transcription factor is induced. Several lines of evidence
have implicated CREB in the regulation of C/EBP transcription in adipocytes (Bradley et al.,
2003; Niehof et al., 1997; Zhang et al., 2004b). The C/EBP protein family belongs to the
family of basic leucine zipper (bZIP) transcription factors (Landschulz et al., 1988). These
proteins possess a C-terminal leucine zipper domain for dimerization and a basic domain for
DNA binding (Landschulz et al., 1988). Several representatives of this protein family have
been identified, among them C/EBP[3, C/EBPd and C/EBPa. These transcription factors can
homodimerize or heterodimerize with each other, subsequently bind to the same C/EBP
consensus sequences and can thereby activate transcription (Landschulz et al., 1989;
Williams et al., 1991). The C/EBPB mRNA directs the production of three isoforms: full-length
38-kDa C/EBPB (LAP*), 34-kDa (LAP) and 17-kDa LIP through alternative translation from
different AUG codons (Descombes and Schibler, 1991). While LAP* and LAP contain the N-
terminal trans-activating and the C-terminal bZIP domain, the truncated form, LIP, consists of
only the C-terminal part of C/EBPS, retaining its DNA binding capacity and the ability to form
dimers with other protein isoforms of all C/EBP family members but it lacks the ability to
activate transcription (Descombes and Schibler, 1991). Thus, C/EBPB LIP blocks adipocyte
differentiation (Yeh et al., 1995). C/EBP is regulated by glucocorticoid signaling through GR
by hindering the interaction of C/EBPB with the transcriptional co-repressor histone
deacetylase 1 (HDAC1) and by promoting the acetylation of C/EBPf. Beyond acetylation,
C/EBP activity is known to be modulated by other posttranslational modifications (PTMs),

such as phosphorylation, as further described in chapter 1.3.1.

Another key player in the transcriptional network that triggers adipocyte differentiation,
C/EBP9, is rapidly induced by glucocorticoids, like dexamethasone, acting through the GR
(MacDougald et al., 1994; Yeh et al., 1995).

Yeh et al. showed that ectopic expression of C/EBPB and also, but to a somewhat lesser
extent, of C/EBP® in 3T3-L1 preadipocytes promotes C/EBPa expression and is able to
induce adipocyte differentiation in the absence of adipogenic stimuli (Yeh et al., 1995).
C/EBPB and C/EBP% play important roles in activating the late adipogenic program by
promoting the expression of the master adipocyte regulators C/EBPa and PPARy (Hamm et
al., 2001; Wu et al., 1996; Yeh et al., 1995) that control terminal differentiation (Cristancho
and Lazar, 2011). This notion was supported by the identification of C/EBP regulatory
elements at the ppary and c/ebpa loci (Christy et al., 1991; Clarke et al., 1997). Ectopic
expression of PPARy and C/EBPa promotes adipocyte differentiation in the absence of
hormonal inducers (Freytag and Geddes, 1992; Freytag et al., 1994; Lin and Lane, 1994;
Tontonoz et al., 1994b). Conversely, blocking C/EBPa or PPARy expression inhibits
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adipocyte differentiation (Lin and Lane, 1992; Rosen et al., 1999). Altogether, these findings
indicate that PPARy and C/EBPa are required for the adipocyte differentiation program. In
mice, two different PPARy isoforms (PPARy1 and PPARy2) are produced through alternative
splicing (Zhu et al., 1995), of which PPARy2 is primarily adipocyte-specific (Tontonoz and
Spiegelman, 2008). Adipogenesis can be governed by both isoforms (Mueller et al., 2002;
Zhang et al., 2004a). PPARYy acquires the ability to bind to peroxisome proliferator response
elements (PPRE) after heterodimerization with the retinoid X receptor (RXR) (Kliewer et al.,
1992; Tontonoz and Spiegelman, 2008). Moreover, C/EBPa and PPARYy, together,
coordinate the expression of the majority of genes determining the adipocyte phenotype
(Lefterova et al., 2008).

dipogenic stimuli
insulin cAMP

| C/EBPS

Adipocyte=specific

metabolic genes

Figure 2: Induction of adipogenesis by a cascade of transcription factors. Simplified scheme of adipogenic
transcription factors. Adipogenesis can be induced in fibroblast-like preadipocytes by applying an adipogenic
cocktail, containing insulin, IBMX and dexamethasone in the presence of serum. Consequently, a transcription
factor cascade is triggered leading to the expression of C/EBPB and the master regulators of adipogenesis
C/EBPa and PPARYy. Finally, their activation is resulting in the expression of adipocyte-specific metabolic genes
that are responsible for the lipid-laden mature adipocyte phenotype.
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White adipocyte precursors in vivo

In the last decades, the study of distinct in vitro systems, such as 3T3-L1 cells, has largely
contributed to dissecting the molecular events driving white adipocyte development.
However, unravelling the mechanisms contributing to fat development in vivo had proven
difficult until recent years. Technological advances now allow the identification and isolation
of adipocyte precursors in vivo which provides a valuable tool for the investigation of
adipocyte development in health and diseases, like obesity (Berry et al., 2014; Cristancho
and Lazar, 2011). The developmental origin of WAT is still unclear, however it is suggested
that it largely depends on the individual AT depots. Subcutaneous fat descends from different
mesenchymal lineages. In contrast, visceral adipocytes are proposed to derive from the
lateral plate mesoderm (Chau et al., 2014). Moreover, it seems that even a certain AT depot
constitutes of adipocytes that origin from distinct lineages (Sanchez-Gurmaches and Guertin,
2014). Especially the characterization of cell surface marker profiles using flow cytometry
and fluorescence-activated cell sorting (FACS)-based approaches has largely contributed to
the identification of precursors with a high capacity to differentiate into adipocytes (Berry et
al., 2014). These surface markers include, for instance, CD24"; platelet-derived growth factor
receptor B (PDGFRpB*); stem cells antigen 1 (Sca-1*); CD34" and many more (Berry et al.,
2014; Hepler et al., 2017). It is very likely that these precursor populations overlap or that

they have specialized roles in the respective AT depot (Hepler et al., 2017).

The mature white adipocyte

The adipocyte cell identity can be established and maintained since C/EBPa and PPARYy are
able to auto-regulate their own expression as well as that of the respective other (Rosen et
al., 2002; Wu et al., 1999). It is well-known that PPARY is required to maintain the mature
adipocyte phenotype (Tamori et al., 2002). ChIP-Seq analysis in differentiating 3T3-L1 cells
revealed binding of the PPARY:RXR heterodimer to about 75 % of the up-regulated genes
(Nielsen et al., 2008). Moreover, C/EBPa binding sites highly overlap with the PPARYy binding
sequences suggesting that together they bind to about 60 % of all genes that are up-
regulated during adipogenesis and among them particularly to genes that control major
adipocyte-specific functions such as TG synthesis and storage (Lefterova et al., 2008). In
addition to its role in the regulation of early adipogenesis, also C/EBPJ is involved in
controlling adipocyte-specific gene expression in mature adipocytes, supported by the finding
that C/EBPB binds to C/EBP sites in developed adipocytes (Lefterova et al., 2008;
MacDougald et al., 1995). Knockdown studies demonstrated that PPARy, C/EBPa and
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C/EBB are all required for activating adipocyte-specific gene expression in mature 3T3-L1
cells (Lefterova et al., 2008) (Figure 3).

As a member of the nuclear receptor superfamily, PPARYy is activated through ligand binding
and in the following induces the expression of downstream target genes. Natural PPARy
ligands encompass 15-deoxy-A!?!4 prostaglandin J2 (Forman et al., 1995; Kliewer et al.,
1995), the oxidized lipid components 9- and 13-hydroxyoctadeca-9Z,11E-dienoic acids (9-
and 13-HODE) of oxidized low density lipoprotein (Nagy et al., 1998), oxidized alkyl
phospholipids (Mcintyre et al., 2003), fatty acids and eicosanoids (Forman et al., 1997,
Kliewer et al., 1997).

Co-activators

Figure 3: Transcriptional control of adipocyte-specific gene expression in mature adipocytes. In mature
adipocytes, PPARy can auto-regulate its own expression in conjunction with the transcription factors C/EBPa, and
C/EBPB, co-activators and RXR. Finally, this leads to the maintenance of adipocyte-specific gene expression and
cell fate (adapted from Cristancho and Lazar, 2011).

1.1.2.2 Development of brown adipocytes

Brown adipocytes emerge from progenitor cells residing in the dermomyotome, which can
also differentiate into skeletal muscle cells. These precursors express engrailed 1 (EN1),
myogenic factor 5 (MYF5) and paired-box protein 7 (PAX7) (Atit et al., 2006; Lepper and
Fan, 2010; Seale et al., 2008).

In recent years, nearly 50 regulators of brown and beige adipocyte development have been
identified. In this section the function of the key regulators of brown adipocyte differentiation

will be discussed.

The brown adipocyte fate is determined by the expression of several genes, including bone
morphogenetic protein 7 (BMP7), early B cell factor 2 (EB2F), Ewing sarcoma (EWS) and Y-
box binding protein 1 (YBX1). EWS interacts with its binding partner YBX1 to induce BMP7
expression (Park et al., 2013). BMP7 is crucial for inducing BAT development (Tseng et al.,
2008). The brown and beige selective marker EBF2 plays an important role in the brown

preadipocyte fate commitment (Seale, 2015).
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The core transcriptional cascade comprising PPARy and the C/EBP proteins orchestrates
adipocyte differentiation in all types of fat cells. The specific mechanisms controlling white,
beige and brown development and identity operate in addition to the general adipogenic
program (Seale, 2015). Notably, external stimuli and cell type-selective regulators modulate
the activity and expression of these transcription factors in different types of fat cells. PPARy
regulates many brown adipocyte-specific functions, for instance it is required for inducing
UCP1 expression (Sears et al., 1996). C/EBPJ expression is elevated in BAT compared to
WAT and its expression is induced by cold exposure (Kajimura et al., 2009; Karamitri et al.,
2009). PPARa expression is considerably increased in brown compared to white adipocytes.
The protein participates in controlling mitochondrial B-oxidation (see chapter 1.1.3.3) in
several cell types, including brown fat cells. Moreover, it induces the expression of key brown
adipocyte-specific genes, such as UCP1, PR domain containing 16 (PRDM16) and PPARy
coactivator 1 (PGC1a) (Barbera et al., 2001; Hondares et al., 2011). The transcriptional co-
regulator PRDM16 interacts with C/EBPB and PPARYy in order to induce the expression of
BAT-specific genes and thereby promotes brown adipocyte differentiation (Kajimura et al.,
2009; Seale et al., 2008). Acting together with Mediator complex subunit 1 (MED1), PRDM16
promotes the activity of PPARy and the thyroid receptor (TR) to induce UCP1 expression
(lida et al., 2015). Moreover, PRDM16 interacts with ZFP516 in order to induce brown
adipogenesis and thermogenesis (Dempersmier et al., 2015). However, PRDM16 was shown
to be not necessary for activation of brown fat-specific gene expression in embryos or young
animals and, thus, other factors are believed to compensate for PRDM16 (Seale, 2015).
Nevertheless, PRDM16 is required for the suppression of many white adipocyte-specific
genes, e.g. resistin (Harms et al.,, 2014). In addition to its function in determining brown
preadipocyte fate commitment, EBF2 promotes brown adipocyte differentiation by recruiting
PPARYy to brown adipocyte-specific DNA binding sites (Rajakumatri et al., 2013). The process
of brown adipogenesis and some of the key factors participating in it is shown in Figure 4.
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Figure 4: Brown adipogenesis. Schematic illustration showing some of the key factors regulating brown
preadipocyte commitment and brown adipocyte differentiation (adapted from Seale, 2015).
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1.1.2.3 Development of beige adipocytes

Brown and beige adipocytes descend from different lineages. Beige adipocytes can origin
from progenitor cells expressing PDGFRa or Sca-1 or from smooth muscle-like precursors
expressing myosin heavy chain 11 (MYH11). Beige adipocytes develop upon various internal
or external stimuli, such as chronic cold exposure, PPARy agonists or [(-adrenergic
stimulation (Kajimura et al., 2015). Many of the above stated regulators for brown adipocyte
differentiation play a similar role in beige adipocyte adipogenesis. EBF2 as well as BMP7
also regulate the cell fate commitment of beige preadipocytes (Inagaki et al., 2017; Stine et
al., 2016). Similar to brown adipocytes, RDM16 promotes beige adipocyte differentiation by
inducing the expression of beige adipocyte-specific genes and repressing WAT-selective
genes (Seale et al., 2011). Furthermore, PPARy, C/EBPB and ZFP516 participate in inducing
beige adipocyte differentiation (Inagaki et al., 2017). Moreover, Krippel-like factor 11
(KLF11) mediates the induction of beige adipocyte-specific gene expression triggered by the
PPARYy agonist rosiglitazone through interaction with PPARy (Loft et al., 2015). The process
of beige adipocyte differentiation and some of the key factors participating in it is illustrated in
Figure 5.
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Figure 5: Beige adipogenesis. Schematic illustration showing some of the factors regulating beige preadipocyte
commitment and beige adipocyte differentiation (adapted from Seale, 2015).

1.1.3 Functional characteristics

1.1.3.1 Adipose tissue as a fuel reservoir

One of the roles of WAT is to store TG under conditions of caloric excess and to make this
energy available during times of energy deprivation. WAT represents the major TG storage
site in the body (Rosen and Spiegelman, 2006). In periods of over nutrition or reduced
energy expenditure, AT is capable of expanding via two different mechanisms: either by the
enlargement of fat cells (hypertrophy) or by an increase in adipocyte cell number
(hyperplasia) (Rutkowski et al., 2015). While adipocyte hyperplasia is associated with a

healthier metabolic phenotype, hypertrophy was shown to be linked to numerous metabolic
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disturbances (Bjorntorp et al., 1971). Prior to hyperplasia, hypertrophy occurs in AT in order
to meet the need for additional fat storage capacity. Only when a certain adipocyte size is
reached, factors are released in order to trigger preadipocyte proliferation and differentiation
(Krotkiewski et al., 1983).

AT is highly dynamic in terms of energy storage and release. Nutrients are stored in form of
TG under conditions of energy surplus and this energy is made available during times of
energy deprivation. TG, which are built-up from one glycerol-3-phosphate (G3P) and three
FA molecules, are chemically inert molecules and thus serve as a “safe” form to store excess
energy (Frayn et al., 2006). The mechanisms involved in their formation (lipogenesis) and
break-down (lipolysis) will be described in the following.

Lipogenesis

Lipogenesis is defined as the process by which TG are formed and it is primarily stimulated
by insulin. This process includes the synthesis of FA and glycerol, their activation and finally
their esterification to produce TG (Rutkowski et al., 2015).

There are two major sources for FA to form TG: FA either originate from hydrolyzed dietary
TG or can be synthesized de novo, a process primarily occurring in the liver but also to a
lesser extent in other tissues (Saponaro et al., 2015). Uptake of dietary FA into the adipocyte
is controlled by a broad array of FA binding and transport proteins, such as fatty acid
translocase (CD36) (Coburn et al., 2000), fatty acid-binding protein 4 (FABP4) (Hunt et al.,
1986; Spiegelman et al., 1983) and like fatty acid transport protein 1 (FATP1) (Hirsch et al.,
1998; Schaffer and Lodish, 1994). A surplus of glucose can be converted to lipids by de novo
lipogenesis (Saponaro et al., 2015). Glucose uptake is mediated by numerous glucose
transporters, like glucose transporter type 4 (GLUT4). GLUT4 is specifically expressed in
insulin-sensitive tissues, such as skeletal muscle or AT. Upon insulin signaling, this protein
translocates to the cell membrane for facilitating glucose entry (Furtado et al., 2002).
Breakdown of glucose by glycolysis and the citric acid cycle (processes which will not be
discussed further as it would be beyond the scope of this thesis) generates Acetyl-CoA. FA
can be synthesized de novo from Acetyl-CoA by a mechanism encompassing, first, the
action of Acetyl-CoA carboxylase 1 (ACC1) to produce Malonyl-CoA and, second, the activity
of fatty acid synthase (FAS) to generate FA from Malonyl-CoA (Wakil and Abu-Elheiga,
2009).

These FA are subsequently activated by the conversion to acyl-CoA products by Acyl-
coenzyme A synthetase (ACS) (Watkins, 1997). Glycerol becomes activated when it is

converted to G3P. G3P can be either produced during glycolysis, but a significant proportion
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is generated by glyceroneogenesis, a process predominantly occurring in the liver or AT
(Saponaro et al., 2015). During glyceroneogenesis, G3P can be generated from non-
carbohydrate substrates. The key regulator and rate-limiting enzyme of this process,
phosphoenolpyruvate carboxykinase (PEPCK), mediates the decarboxylation of oxaloacetate
to form phosphoenolpyruvate. Hence, it is established to have a crucial role in TG synthesis
(Olswang et al., 2002).

Finally, FA acyl-CoA is esterified with G3P to form TG.
Lipolysis

For energy mobilization during times of energy demand, TG are hydrolyzed to FA through a
process termed lipolysis (Rutkowski et al., 2015). This mechanism can be triggered by
various stimuli, including B-adrenergic signaling or cAMP-dependent activation of PKA (Fain
and Garcija-Sainz, 1983; Honnor et al.,, 1985a, b). Importantly, lipolysis is suppressed by
insulin in the fed state (Ahmed et al., 2010; Choi et al., 2010).

The lipid droplet-associated protein perilipin 1 is essential for controlling the hormonal
regulation of lipolysis of TG and can be multiply phosphorylated by PKA (Greenberg et al.,
1991). In the basal state, lipolysis is repressed and perilipin 1 is bound to comparative gene
identification-58 (CGI-58), also known as Abhdb, thereby capturing it to the surface of the
lipid droplet (Subramanian et al., 2004; Yamaguchi et al., 2004). PKA-mediated
phosphorylation of perilipin 1 stimulates the rapid release of CGI-58 into the cytosol
(Granneman et al., 2007; Granneman et al., 2009; Subramanian et al., 2004; Yamaguchi et
al., 2007). Upon release from perilipin 1, CGI-58 binds to ATGL (Granneman et al., 2009),
the first and rate-limiting enzyme of lipolysis (Haemmerle et al., 2006), thereby stimulating its
TG hydrolase activity and acting as its co-activator (Lass et al., 2006). ATGL is highly
expressed in adipose tissue and was demonstrated to be bound to the lipid droplet surface.
Activated ATGL catalyzes the initial step in lipolysis and hydrolyzes the first fatty acid from
the TG. It has a high substrate specificity for TG, while it poorly hydrolyses diacylglycerols
(DG) and monoacylglycerols (MG) (Jenkins et al., 2004; Villena et al., 2004; Zimmermann et
al., 2004). The main DG hydrolase hormone sensitive lipase (HSL) has a broad substrate
specificity, being able to catalyze the breakdown of TG, DG, MG, cholesteryl esters, retinyl
esters and short-chain carbonic acid esters (Zechner et al., 2017). PKA phosphorylates HSL
and thereby triggers its translocation to the lipid droplet surface and interaction with perilipin
1 (Egan et al., 1992; Granneman et al., 2007; Miyoshi et al., 2006). Subsequently, HSL
catalyzes the hydrolysis of DG to MG, thereby producing a further fatty acid (Rodriguez et al.,
2010). Finally, MG is hydrolyzed by monoacylglycerol lipase (MGL) and releases glycerol
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and the third fatty acid, which can be secreted by the adipocytes into the circulation
(Vaughan et al., 1964).

The mechanisms involved in lipolysis and lipogenesis are depicted in Figure 6.
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Figure 6: Lipolysis and fatty acid re-esterification have to be carefully balanced in an adipocyte. Scheme
showing the processes of lipolysis and lipogenesis in an adipocyte. Lipolysis, the sequential breakdown of TG to
glycerol and FA via a set of proteins (including CGI-58, perilipin 1 (Plin1), ATGL, HSL and MGL), can be, for
instance, triggered by B-adrenergic stimulation or PKA signaling. In contrast, insulin inhibits lipolysis. Lipogenesis,
a process involving the synthesis of FA and glycerol, their activation and finally their esterification to produce TG,
is promoted by insulin signaling. FA are synthesized de novo from Acetyl-CoA. Subsequently, they are activated
by ACS. G3P is generated by glyceroneogenesis, a process in which PEPCK is the rate-limiting step that
mediates the decarboxylation of oxaloacetate to form phosphoenolpyruvate. Subsequently, Acyl-CoA and G3P
are esterified to form TG (adapted from Rutkowski et al., 2015).

1.1.3.2 Adipose tissue as an endocrine organ

While in former times AT function was believed to be exclusively restricted to the storage of
energy surplus, nowadays AT is recognized as an endocrine organ (Ahima and Flier, 2000;
Galic et al., 2010; Kershaw and Flier, 2004). As such, it affects distinct target organs, such as
the liver, skeletal muscle or brain, in order to regulate glucose and lipid metabolism, thus
controlling energy homeostasis, blood pressure and inflammation. The AT regulates energy

homeostasis by modulating feeding behavior and energy expenditure (Fasshauer and
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Bluher, 2015). AT is able to influence these processes by nutritional or neuronal pathways
and through the release of numerous hormones, chemoattractants or cytokines, so called,
adipokines (Kershaw and Flier, 2004; Rosen and Spiegelman, 2006; Song et al., 2009).
Particularly, the discoveries of leptin and adiponectin in the 1990s for the first time suggested
that AT was a regulator of systemic energy homeostasis (Stern et al.,, 2016). Up to now,
more than 600 potential hormones secreted by the AT have been identified (Lehr et al.,
2012). The factors secreted by the AT exert specific functions to fine-tune distinct biological
processes, like, glucose metabolism (e.g. leptin, adiponectin, FGF21 or resistin), insulin
sensitivity (e.g. leptin, adiponectin or RBP4), insulin secretion (e.g. apelin or nesfatin-1), lipid
metabolism (e.g. apelin), inflammation (e.g. tumor necrosis factor alpha (TNFa), monocyte
chemoattractant protein 1 (MCP1), resistin or interleukins), vascular growth and function (e.g.
vascular endothelial growth factor (VEGF)), blood pressure (e.g. apelin or angiotensinogen)
or appetite regulation (e.g. leptin) (Fasshauer and Bluher, 2015) (Figure 7). Moreover, BAT
releases factors (the so-called brown adipokines or batokines) to modulate systemic
metabolism and mediate its beneficial metabolic effects (Kajimura, 2017). Despite the
diversity of adipokines controlling a vast variety of biological functions, below it will be only

focused on the adipokines that are relevant to this thesis.

Adiponectin functions as an insulin sensitizer (Berg et al., 2001) and positively contributes to
healthy AT expansion, thereby protecting from ectopic lipid deposition (Xu et al.,, 2003;
Yamauchi et al.,, 2001). Adiponectin was demonstrated to enhance skeletal muscle FA
oxidation and glucose uptake, thereby improving insulin sensitivity (Ceddia et al., 2005;
Fruebis et al., 2001; Yamauchi et al., 2002). Leptin’s best-established function is to act on
the hypothalamus in order to regulate food consumption and energy expenditure,
consequently affecting body weight (Halaas et al., 1995). Leptin plasma levels are highly
correlated with fat mass and adipocyte size (Florant et al., 2004; Shimizu et al., 1997; Skurk
et al., 2007). Leptin resistance often emerges with increasing adiposity and is resulting in
devastating consequences, such as the failure to suppress food intake and enhance energy
expenditure, thus promoting even further body weight gain (Dalamaga et al., 2013).
Moreover, leptin exerts positive effects on glucose homeostasis independently of affecting
food intake and energy expenditure (Berglund et al., 2012). In states of cellular stress
adipocytes release cytokines, e.g. TNFa, or chemoattractants, MCP1, thereby triggering AT
inflammation (Bluher, 2016). Expression of TNFa in the AT is increased in obese rodents and
humans and it can be positively correlated with insulin resistance. It alters the gene
expression of metabolic organs, such as AT or liver, and impairs insulin signaling (Kershaw
and Flier, 2004). MCP1 mediates the infiltration of immune cells into the AT. MCPL1 levels are

also increased in obese rodents and humans (Kwon and Pessin, 2013).
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Figure 7: Adipose tissue is an endocrine organ that maintains whole-body energy homeostasis. lllustration
summarizing the relevance of AT as an endocrine organ in controlling various biological processes by releasing a
broad variety of adipokines in the circulation.

1.1.3.3 Adipose tissue thermogenesis

As stated above brown and beige adipocytes can expend energy in form of heat (Cannon
and Nedergaard, 2004; Harms and Seale, 2013). By this mechanism thermogenic cells can
promote weight loss and improve systemic energy metabolism and glucose/lipid homeostasis
(Harms and Seale, 2013). BAT was described to become activated when animals have a
high energy intake in order to protect from weight gain (Rothwell and Stock, 1979).
Accordingly, mice with less BAT display an increase in body weight (Lowell et al., 1993).
Moreover, browning of WAT has been shown to have anti-obesity and anti-diabetic effects in
rodent models (Wu et al., 2013).

Oxidation of FA in the AT is required for cold-induced thermogenesis by generating the
energy needed to fuel thermogenesis and for the transcriptional regulation of BAT
thermogenesis (Lee et al.,, 2015). Although skeletal muscle is the primary site of fuel
oxidation, most tissues have a oxidative capacity to some extend, including AT. Glucose is
metabolized via glycolysis to generate energy. For the oxidation of lipids, first, TG are
transported in the blood via lipoproteins and are subsequently hydrolized by lipoprotein
lipase (LPL) (Eckel, 1989). Subsequently, FA uptake is facilitated by various membrane
proteins, like FATPs, FABPs or CD36. Activation of FA is mediated by the attachment of
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coenzyme A (CoA) to form acyl-CoAs (Glatz et al., 2010). FA are degraded to produce
energy in the mitochondria by [B-oxidation (Bartlett and Eaton, 2004). Due to the
impermeability of the mitochondrial membrane to acyl-CoAs, these molecules are converted
to acylcarnitines by the enzyme carnitine palmitoyltransferase 1 (CPT1) that is located at the
outer mitochondrial membrane, an essential mechanism governing the FA up-take into
mitochondria for following oxidation (Rufer et al., 2009). While the isoform CPTla is
expressed in various tissues, including liver and AT, the CPT1b isorform is predominantly
expressed in skeletal muscle, heart and testis (Houten and Wanders, 2010). Carnitine
acylcarnitine translocase (CACT) facilitates the entry of acylcarnitines into the mitochondria
(Longo et al., 2006). Subsequently, acylcarnitines have to be transformed into their initial
precursors, acyl-CoAs, a process catalyzed by CPT2 which resides in the inner mitochondrial
membrane (Rufer et al., 2009). Finally, acyl-CoAs are degraded during (B-oxidation, a cyclic
process which involves the action of a four-step enzymatic cascade. Each cycle shortens the
acyl-CoA molecules by two carbon atoms and generates acetyl-CoA and the electron
carriers nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH>).
The acyl-CoA molecules afterwards undergo further cycles of B-oxidation, acetyl-CoA is used
in the citric acid cycle and NADH and FADH: provide electrons to the respiratory electron
transport chain (Houten and Wanders, 2010). The electron transport chain comprises five
different complexes that use electrons released from glycolysis or -oxidation to produce
energy in form of adenosine triphosphate (ATP). Electrons are transported between the
complexes via membrane-embedded ubiquinone and soluble cytochrome ¢ (CytC). First, the
proton-pumping enzyme complex | (NADH-ubiquinone oxidoreductase) accepts electrons
from NADH and catalyzes the reduction of ubiquinone to ubiquinol. Additionally, electrons
enter the electron transport chain via Complex Il (succinate—quinone oxidoreductase).
Ubiquinol subsequently delivers the electrons to complex Il (cytochrome bci), which
facilitates the reduction of the ultimate electron acceptor CytC. Subsequently, CytC is
oxidized by complex IV (cytochrome c oxidase), thereby producing protons. The resulting
proton gradient across the mitochondrial membrane drives ATP synthase, that generates
ATP.

The thermogenic activity of brown and beige adipocytes primarily depends on the increased
expression of UCP1, a protein localized on the inner mitochondrial membrane, which permits
a leak of protons generated by the electron transport chain across the mitochondrial
membrane. Consequently, substrate oxidation becomes uncoupled from ATP synthesis and
the energy produced during oxidation is dissipated as heat (Cannon and Nedergaard, 2004)
(Figure 8). Additionally, recent studies described mechanisms of UCP1l-independent
thermogenesis. For instance, SERCA2b-mediated calcium cycling has been reported to

control beige AT thermogenesis (lkeda et al., 2018). Moreover, beige fat was shown to
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govern energy expenditure and thermogenesis through a creatine-driven substrate cycle
(Kazak et al., 2015).

Electron
carriers

Figure 8: Brown and beige adipocytes dissipate energy by heat generation. Simplified illustration showing
the oxidation of FA and the subsequent heat generation (thermogenesis) by brown and beige adipocytes.
Primarily, circulating TG are hydrolyzed by LPL. The resulting FA enter the cell via membrane proteins. FA are
converted to acyl-CoA, subsequently CPT1 catalyzes the transformation to acylcarnitines. CACT mediates the
uptake of acylcarnitines into the mitochondria. CPT2 converts them to acyl-CoA molecules, which afterwards
undergo B-oxidation, a process that generates electron carriers. These release their electrons in the electron
transport chain, generating a proton (H*) gradient in the mitochondrial membrane. UCP1 uncouples substrate
oxidation from ATP synthesis by allowing a H* leak across the mitochondrial membrane.

Thermogenesis can be triggered by multiple external stimuli, for instance by cold exposure.
At the molecular level, cold exposure triggers catecholamine release from sympathetic
nerves, thereby activating B-adrenergic signaling (Collins, 2011). This is consequently
resulting in increased cAMP levels and a PKA-mediated activation of CREB and ATF2
transcription factors, finally inducing the expression of UCP1 and PGCla (Cao et al., 2004).
UCP1 and PGCla expression can be additionally directly regulated by PPARy and C/EBPf
and thereby control thermogenesis (Kajimura et al., 2009; Karamanlidis et al., 2007; Seale et
al., 2008). The transcriptional co-activator PGC1la, which is highly expressed upon cold
exposure, is pivotal for activating a thermogenic gene program in brown and beige
adipocytes (Puigserver et al., 1998; Tiraby et al., 2003). PRDM16 interacts with PGCla and

promotes its transcriptional activity (Seale et al., 2007). Moreover, ligand-bound TR forms a
17



Introduction

complex with PGC1a, PRDM16 and MED1 to induce UCP1 expression (Chen et al., 2009;
lida et al., 2015). ZFP516, which is activated upon cold stimulation, interacts with PRDM16 in
order to activate the expression of UCP1 and PGCla, thereby promoting thermogenesis
(Dempersmier et al., 2015). Altogether, these transcription factors, among others, are
responsible for inducing thermogenesis in differentiated brown and beige adipocytes (Figure
9).
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Figure 9: Molecular mechanism triggering thermogenesis in brown and beige adipocytes. Schematic
illustration highlighting the most critical factors involved in activating thermogenesis in brown and beige
adipocytes. Ultimately, nutrient uptake, UCP1 expression and uncoupled respiration is promoted, thereby energy
is dissipated in form of heat (adapted from Seale, 2015).

1.1.4 Organ crosstalk in energy/metabolic balance and the role of adipose

tissue

Metabolism comprises biochemical processes in living organisms that either produce or
consume energy. It can be divided in three classes: the degradation of molecules to generate
energy (catabolism), the synthesis of molecules (anabolism) and waste disposal (in form of
reactive oxygen species, carbon dioxide, ammonia). These processes are essential survival
processes. In this context, the flux rates of energy and substances and the maintenance of
whole-body energy homeostasis are pivotal features in a living organism. The term whole-
body energy homeostasis refers to the balance between the energy that is consumed and
the energy needed by an organism. Basal metabolic rate, regulation of body temperature,
non-shivering thermogenesis, physical activity, growth and reproduction are processes which
contribute to a body’s energy expenditure, whereas energy intake is reflected by the amount

of energy resorbed from food in form of glucose, FA or amino acids (Figure 10). In order to
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prevent energy imbalances, excess energy can be stored in numerous tissues in form of
carbohydrates (e.g. glycogen) or lipids (e.g. TG) which can be mobilized and utilized in times
of energy demand. Thus, energy homeostasis can be fine-tuned by various processes,
including regulation of food intake, energy expenditure and energy storage. Any defects in
this systems could result in energy imbalance and consequently disease (Rozman et al.,
2014). Chronic excessive energy intake beyond the energy demands of an organism results

in obesity, reflected by an exorbitant accumulation of AT (Hardy et al., 2012).

Energy

expenditure
Energy intake

food consumption

basal metabolism
body temperature
non-shivering thermogenesis
physical activity
growth
reproduction

Figure 10: The balance between energy intake and expenditure in whole-body energy homeostasis. The
energy homeostasis of an organism can be maintained by the careful control of the balance between the amount
of energy consumed (by feeding) and expended (through basal metabolism, body temperature control, non-
shivering thermogenesis, physical activity and reproduction) in order to preserve life functions.

The body’s principal energy source is glucose. It not only generates energy when it is
oxidized but also serves as an element for biosynthesis of molecules (Houten and Wanders,
2010). Only under certain conditions, for instance during fasting, a switch from glucose to FA
oxidation takes place in order to preserve the glucose supply to tissues that are incapable of
fat oxidation, such as the brain (Bartlett and Eaton, 2004; Frayn et al., 2006; Houten and
Wanders, 2010). Thus, blood glucose levels are maintained rather steady, despite changes
in food consumption or energy expenditure, an important prerequisite for preservation of life
functions. Beside glucose, the body can use FA in order to generate energy or use them in
biosynthetic reactions (Houten and Wanders, 2010). Glucose and lipid metabolism are
controlled by the concerted action of different tissues, the so-termed tissue or organ
crosstalk. These metabolically active organs and tissues, including the brain, gastrointestinal
tract, liver, skeletal muscle and AT, are able to sense the nutrient status and can in turn

convey signals to other organs in order to adapt to alterations in glucose and lipid levels
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(Herman and Kahn, 2006; Rosen and Spiegelman, 2006; Tirone and Brunicardi, 2001)
(Figure 11).

The brain is involved in this crosstalk by direct or indirect nutrient sensing and signaling to
peripheral organs (Ruud et al., 2017). Below the current stage of knowledge regarding the
inter-organ crosstalk between the AT, liver, pancreas and muscle contributing to metabolic

balance will be discussed.

Ingested food passes the gastrointestinal tract, an important player in the regulation of
glucose and lipid metabolism. It transmits signals by secreting hormones (e.g. Ghrelin or
GLP-1), through gut microbiota-derived molecules or via nerve fibers in order to control
various processes, such as the digestive function, regulation of satiety, glucose homeostasis
and energy balance (Monteiro and Batterham, 2017). Water-insoluble lipids, such as TG or
cholesterol, are transported through the circulation by lipoproteins. These particles contain
cholesterol esters, TG, free cholesterol, phospholipids and apolipoproteins, which mediate
the formation and function of lipoproteins. Lipoproteins can be classified into chylomicrons,
chylomicron remnants, VLDL, IDL, LDL, HDL and Lp (a). Dietary lipids are transported in
chylomicrons from the intestine to muscle and AT where they are metabolized by LPL and
chylomicron remnants are generated. These are subsequently taken up by the liver. The
endogenous lipoprotein pathway starts with the transport of TG by VLDL from the liver to
muscle and AT, where LPL releases FA and IDL. Subsequently IDL is further metabolized to
generate LDL, which is mainly taken up in the liver but also other tissues. Reverse
cholesterol transport starts with the formation of premature HDL by the liver and intestine,
which can include cholesterol and phospholipids released from cells, thereby giving rise to
mature HDL. Cholesterol is then transported to the liver by HDL (Feingold and Grunfeld,
2000).

Upon increasing glucose levels, for example after a meal, the pancreas secretes insulin,
which promotes glucose uptake into the AT, liver and muscle for oxidation or for storage as
glycogen or as TG. Moreover, insulin inhibits hepatic glucose output by blocking
glycogenolysis (breakdown of glycogen to glucose) and gluconeogenesis (synthesis of
glucose). AT stores FA in form of TG during periods of caloric excess (Frayn et al., 2006;
Houten and Wanders, 2010). Excess TG storage in tissues other than AT is often referred to
as ectopic lipid deposition, which is associated with lipotoxicity and insulin resistance
(Rutkowski et al., 2015; Vegiopoulos et al., 2017). Lipid accumulation in the muscle impairs
insulin-stimulated glucose uptake (Dresner et al., 1999; Roden et al., 1996), whereas ectopic
lipid deposition in the liver results in altered insulin signaling impairing glycogen synthesis

(Samuel and Shulman, 2016). Furthermore, insulin fails to suppress hepatic glucose output,
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while consistently stimulating FA synthesis (Brown and Goldstein, 2008). Thus, functioning
as a lipid buffer, the AT indirectly controls glucose homeostasis (Rosen and Spiegelman,
2006). The liver can store FA in form of TG or glucose in form of glycogen in conditions of
energy surplus. However, exceeding lipid acummulation in the liver can ultimately result in
nonalcoholic fatty liver disease (NAFLD), which ranges from hepatic steatosis, inflammation,
fibrosis to cirrhosis (Browning and Horton, 2004; Neuschwander-Tetri and Caldwell, 2003).
Moreover, the liver is the major site for glyceroneogenesis and de novo lipogenesis, a
process stimulated by insulin, thereby regulating glucose and lipid metabolism (Saponaro et
al., 2015). In times of energy need, low insulin levels as well as the secretion of other
hormones, for instance glucagon secreted by the pancreas, inhibits glucose oxidation and
induces hepatic glucose output through glycogenolysis or gluconeogenesis (Herman and
Kahn, 2006; Rosen and Spiegelman, 2006).

Central regulation of
glucose and lipid metabolism

Dietary nutrientintake

hepatic glucose output . y k . .
regulation of satiety and digestive function

(by glycogenolysis, gluconeogenesis)

endocrine organ
1 gut micorbiota-derived molecules
de novo lipogenesis
glycogen storage Regulation of whole-body energy homeostasis
and

glucose and lipid metabolism

fuel reservoir
endocrine organ
thermogenesis

Substrate oxidation

Insulin and glucagon production

Figure 11: Tissue crosstalk involved in glucose and fatty acid metabolism. Simplified scheme showing the
key functions of metabolic organs in glucose and lipid metabolism. The brain controls glucose and lipid
metabolism by signaling to metabolic target organs. The gut not only takes up dietary nutrients but also regulates
satiety and digestive function and secretes hormones and gut microbiota-derived molecules in order to regulate
glucosel/lipid metabolism and energy balance. The AT is functioning as a lipid buffer, thereby controlling glucose
homeostasis. Moreover, by adipokine secretion AT affects distinct target organs, such as the liver, skeletal
muscle or brain, in order to regulate glucose and lipid metabolism and energy homeostasis. Further, it is able to
dissipate energy in form of heat. Muscle is the major site for fuel oxidation in the body. The key function if the
pancreas is the secretion of insulin and glucagon. The liver is able to affect glucose homeostasis by storing
excessive glucose as glycogen or by performing de novo lipogenesis. Moreover, it can generate glucose and
release it in the circulation either by glycogenolysis or gluconeogenesis.
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Disturbances in glucose homeostasis, insulin resistance and T2DM

Glucose intolerance is manifested as state of dysregulated glucose homeostasis in which the
glucose concentration in the blood is elevated after a certain amount of time following a
defined load of glucose compared to a healthy organism. Insulin resistance represents one
major underlying factor of glucose intolerance (Nathan et al., 2007). Systemic insulin
resistance is reflected by a decline in glucose disposal rate, meaning the rate of glucose
clearance from the blood, in response to a certain insulin concentration (Reaven, 1988).
Although insulin resistance can be triggered by various factors, obesity is the most prevalent
origin of it (Johnson and Olefsky, 2013). Systemic insulin resistance in most cases is
secondary to impaired insulin signaling in metabolically active tissues, such as liver, skeletal
muscle or AT (Hardy et al., 2012). In this context, the failure to promote insulin-mediated
GLUT4 translocation is one contributor to insulin resistance in muscle and AT (Leto and
Saltiel, 2012). Paradoxically, during an insulin resistant state in the liver, insulin fails to
suppress hepatic glucose output, while consistently stimulating FA synthesis (Brown and
Goldstein, 2008). In skeletal muscle insulin resistance has been linked to a reduction in
insulin-mediated glucose uptake and glycogen synthesis. Insulin resistance in the AT,
caused by AT dysfunction, has been associated with altered glucose uptake and failure in
suppressing lipolysis (Hardy et al., 2012). Metabolic abnormalities, like glucose intolerance
and insulin resistance are precursors for the development of T2DM (Nathan et al., 2007;
Reaven, 1988). T2DM is a chronic disease characterized by high blood glucose levels
secondary to insulin deficiency which results from insulin resistance and dysfunction in the
pancreatic p-cells to produce insulin (Ashcroft and Rorsman, 2012; Chatterjee et al., 2017).
Under normal conditions, B-cells initially compensate insulin resistance by secreting more
insulin. However, pathological conditions, such as inflammatory, metabolic or ER stress, in
combination with genetic susceptibility might result in B-cell dysfunction or even death in
T2DM. Ultimately, due to B-cell dysfunction the pancreas fails to compensate for the glucose
overload in the blood (Halban et al., 2014). T2DM can be affected by lifestyle or
environmental factors, including age, pregnancy, energy-dense diets, lack in physical
exercise and obesity but also by genetic factors which are potentiated by an unhealthy
lifestyle (Ashcroft and Rorsman, 2012; Grarup et al., 2014; Kolb and Martin, 2017). In 2017,
about 425 million people were estimated to suffer from diabetes (Bennett, 2018). Around
90 % of them are assumed to be T2DM patients. Additionally, the number of undiagnosed
cases is thought to reach almost 200 million and the disease prevalence is steadily rising
globally (Chatterjee et al., 2017). These statistics emphasize that T2DM represents a major
global health problem, particularly as it is associated with many pathologies, including heart
disease, stroke and microvascular complications, such as blindness, kidney damage and

peripheral neuropathy (Ashcroft and Rorsman, 2012). Thus, T2DM increases morbidity and
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mortality, primarily due to cardiovascular disease (Inzucchi et al., 2012). Therefore, T2DM
places a severe economic burden on societies (Seuring et al., 2015). Nowadays, good
metabolic control in T2DM, meaning lowering blood glucose levels on the long term, can only
be achiebed by a combination of changes in lifestyle, such as an appropriate diet, more
physical exercise and body weight loss, and a pharmacological treatment (Marin-Penalver et
al., 2016). However, in addition to developing a successful treatment regimen also

discovering possibilities for curing or even preventing the disease is a major research task.

1.1.5 Lipodystrophy and obesity

1.1.5.1 Lipodystrophy

Lipodystrophy is a condition that is characterized by a partial or complete absence of AT,
which can be acquired or emerge from a genetic defect (Asterholm et al., 2007; Fiorenza et
al., 2011). The most common form of lipodystrophy is caused by antiretroviral therapy of
human immunodeficiency virus (HIV) (Koutkia and Grinspoon, 2004). In contrast to lean
individuals, in which the AT constitutes of healthy ‘empty’ adipocytes, in lipodystrophic
patients the residual AT is highly abnormal and dysfunctional with varying adipocyte size
(Huang-Doran et al., 2010).

AT inflammation

AT tissue inflammation has been found in patients with HIV-associated lipodystrophy and in
lipodystrophic mice. However, it is still under debate whether AT inflammation is a cause of
insulin resistance in lipodystrophy or if additional factors might contribute to the development

of metabolic dysregulation (Herrero et al., 2010; Johnson et al., 2004; Lagathu et al., 2007).

Ectopic lipid deposition due to decreased TG storage capacity
Frequently, the decreased capacity to store TG in the AT in lipodystrophy results in high
levels of circulating lipids that accumulate in ectopic organs, such as the liver, muscle or

pancreas (Asterholm et al., 2007; Huang-Doran et al., 2010; Vegiopoulos et al., 2017).

Dysregulated adipokine secretion

Due to the absence or dysfunction of AT, circulating adipokine levels, such as of leptin and
adiponectin, are reduced (Haque et al., 2002), which is consequently worsening the
metabolic status. This is particularly devastating in the case of leptin as the deficiency of this
hormone promotes hyperphagia and thus even further contributes to the increase in ectopic

storage of lipids (Savage, 2009).
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Lipodystrophy-associated metabolic disturbances

Reinforcing that AT is an endocrine organ regulating whole-body metabolic homeostasis;
lipodystrophy is commonly associated with local and systemic inflammation, insulin
resistance, hyperglycemia, dyslipidemia, hypertension or even T2DM (Asterholm et al., 2007;
Vegiopoulos et al., 2017). One major cause for the metabolic dysregulations in lipodystrophy
is the ectopic lipid accumulation triggered by the absence AT and the consequent spillover of
lipids in the circulation (Asterholm et al., 2007; Huang-Doran et al., 2010; Vegiopoulos et al.,
2017). As lipodystrophy displays almost the same metabolic outcomes as obesity,
lipodystrophic mouse models represent a valuable tool to study not only the mechanisms
underlying impaired accumulation of AT but also the excess of it and the contribution of these
two opposing pathologies to metabolic dysfunction (Asterholm et al., 2007; Savage, 2009).

1.1.5.2 Obesity

As stated above, obesity results from a chronic imbalance between energy intake and
expenditure. Genetic as well as environmental factors contribute to the development of this
complex disease. It is well established that the excessive consumption of energy-rich food
and reduced physical exercise in developed societies nowadays are major drivers of the
rising obesity numbers (Speakman, 2004). Currently, obesity reaches epidemic proportions
with nearly 712 million obese adults worldwide (Collaborators et al., 2017). The excess in
bodyweight due to an overabundance of AT is implicated in many human health problems
like T2DM, NAFLD, dyslipidemia, certain forms of cancer and cardiovascular diseases
(Kopelman, 2000). Increasing rates of obesity and its associated metabolic disorders and the
lack of efficient treatment options are major public health and economic burdens of our time
(O'Neill and O'Driscoll, 2015). Lifestyle changes, such as dieting or exercise often do not
result in sustainable weight loss (Dansinger et al., 2005; Leblanc et al., 2011) and anti-
obesity medications, so far, cause serious side effects (Di Dalmazi et al., 2013). Bariatric
surgery, the most efficient way to reduce obesity and its comorbidities, is mainly applied in
morbidly obese patients due to the risk of surgical complications and the constant need for
reoperation (Chang et al., 2014). Hence, understanding the mechanisms involved in obesity

and the discovery of hew anti-obesity drugs is a crucial research task worldwide.

Ectopic lipid deposition
One biological function of AT is to store lipids in periods of caloric surplus. In obesity, when
the maximal storage capacity is reached or the capability for lipid storage is impaired, the

spillover of lipids accumulates in other organs, such as liver or muscle (Hardy et al., 2012).
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Obesity-associated AT inflammation and alterations in adipokine secretion

Obesity triggers the recruitment of various immune cells to the AT, including neutrophils,
mast cells, lymphocytes and macrophages (Johnson and Olefsky, 2013). With proceeding
obesity, the amount of AT macrophages increases and in particular rather in visceral than in
subcutaneous fat depots (Cancello et al.,, 2005; Cinti et al., 2005; Harman-Boehm et al.,
2007; Weisberg et al., 2003). Several factors contribute to the induction of AT inflammation
and recruitment of immune cells. The environment of energy surplus and the failure to
respond to it by adipocyte hyperplasia results in adipocyte hypertrophy (Arner et al., 2010).
The expansion of adipocytes causes cellular stress, changing the adipokine secretion profile
and promoting the release of pro-inflammatory cytokines, such as TNFa, or
chemoattractants, like MCP1, thereby recruiting immune cells which in turn secrete even
more cytokines and contribute to AT and systemic inflammation (Bluher, 2016). Furthermore,
limited AT expandability and vascularization promotes hypoxia and consequently AT
inflammation (Rutkowski et al., 2015). Ultimately, adipocyte hypertrophy is resulting in
apoptosis, triggering the release of cellular components, further attracting immune cells to
the AT (Bluher, 2016; Grant and Dixit, 2015). It is well established that macrophages cluster
around apoptotic adipocytes in crown-like structures (Cinti et al., 2005). Moreover, obesity
was reported to be partly responsible for the phenotype switch of the alternately activated M2
macrophages to the pro-inflammatory M1 macrophages (Fujisaka et al., 2009; Lumeng et al.,
2007). A surge of total number of macrophages and a rise in the ratio of M1 to M2
macrophages constitutes a major sign of AT inflammation that is related to obesity and its
associated metabolic disturbances (Reilly and Saltiel, 2017). In contrast to these findings
referring to chronic AT inflammation, a more recent study indicated that acute inflammatory
responses are required for AT remodeling and expansion, thus maintaining whole-body
metabolic homeostasis and preventing chronic systemic inflammation (Wernstedt Asterholm
et al.,, 2014). Additionally, AT inflammation might be essential for adaptive responses to
energy surplus since it regulates angiogenesis in order to restrain hypoxia and induces
insulin resistance to prevent exceeding energy accumulation in cells (Arner et al., 2011;
Chung et al., 2006; Saltiel, 2012).

Obesity-associated insulin resistance

Various factors have been reported to contribute to the development of obesity-associated
insulin resistance. Among them, altered lipid metabolism, including high levels of circulating
lipids or deposition in ectopic organs, is known to cause systemic insulin resistance (Samuel
and Shulman, 2012). AT inflammation in obesity might be responsible for chronic systemic
inflammation that at least partially contributes to the development of obesity-related
metabolic disorders (Bluher, 2016; Hotamisligil, 2006; Stolarczyk, 2017). In fact, obese

patients that display an insulin resistance commonly show signs of AT inflammation, while
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obese individuals with persisting insulin sensitivity do not demonstrate AT inflammation
(Hardy et al., 2011; Kloting et al., 2010). Accordingly, improvements in insulin sensitivity and
glucose tolerance by body weight reduction was found to be accompanied with decreased
circulating inflammatory markers (Gumbau et al., 2014; Haffner et al., 2005; Oberbach et al.,
2006).

AT is important for maintaining whole-body energy homeostasis, consequently AT
dysregulation has devastating effects, such as metabolic impairments. AT dysfunction is
reflected by an enhanced recruitment of immune cells to the AT, ectopic lipid accumulation,
hypoxia, impaired autophagy and apoptosis and insulin resistance in adipocytes (Bluher,
2009, 2013). Paradoxically, the absence (lipodystrophy) as well as the overabundance
(obesity) of AT are associated with AT inflammation, altered adipokine secretion, high
circulating FA and TG levels, resulting in ectopic lipid deposition, leading together to
systemic inflammation and finally insulin resistance (Asterholm et al., 2007; Savage, 2009;
Vegiopoulos et al., 2017) (Figure 12).
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Figure 12 Obesity vs Lipodystrophy: Two opposing phenotypes with similar devastating metabolic
outcomes. Schematic illustration showing the metabolic dysfunctions of these two pathologies associated with
AT dysfunction. While in obesity, adipocyte hypertrophy and hyperplasia can only cope to a certain extend with
the excess of lipids, either insufficient or dysfunctional AT in lipodystrophy cannot serve as a buffer for toxic lipids.
Thus, both disorders results in AT inflammation and changes in the adipokine profile. The lipid overspill leads to
dyslipidemia and subsequently ectopic lipid deposition and finally systemic inflammation. Consequently, both
pathologies cause a systemic insulin resistance (adapted from Vegiopoulos et al., 2017).

1.2 Neddylation

The PTM neddylation is the conjugation of Neural precursor cell-expressed, developmentally
downregulated 8 (Nedd8) to its target proteins (Enchev et al., 2015). The 76 amino acid
polypeptide Nedd8 with a molecular weight of 8 kDa was originally identified in a cDNA
library screen and was described to be developmentally-downregulated in the mouse brain
(Kumar et al., 1992; Kumar et al., 1993). Nedd8 is one of the best-characterized ubiquitin-like
proteins (UBLs) sharing a 60% identity and 80% homology with ubiquitin. Nedd8 is involved

27



Introduction

in the development of various diseases, including cancer (Kumar et al., 1993; Watson et al.,
2011).

1.2.1 Ubiquitin and UBL conjugation pathways

Ubiquitination, also known as ubiquitylation, is a PTM, whereby the small protein ubiquitin is
covalently conjugated to target proteins via a tightly controlled three-step enzymatic cascade.
Ubiquitination mediates various processes in eukaryotic cells by targeting proteins for
proteasomal degradation or altering the function of target proteins (Hershko and
Ciechanover, 1998). A variety of protein families was discovered that share mechanistic
characteristics with the ubiquitination pathway. These proteins are referred to as UBLS,
which encompass 17 distinct proteins, among them Nedd8, SUMO, ATG8, ATG12, URM1,
UFM1, FAT10 and ISG15, to name the most prominent examples (Cappadocia and Lima,
2018).

Ubiquitin and many UBLs are expressed as inactive precursors that require proteolytic
processing at the C-terminus, to expose a glycine (Gly) residue that serves as site for
substrate conjugation. This process is catalyzed by specific proteases termed
deubiquitinating enzymes (DUBS) in case of ubiquitin and UBLs-specific proteases (ULPS) in
case of UBLs (Amerik and Hochstrasser, 2004). Subsequently, ubiquitin or UBLs must be
activated by a specific ATP- dependent enzyme that is called E1 or E1-like enzyme (Haas et
al., 1982). Afterwards, ubiquitin or UBLs are passed from the E1 to the E2 or E2-like enzyme,
also termed Ub-conjugating or Ubl-conjugating enzyme. Finally, the C-terminal Gly residue of
ubiquitin or UBLs is covalently linked to the g-amino group of a lysine (K or Lys) in a
substrate protein, a process catalyzed by a set of E3 protein ligases (Cappadocia and Lima,
2018). E2 enzymes display a structural overlap between E1 and E3 binding sites, resulting in
mutually exclusive E1-E2 and EZ2-E3 interactions, thus ensuring the unidirectional

progression of the sequential enzymatic cascade (Eletr et al., 2005; Huang et al., 2005).

Target proteins can be modified with a single molecule or with chains of ubiquitin or UBLS,
dictating distinct functional outcomes. For instance, ubiquitin can itself be modified at one of
its seven Lys, resulting in different types of polyubiquitin chains (Adhikari and Chen, 2009).
K48-linked polyubiquitin chains, for example, are well-established to be involved in targeting
proteins for degradation by the 26S proteasome (Chau et al., 1989; Thrower et al., 2000). In
contrast, mono-, oligo-, or polyubiquitination via other ubiquitin Lys residues, like K63,
mediates various cellular functions, like DNA repair, gene transcription, signal transduction,
endocytosis or vesicular trafficking (Chan and Hill, 2001; Haglund et al., 2003; Hurley et al.,

2006; Kirkin and Dikic, 2007; Mukhopadhyay and Riezman, 2007). Additionally, also
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monoubiquitination has been recently associated with targeting proteins for proteasomal
degradation (Braten et al., 2016). Moreover, it has been shown that ubiquitin can also be
covalently attached to N-terminal a-amino groups either as a single molecule or in order to
form linear polyubiquitin chains (Scaglione et al., 2013; Tatham et al., 2013; Tokunaga et al.,
2009).

Four main classes of ubiquitin E3 ligases exist, that mediate the covalent conjugation of the
modifier to target proteins: the really interesting new gene (RING) finger domain-containing
type, the homologous to E6-AP carboxyl terminus (HECT) type, the U-box type and the plant
homeodomain (PHD)-finger type (Nakayama and Nakayama, 2006). The largest family of
RING E3s is the family of cullin RING ligases (CRLs), which are composed of a domain with
a RING motif, a cullin scaffold protein and one or more cullin-specific subunits that are
responsible for substrate recognition and adaptor functions. CRL activity is regulated by the
covalent conjugation of cullin scaffold proteins with the UBL Nedd8 (Petroski and Deshaies,
2005), which will be discussed in more detail below. The ubiquitination cascade is depicted in

Figure 13.
E3 ubiquitin
protein ligase
Ubiquitin- Ubiquitin-
activating enzyme E1 conjugating enzyme E2

Figure 13: The ubiquitination pathway. Ubiquitination is a posttranslational protein modification whereby the
small protein ubiquitin is covalently attached to target proteins via a three-step enzymatic cascade involving the
ubiquitin-activating enzyme E1, the ubiquitin-conjugating enzyme E2 and the E3 ubiquitin protein ligase. Target
proteins can be mono-ubiquitinated or poly-ubiquitinated, leading to different biological outcomes. Targeting
proteins for proteasomal degradation represents the best-established ubiquitin function, but also, for instance, the
localization, function or interaction with partner proteins can be changed upon ubiquitination.

1.2.2 The neddylation pathway

Similar to ubiquitin, the covalent conjugation of Nedd8 to substrates is mediated by a
cascade, comprising the three successively acting enzymes E1, E2 and E3 (Gong and Yeh,
1999; Kamitani et al., 1997; Liakopoulos et al., 1998; Osaka et al., 1998; Yeh et al., 2000).
Analogous to ubiquitin, Nedd8 is synthesized as an 81-amino acid precursor protein that is

subsequently cleaved to expose its C-terminal Gly76 residue, its site for substrate
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recognition. This process is catalyzed by deneddylating enzymes, such as NEDP1 (also
known as SENP8 or DEN1) or UCH-L3 (Kamitani et al., 1997; Mendoza et al., 2003; Wada et
al., 1998). After exposing the C-terminal attachment site, Nedd8 is adenylated in an ATP-
dependent reaction by the heterodimeric E1 Nedd8-activating enzyme (NAE), comprising the
subunits Nael, also called Appbpl, and ubiquitin-activating enzyme 3 (Uba3). Nedd8 is then
transferred to an Uba3 cysteine side chain via thiolester linkage (Gong and Yeh, 1999),
followed by the transfer of the activated Nedd8 to the E2 Nedd8-conjugating enzymes
Ubcl12, also known as Ube2m, or Ube2f, forming another thiolester linkage (Gong and Yeh,
1999). Notably, Ube2f has been demonstrated to mediate solely the conjugation of Nedd8 to
cullin 5 (Huang et al., 2009). A set of E3 ligases finally mediates the transfer of Nedd8 to the
e-amino group of Lys residues of target proteins (Enchev et al., 2015) (Figure 14). Until now,
only approximately 10 different Nedd8 E3 ligases have been identified, of which the majority
consists of the RING domain structure and also can serve as ubiquitin E3 ligase (Zhao et al.,
2014; Zhou et al., 2018). Among them the RING-box proteins Rbx1 and Rbx2, also known as
ROC1/2, are the most prominent ones that are responsible for the neddylation and
ubiquitination of cullin substrates (Huang et al., 2009; Kamura et al., 1999; Morimoto et al.,
2003). DCNL1 also catalyzes the neddylation of cullin proteins in yeast and C. elegans (Kurz
et al., 2005). Mouse double minute 2 homolog (Mdm2) neddylates and ubiquitinates p53 and
itself (Bottger et al., 1997; Haupt et al., 1997; Kubbutat et al., 1997; Xirodimas et al., 2004).

Until now, not much knowledge has been generated on the possible types and functions of
Nedd8 chains. It was reported that Lys11, Lys22, Lys27, Lys33, Lys48, Lys54 and Lys60 can
be conjugated in order to form Nedd8 chains (Jeram et al., 2010; Jones et al., 2008;
Xirodimas et al., 2008). Moreover, evidence suggests that Nedd8 can form mixed chains with
ubiquitin and other UBLs (Jones et al., 2008; Swatek and Komander, 2016; Xirodimas et al.,
2008) and can function as terminator of the mixed modifier chain (Singh et al., 2012).

Like ubiquitin, Nedd8 can be de-conjugated from target proteins by de-neddylating enzymes,
among them the constitutive photomorphogenesis 9 (COP9) sighalosome (CSN) is the most-
extensively studied one, which is removing Nedd8 from cullins. CSN consists of 8 subunits,
of which CSN5 was characterized to be the catalytic one (Cope et al., 2002; Lyapina et al.,
2001; Schwechheimer et al., 2001). In addition to its role in the proteolytic processing of the
Nedd8 precursor, Nedpl has also been described to be involved in de-neddylating primarily
non-cullin targets and hyper-neddylated cullins (Chan et al., 2008; Mergner et al., 2015; Wu
et al., 2003).
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Figure 14: Interaction of the Nedd8 conjugation pathway with the ubiquitination pathway. Like ubiquitin,
Nedd8 is covalently attached to substrate proteins via an enzymatic cascade, comprising the heterodimeric
Nedd8-activating enzyme 1 NAE, the Nedd8 conjugating enzymes Ubcl12 or Ube2f and the E3 Nedd8 protein
ligase. Neddylation controls ubiquitination by modifying cullin proteins, scaffold proteins of the CRL of the
ubiquitination pathway, and thereby fine-tuning their function. Rbx1/2 represent the most prominent E3 ligases
mediating cullin neddylation. In summary, neddylation regulates ubiquitination and is thus involved in cell cycle
control. In recent years, many Nedd8 targets have been identified unraveling new roles of neddylation beyond its
crosstalk with the ubiquitination pathway.

1.2.3 Neddylation: substrates, biological functions and involvement in

pathologies

Neddylation of target proteins conveys the regulation of various cellular functions, such as
transcriptional regulation, signal transduction and cell cycle control and thus plays important
roles under physiological conditions and in disease (Enchev et al., 2015). Neddylation of
various substrates has been discovered to be involved in the development of cancer (Soucy
et al.,, 2010). The best characterized targets of neddylation are the cullins, a family of
structurally related proteins, comprising cullinl, 2, 3, 4A, 4B, 5 and 7, PARC and Apc2, which
are functioning as molecular scaffolds of CRLs (Pan et al., 2004; Petroski and Deshaies,
2005; Watson et al., 2011) (summarized in Table 1). The conjugation of Nedd8 to cullin
scaffold proteins is essential for the enzymatic function of CRLs, which target cellular
proteins for proteasomal degradation. Thus, one function of the neddylation cascade is the
regulation of the ubiquitination rate and the subsequent degradation of the proteins whose
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ubiquitination is dependent on the CRL activity (Boh et al., 2011; Merlet et al., 2009; Saha
and Deshaies, 2008). By controlling the stability of various cellular proteins, CRLs are
involved in the regulation of cell signaling, cell cycle progression, DNA damage repair and
other signaling pathways (Brown and Jackson, 2015; Sarikas et al.,, 2011). Thus
dysregulated cullin neddylation has been implicated in cancer (Soucy et al., 2010). Moreover,
up-regulation of Nedd8 pathway enzymes, like NAE and Ubcl2, has been associated with
several cancer types, such as lung cancer, liver cancer, colorectal cancer, intrahepatic
cholangiocarcinoma, nasopharyngeal carcinoma and esophageal squamous cell carcinoma
(Barbier-Torres et al., 2015; Chen et al., 2016; Gao et al., 2014; Hua et al., 2015; Li et al.,
2014; Xie et al., 2017; Xie et al., 2014). Despite its most prominent role in cell cycle control
and cancer, additional cellular functions and pathologies regulated by Nedd8 conjugation,
are just beginning to be explored. Our group lately identified the role of neddylation in mature
synapses and in synaptogenesis during neuronal development. In more detail, neddylation of
the scaffolding protein PSD-95 is essential for the maturation, stability and function of
dendritic spines (Vogl et al., 2015). There is increasing evidence that neddylation might be
deregulated in obesity and metabolism (Dubiel et al., 2017; Park et al., 2016), as discussed
below. In a recent study, dysregulated neddylation was reported to have an impact on liver
fibrosis. Increased Nedd8 expression was found in humans as well as in two mouse models
of liver fibrosis. Importantly, neddylation inhibition strongly reduced hepatocyte death,
inflammation and hepatic fibrosis (Zubiete-Franco et al., 2017). In recent years many targets

of neddylation have been identified. These Nedd8 substrates are summarized in Table 1.

Table 1: Nedd8 targets as well as their functions and implications in pathologies

Substrates Function Pathology References

APP intracellular AICD neddylation inhibits its Not described (Lee et al., 2008)

domain (AICD) transcriptional activity
Breast cancer- BCAS3 neddylation
associated protein 3 | suppresses NFkB- Not described (Gao et al., 2006)
(BCA3) dependent transcription
Neddylation of BRAP2

BRCA1l-associated
protein 2 (BRAP2)

(Takashima et al.,

inhibits NFkB nuclear Not described 2013)

translocation

(Boh et al., 2011,
Brown and Jackson,
2015; Merlet et al.,

Dysregulated 2009; Pan et al., 2004,
cullin neddylation | Petroski and

is implicated in Deshaies, 2005; Saha

cancer and Deshaies, 2008;

Sarikas et al., 2011,
Soucy et al., 2010;
Watson et al., 2011)

Best-characterized Nedd8
targets.

Cullins are molecular
Cullins: Cullin1, 2, 3, scaffolds of CRLs.

4A, 4B, 5 and 7, Neddylation of cullins
PARC and Apc2 regulates CRL activity and
thus controls ubiquitination
and consequently
proteasomal degradation
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E2F transcription
factors

Neddylation controls the
transcriptional activity of
E2Fs, transcription factors
that regulate cell cycle
progression

Nedd8
conjugation to
E2Fs promotes

their pro-apoptotic
activity and thus
could have
implications in
cancer

(Aoki et al., 2013;
Loftus et al., 2012)

Epidermal growth
factor receptor
(EGFR)

Neddylation of EGFR
results in increased
ubiquitination followed by
endocytic internalization

Not described

(Marmor and Yarden,
2004; Oved et al.,
2006)

ICE

Effector caspase.

Nedd8 conjugation to ICE
abrogates its activity to
cleave its substrate PARP1
in D. melanogaster and thus
has an anti-apoptotic
activity

Not described

(Broemer et al., 2010)

HIF1a/HIF2a

Nedd8 regulates HIF1a
protein stability

Not described

(Ryu et al., 2011)

Histone H4

Poly-neddylation on histone
H4 and consecutive
ubiquitination amplifies the
signal for the DNA damage
response cascade

Not described

(Ma et al., 2013)

Hu antigen R (HUR)

HuUR is overexpressed in
certain cancer types. Nedd8
conjugation stabilizes HUR

By regulating HUR
stability
neddylation is
involved in liver
and colon cancer

(Abdelmohsen and
Gorospe, 2010;
Embade et al., 2012)

L11

The ribosomal protein L11
is neddylated by Mdm?2,
thereby protecting L11 from
degradation and stabilizing
p53 during nucleolar stress

Not described

(Sundgvist et al.,
2009)

Mdm2

The E3 ligase Mdm2
displays an auto-
ubiquitination and auto-
neddylation activity. Mdm2
neddylation stabilizes the
protein. Mdm2 is able to
catalyze the conjugation of
Nedd8 to the tumor
suppressor proteins p53
and p73, thereby inhibiting
their transcriptional activity

Cancer

(Watson et al., 2006;
Watson et al., 2010;
Xirodimas et al., 2004)

NEMO

Subunit of the IkB kinase
that activates NFkB
signaling. Neddylation of
NEMO inhibits NFkB
signaling

Not described

(Noguchi et al., 2011)
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p53

See Mdm2

p73

See Mdm2

Parkin and PINK1

Nedd8 conjugation to parkin
and PINK1 leads to
increased E3 ligase activity
of parkin and stabilization of
PINK1

Parkin was shown
to be neddylated
on multiple Lys
residues in
patients suffering
from Parkinson’s
disease (PD)

(Choo et al., 2012)

PPARY

PPARYy neddylation
stabilizes the protein by
preventing its ubiquitination.
Thereby, neddylation has a
role in adipogenesis and
obesity

Obesity

(Park et al., 2016)

PSD-95

Nedd8 conjugation to PSD-
95 controls its localization to
dendritic spines. Thus,
neddylation is required for
the maturation, stability and
function of spines

Not described

(Vogl et al., 2015)

SMAD-specific E3
ubiquitin-protein ligase
1 (SMURF1)

The HECT-domain ubiquitin
E3 ligase SMURF1 displays
an auto-neddylation activity.
Neddylation of SMURF1
increases its ubiquitin E3-
ligase activity

Cancer

(Xie et al., 2014)

Tyr kinase
transforming growth
factor-B type Il
receptor (TGFBRII)

Nedd8 conjugation to
TGFBRII stabilizes and
prolongs its signaling by
promoting its endocytosis

TGFRRII
neddylation might
be implicated in
leukemia

(Zuo et al., 2013)

von Hippel-Lindau
disease tumor
suppressor (VHL)

Neddylated VHL promotes
fibronectin matrix assembly

Neddylation of
VHL is required
for the assembly
of the fibronectin

matrix and to
prevent
tumorigenesis

(Stickle et al., 2004)

1.2.4 The NAE Inhibitor MLN4924

The ubiquitin-proteasome system (UPS) is responsible for the controlled degradation of

intracellular proteins which play important roles in various cellular functions. As discussed

above, dysregulation of the UPS can result in the development of cancer and other diseases.

CRLs are important control points of the UPS and the up-regulation of CRL activity is

implicated in various types of cancer. The Nedd8 conjugation cascade, which leads to the

neddylation of CRLs, is therefore supposed to have a critical regulatory role in the UPS
(Soucy et al.,, 2009). The potent and selective NAE inhibitor MLN4924 (Pevonedistat),
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developed by Millenium Pharmaceuticals, is able to block the activity of NAE. The MLN4924
molecule resembles the structure of adenosine 5’-monophosphate (AMP), which is an
intermediate formed by NAE (Soucy et al., 2009). The inhibitor is able to inhibit NAE by
forming a covalent NEDD8-MLN4924 adduct in the NAE active site, which cannot be utilized
for further enzymatic reactions and thus inhibits the neddylation pathway (Brownell et al.,
2010). Consequently, MLN4924 inhibits the turnover of many CRL substrates resulting in
CRL substrate accumulation and DNA damage (Soucy et al., 2010). Thereby, MLN4924
induces cell death pathways in various cancer cell models (Brownell et al., 2010; Jia et al.,
2011; Luo et al., 2012; Pan et al., 2012; Soucy et al., 2009). The drug is currently in clinical
trials for the treatment of distinct cancer types (Sarantopoulos et al., 2016; Shah et al., 2016;
Swords et al., 2018; Swords et al., 2017).

1.3 Posttranslational modifications in adipocyte biology

Although in the last years the role of certain PTMs, mainly phosphorylation and acetylation,
of key players in fat development has been analyzed, not much knowledge has been
generated regarding the function of other PTMs in the context of adipogenesis and adipocyte
cell fate. Unravelling the role of PTMs in the molecular mechanisms driving adipogenesis and
fat storage offers a new therapeutic potential to treat obesity and its associated
comorbidities. In this framework PTMs play a pivotal role as they orchestrate differentiation
programs and cellular functions by controlling stability, function, localization, partner
interactions, etc. PTMs, such as phosphorylation, acetylation, glycosylation, methylation,
ubiquitination or sumoylation control, amongst others, transcription factor function and enable
the access of RNA polymerases to promoter sites (Filtz et al., 2014). MS-based quantitative
proteomics nowadays allows the characterization of the proteome and its modifiers in a high-
throughput manner. Several studies using this approach demonstrated that in 3T3-L1 cells
the phosphoproteome changes upon stimulation with adipogenic inducers (Humphrey et al.,
2013; Rabiee et al.,, 2017; Wu et al.,, 2009). These studies revealed that in general
phosphorylation is involved in transmitting cellular signals. Within the first 4 hours of
adipogenesis mainly already expressed proteins get phosphorylated, e.g. cell membrane
receptors. These signals are then subsequently propagated and amplified via molecular
networks involving protein interaction and maodification. Finally, this is resulting in the
phosphorylation of proteins positively or negatively regulating gene expression, RNA splicing
and RNA processing (Rabiee et al., 2017; Wu et al., 2009). Furthermore, acetylation of the ¢-
amino group of lysine residues in proteins has emerged as a key posttranslational
modification regulating adipocyte differentiation as adipogenesis induction triggers an overall
and sequential change in protein acetylation (Xu et al., 2013).
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1.3.1 Posttranslational modifications of key adipocyte transcription factors:
PPARy, C/EBPa and C/EBPR

PTMs control various cellular processes and developmental programs, including
adipogenesis. In recent years, more research has taken into account the relevance of the
posttranslational control of adipocyte development and fat formation, therefore also the role
of ubiquitin and UBLs, such as SUMO or Nedd8, is beginning to be explored. The
transcription factors C/EBP[, C/EBPa and PPARY act together in order to activate adipocyte-

specific gene expression (Lefterova et al., 2008). The function of these factors is tightly

regulated by PTMs, as summarized in Table 2.

Table 2: PTMs of key adipogenic transcription factors

Transcription PTM Function of PTM Model References
factor
JEG-3 cells (Adams et al., 1997)
Decreases PPARy :
transcriptional NIH 3T3 cells e
S 1997)
activity
Phosphorylation Rat-IR cells (Hu et al., 1996)
on Serl12 Prevention of
PPARY Whole-body
phosphorylation PPARy2 (Rangwala et al.,
protects mice from | Serl12 mutant | 2003)
diet induced insulin | mice
resistance
(Floyd and Stephens,
NIH 3T3 cells 2002)
NIH 3T3 cells (Hauser et al., 2000)
Ubiquitination (Fj)é()trz&(lj;?irgr?l NIH 3T3 cells (Kilroy et al., 2009)
PPARy 9
3T3-L1 cells (Kilroy et al., 2012)
H1299 cells, .
3T3-L1 cells (Kim et al., 2014)
COS-7 cells (Chung et al., 2011)
Decreases PPARy
transcriptional NIH 3T3 cells (Ohshima et al., 2004)
activity :
(Yamashita et al.,
Hela cells 2004)
. KO of SUMOylation
SUMOylation in MEFs decreases
PPARy
transcriptional iimole- sty (Mikkonen et al.,
SUMO1 KO
targets and mice 2013)
prevents high fat
diet (HFD)-induced
body weight gain
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Stabilizes the HEK293 cells
protein by 3T3-L1 cells,
preventing its human AT-
Neddylation ubiquitination. Role | derived stem (Park et al., 2016)
of neddylation in cells, mice
adipogenesis and injected with
obesity MLN4924
Efr?r‘é':;ie;n?n"um NIH 373 cells,
Phosphorylation | 24IPOCYtes, I\C/I/EEFB PO\;\:h le-
Ojrﬁ’ S"eg’z"‘l‘ N | required for bo dysé /EB‘;E( (Cha et al., 2008)
maintaining whole-
body glucose S§r21 DTS
Y9 ; mice
homeostasis
Ubiquitination | Not described
C/EBPa
Role in lung LS 1701
differentiation Sprague- (Chen et al., 2017)
Dawley rats
. Hepatocyte Rat
Sl differentiation hepatocytes (enEaiel, 2608
Hematopoietic
stem/progenitor cell | Zebrafish (Yuan et al., 2015)
development
After around 4 h
after adipogenic
stimulation
phosphorylation of
Thr188 "primes"
Phosphorylation | C/EBP for the
on Thr188 following
phosphorylation on
Serl84 and Thrl179
Enhances C/EBPf ) )
protein stability (Kim et al., 2007a; Li
et al., 2007; Tang et
Induces a UL el al., 2005; Zhang et al.,
conformational 2012)
change that
facilitates
C/EBPB dimerization
Phosphorylation | through its leucine
on Serl84 and | zipper domain
Thr179 which enables the
accessibility of the
adjacent basic
regions to the
C/EBP regulatory
element
293T cells,
_ 3T3-F442A (Cesena et al., 2007)
Acetylation at cells
meplies 3T3-L1 cells, (Wiper-Bergeron et al.,
NIH 3T3 cells | 2007)
Acety}létéon on Promot.es;_ C/EBP CHO-GHR (Cesena et al., 2007)
transcriptional cells
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activity on C/EBPa
and PPARy
promoters

293T cells,
CHO-GHR
cells

(Cesena et al., 2008)

Ubiquitination

In macrophages
ubiquitination
activates C/EBPf3
and promotes M2
macrophage
polarization

Macrophages
from C57BI6
mice

(Yeetal., 2012)

In myoblasts
ubiquitin
modification targets
C/EBPg for
proteasomal
degradation and
promotes
myogenesis

C2C12 cells

(Fu et al., 2015)

Increases
ubiquitination and
decreases protein

3T3-L1 cells,
COS-7 cells

(Chung et al., 2010)

SUMOylation on
Lys133

stability and
transcriptional
activity and inhibits
adipogenesis
Inhibits DNA
binding and
transcriptional
activity

3T3-L1 cells (Liu et al., 2013)

Poly(ADP-
ribosyl)ation
(PARylation)

3T3-L1 cells (Luo et al., 2017)

1.3.2 Neddylation in adipocyte development, function and obesity

There is emerging evidence that neddylation might play a role in adipocytes. Several studies
indicated that CSN- and CAND1-dependent modification of CRL is crucial for adipogenesis
(Dubiel et al., 2013; Dubiel et al., 2015; Huang et al., 2012). Although these studies showed
a role for CRL activity in adipogenesis, they did not address the role of neddylation-mediated
modification of CRL function. A more recent study demonstrated that neddylation of
membrane-bound Cul3 is essential for adipocyte differentiation of LiSa-2 cells (Dubiel et al.,
2017). So far, almost all potential roles of neddylation in adipocyte biology were described to
be dependent on cullin or CRL function. However, during the course of this study, Park et al.
described for the first time a non-cullin dependent function of neddylation in adipocytes. The
authors reported that neddylation of PPARy is required for adipogenesis. Moreover,
neddylation inhibition protected mice from body weight gain and glucose intolerance during
obesity induction (Park et al., 2016). Despite the growing evidence for the involvement of
neddylation in adipocyte function, the molecular mechanisms mediating Nedd8 effects on
adipocytes and the role of neddylation in obese mice are still largely unexplored and Nedd8

targets that govern these processes remain to be identified.

38



Rationale and thesis objectives

2 Rationale and thesis objectives

Neddylation is a posttranslational protein modification controlled by a multistep enzymatic
cascade. It is considered to have an important role in cell cycle progression and cancer,
regulation of cell signaling and developmental programming processes. However, the role of
Nedd8 conjugation in nonreplicating postmitotic cells remains almost unexplored.
Particularly, its biological relevance in adipocyte physiology is largely unknown. Thus, this
study aimed to delineate the role of neddylation in adipocyte biology and obesity. Within this
framework, the objectives of this study were:

1. to investigate the expression of neddylation pathway proteins during 3T3-L1
adipocyte differentiation

2. to identify the role of neddylation in adipocyte differentiation and fat storage by
inhibiting the Nedd8 conjugation pathway by different means in adipocyte cellular
models

3. to characterize the molecular pathways involved in the effects of neddylation inhibition

on adipogenesis and fat storage
4. to explore the in vivo role of neddylation in obesity and metabolism

- by studying the expression of Nedd8 proteins in AT from lean and HFD-induced

obese mice

- by characterizing a conditional adipocyte-specific knock-out (KO) mouse model
(NaelAdipoCreER™ mice), in which Nael, the subunit of the E1 enzyme of the
pathway, is ablated in the AT concomitantly during the induction of obesity and in

already obese mice

- by investigating the effects of peripheral global neddylation inhibition by

subcutaneous MLN4924 injections in already obese mice
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3 Materials and Methods

3.1 Consumables, plasmids, antibodies, primers and solutions

Following commercially available cell lines were used in this project:

Table 3: Commercially available cell lines

Cell line Supplier
3T3-L1 cells ATCC
HEK293 cells ATCC

The following reagents were used in this study:

Table 4: Kits and reagents

Kits and reagents Supplier
Acrylamide/Bis—acrylamide 30% solution Sigma-Aldrich
Adiponectin ELISA Kit mouse Crystal Chem Inc.
Agar-Agar Merck
Agarose Carl Roth
Amaxa® Cell Line Nucleofector® Kit L (VCA-1005) Lonza
Amaxa® Cell Line Nucleofector® Kit V (VCA-1003) Lonza
Ampicillin Sigma-Aldrich
Ammonium chloride Merck
Ammonium persulfate Sigma-Aldrich
B-Mercaptoethanol Sigma-Aldrich
Beetle-Juice Luciferase assay Firefly PJK

Benzoic acid Sigma-Aldrich
Biorad Protein Assay Biorad

Biotin Sigma-Aldrich
Bovine Serum Gibco

Bovine Serum Albumin (BSA) Carl Roth
cAMP [*?°]] Radioimmunoassay Kit PerkinElmer
Chloroform Merck

Collagenase Type IV

Life Technologies

Cycloheximide

Sigma-Aldrich
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DAPI Vector Laboratories
Dexamethasone Sigma-Aldrich
Dimethyl sulfoxide (DMSQO) Sigma-Aldrich
dNTPs Invitrogen
Dulbecco’s modified Eagle medium (DMEM) Gibco

DMEM/F12 + GLUTAMAX Gibco

Dynabeads Protein G Invitrogen

EDTA Merck

Enzychrom Glucose Assay Kit

BioAssay Systems

Enzychrom Triglyceride Assay Kit

BioAssay Systems

Ethanol (different concentrations) Merck
Ethidium Bromide Carl Roth
Fetal calf serum (FCS) Gibco
Formaldehyde Sigma-Aldrich
Forskolin Sigma-Aldrich
Glucose Carl Roth
Glycerol Sigma-Aldrich
Glycin Carl Roth
High-fat diet D12451 Research Diets
HiSpeed Maxi Kit Qiagen
Hydrogen Chloride (HCI) Merck
2-hydroxypropyl-beta-cyclodextrin (HPBCD) ONBIO
Immobilon Millipore
Insulin Sigma-Aldrich

Insulin ELISA Kit Ultra sensitive mouse

Crystal Chem Inc.

3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich
Isopropanol Merck
Isoproterenol Sigma-Aldrich

Leptin ELISA Kit mouse

Crystal Chem Inc.

L-Glutamine Biochrom
Lipofectamine2000 Invitrogen
Lipolysis Assay Kit for 3T3-L1 cells Zenbio
Mayer’'s Hematoxylin Solution Sigma-Aldrich
Methanol Sigma-Aldrich

MLN4924 (Pevonedistat)

Activebiochem
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MG132 Calbiochem
MgCl Invitrogen
NEFA-HR(2) Kit Wako
N-ethylmaleimide (NEM) Sigma-Aldrich
NP-40 Sigma-Aldrich
Oil red O Sigma-Aldrich
One Shot™ TOP10 Chemically Competent E. coli Invitrogen
OptiMEM Invitrogen
1,10-orthophenathroline (OPT) Sigma-Aldrich

PageRuler™ Prestained Protein Ladder

Fermentas GmbH

Paraformaldehyde

Carl Roth

Paraplast

Carl Roth

Pierce™ Streptavidin Magnetic beads

ThermoFisher Scientific

Penicillin + Streptavidine mix Biochrom AG
Phosphatase inhibitor cocktail Roche
Poly-D-lysine Sigma-Aldrich
Ponceaus solution Sigma-Aldrich
Potassium hydroxide (KOH) Merck
Potassium hydrogen carbonate (KHCO3) Merck
Protease inhibitor cocktail Sigma-Aldrich
Proteinase K Sigma-Aldrich

Pfu DNA Polymerase

ThermoFisher Scientific

PVDF membrane Millipore
QIAprep Spin Miniprep Kit Qiagen
QIAquick PCR Purification Kit Qiagen
QIAquick Gel Extraction Kit Qiagen
QuantiFast SYBR Green RT-PCR Kit Qiagen
QuantiTect Reverse Transcription Kit Qiagen
Restriction enzymes New England Biolabs
RNase A Sigma-Aldrich
RNase free water Qiagen
Roti-Load Carl Roth
Roti-Histokitt Carl Roth
SERVA gradient (4-20 %) gels SERVA
Skimmed Milk Powder Carl Roth
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Sodium Chloride (NacCl) Carl Roth
Sodium deoxycholate Merck
Sodium dodecyl sulphate (SDS) Merck
Sodium hydroxide (NaOH) Sigma-Aldrich
Sodium pyruvate (100x) Gibco
Sunflower seed oil Sigma-Aldrich
Tamoxifen Sigma-Aldrich
Tamoxifen food pellets LAS CRdiet CreActive TAM400 LASvendi
Taq DNA Polymerase Invitrogen
TEMED Carl Roth
Trichloroacetic acid Carl Roth
Tris-HCI Carl Roth
Triton X-100 Carl Roth
TRIzol Invitrogen
Trypan Blue Gibco
Trypsin/EDTA Gibco

Tween 20 Sigma-Aldrich
VECTASTAIN Elite ABC HRP Kit (Peroxidase, Standard) | Vector Laboratories
Xylol Carl Roth
Yeast extract Carl Roth

Following plasmids were used in this project:

Table 5: Plasmids

Plasmid

Source

pcDNA3.1(-) mouse C/EBPB LAP

Peter Johnson (unpublished)
Addgene Plasmid #12557

pcDNA3.1(-) 1XFLAG-tagged mouse
C/EBPB LAP

cloned

pcDNAS3.1(-) 6xHis-BIO-tagged mouse
C/EBPB

cloned

pcDNAS3.1(-) 6xHis-BIO-tagged mouse
C/EBPBmut LAP

Genesynthesis (BioCat)

pcDNAS3.1(+) 3xFLAG-tagged mouse Nedd8

Vogl et al., 2015

pcDNA3.1(+) 6xHis-BlO-tagged mouse
Nedd8

Vogl et al., 2015

pcDNA3.1(+) mouse Ubcl12-C111S

Yosef Yarden
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pcDNA3.1 myc-His A FLAG-tagged mouse
PPARy

Spiegelman, 2000
Addgene Plasmid #8895

pGL3 PPARYy 1.0kb promoter-Luc

Teddy T.C.Yang, 2002

pGL C/EBPa-luc

Zao Yue

mMTV-Luc

Paez-Pereda

pmaxGFP® Vector

Lonza (Vector as part of Cat#VCA-1005)

Following antibodies were used in this study:

Table 6: Antibodies

Antibody

Supplier

Rabbit polyclonal anti--actin

Cell Signaling, Cat#4967

Mouse monoclonal anti-B-actin (clone C4)

Millipore, Cat#MAB1501

Rabbit monoclonal anti-Akt

Cell Signaling, Cat#4691

Rabbit polyclonal anti-Phospho-Akt (Ser473)

Cell Signaling, Cat#9271

Rabbit polyclonal anti-C/EBPa

Cell Signaling, Cat#2295

Rabbit polyclonal anti-C/EBPB (LAP)

Cell Signaling, Cat#3087

Rabbit polyclonal anti-C/EBP (C-19)

Santa Cruz, Cat#sc-150

Mouse monoclonal anti-Creb (86B10)

Cell Signaling, Cat#9104

Rabbit polyclonal anti-Phospho-Creb
(Serl133)

Cell Signaling, Cat#9191S

Rabbit polyclonal anti-Erk1/2

Cell Signaling, Cat#9102

Rabbit polyclonal anti-Phospho-Erk1/2
(Thr202/Tyr204)

Cell Signaling, Cat#9101

Rabbit polyclonal anti-Nael

Novus Biologicals, Cat#NBP1-92163

Rabbit monoclonal anti-Nedd8 (Y297)

Genetex, Cat#GTX61205

Rabbit monoclonal anti-Nedd8 (Y297)

Abcam, Cat#ab81264

Normal rabbit IgG

Santa Cruz, Cat#sc-2027

Mouse monoclonal anti-FLAG® M2

Sigma-Aldrich, Cat#F3165

Streptavidin-HRP

Cell Signaling, Cat#3999

Mouse monoclonal anti-PPARYy (E-8)

Santa Cruz, Cat#sc-7273

Rabbit polyclonal anti-Ubc12

Lifespan BioSciences, Cat#LS-B432

Rabbit polyclonal anti-UCP1

Abcam, Cat#ab10983

Chicken polyclonal anti-GFP

Abcam, Cat#ab13970

Mouse monoclonal anti-TFIIB (2F6A3H4)

Cell Signaling, Cat#4169

Goat anti-chicken 1gG antibody

Molecular Probes, Cat#A11039

Goat anti-rabbit IgG, HRP-linked antibody

Cell Signaling, Cat#7074
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Horse anti-mouse 1gG, HRP-linked antibody

Cell Signaling, Cat#7076

Biotinylated goat anti-rabbit secondary
antibody

Vector Laboratories, Cat#BA-1000

Following primers were used for gRT-PCR:

Table 7: Primers used for gRT-PCR

Name sequence 5' - 3

mACC1_f GCG TCG GGT AGATCCAGTT
mACCL1_r CTC AGT GGG GCT TAG CTC TG
MACO _f GCACCATTG CCATTC GAT ACA
mACO_r CCACTG CTG TGAGAATAGCCGT
mActin_f CGG TTC CGA TGC CCT GAG GCTCTT
mActin_r CGT CAC ACT TCATGA TGG AAT TGA
mAdiponectin_f GGA GAG AAA GGA GAT GCA GGT
mAdiponectin_r CTT TCC TGC CAG GGG TTC
mCD36_f TTC ACG GGC GTC CAG AA

mCD36_r GAT CTT GCT GAG TCC GTT CCA
mC/EBPa_f AAA CAA CGC AACGTG GAG A
mC/EBPa_r GCG GTC ATT GTC ACT GGT C
mC/EBPB_f TGA TGC AAT CCG GAT CAA
mC/EBP_r CAC GTG TGT TGC GTC AGT C
mCidea_f AAA CCA TGA CCG AAG TAG CC
mCidea_r AGG CCAGTT GTG ATG ACT AAG AC
mCox7al_f CGA AGA GGG GAG GTG ACT C
mCox7al_r AGC CTG GGA GAC CCG TAG
mCox8b_f CCAGCCAAAACTCCCACTT
mCox8b_r GAA CCATGAAGC CAACGAC
mCPT1a_f TCC ATG CAT ACC AAAGTG GA
mCPT1a r TGG TAG GAG AGAGCAGCACCTT
mCPT1b_f CTG TTAGGC CTC AACACC GAAC
mCPT1b_r CTGTCATGG CTAGGC TGTACAT
mCytc_f GCA AGC ATAAGA CTG GAC CAAA
mCytc_r TTG TTG GCA TCT GTG TAA GAG AAT C
mEloviI3_f TTC TCACGC GGG TTAAAAATG G
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mElovi3_r GAG CAA CAG CTA GAC GAC CAC
mF4/80_f CTT TGG CTA TGG GCT TCC AGT C
mF4/80_r GCA AGG AGG ACA GAG TTT ATC GTG
mMFABP4_f AAG AGA AAA CGA GAT GGT GAC AA
MFABP4_r CTT GTG GAA GTC ACG CCT TT
MFAS_f GCT GCT GTT GGA AGT CAG C
MFAS_r AGT GTT CGT TCC TCG GAG TG
MFATP1_f CGC TTT CTG CGT ATC GTC TG
mMFATP1_r GAT GCA CGG GAT CGTGTC T
mGlut4_f GAC GGA CAC TCC ATC TGT TG
mGlut4_r GCC ACG ATG GAG ACA TAG C
mHSL_f GCG CTG GAG GAG TGTTTT T
mHSL_r CGC TCT CCA GTT GAA CCA AG
mIRS2_f GTG GGT TTC CAG AAC GGC CT
mIRS2_r ATG GGG CTG GTA GCG CTT CA
mLCAD_f ATG GCA AAA TAC TGG GCA TC
mLCAD_r TCT TGC GAT CAG CTC TTT CA
mLPL_f CTG GTG GGA AAT GAT GTG G
mLPL_r TGG ACG TTG TCT AGG GGG TA
mMCAD_f AAC ACT TAC TAT GCC TCG ATT GCA
mMMCAD_r CCA TAG CCT CCG AAA ATC TGA A
mMCP1_f AGG TCC CTG TCA TGC TTC TG
mMCP1_r GCT GCT GGT GAT CCT CTT GT
mMPEPCK_f CTT CTC TGC CAA GGT CAT CC
MPEPCK_r TTT TGG GGA TGG GCA C

mPGC1a_f CCC AGG CAG TAG ATC CTC TTC AA
mPGC1a_r CCT TTC GTG CTC ATA GGC TTC ATA
mPGC1p_f CTT GAC TAC TGT CTG TGA GGC
mPGC1B_r CTC CAG GAG ACT GAA TCC AGA G
mPPARa_f TCA GGG TAC CAC TAC GGA GT
mPPARa_r CTT GGC ATT CTT CCA AAG CG
mPPARy_f GAA AGA CAA CGG ACA AAT CAC C
mPPARYy_r GGG GGT GAT ATG TTT GAACTT G
mPRDM16_f CAG CAC GGT GAA GCC ATT C
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mPRDM16_r GCG TGCATCCGCTTG TG
MSREBP1c_f GGT TTT GAA CGA CAT CGA AGA
MSREBP1c_r CGG GAAGTCACT GTCTTG GT
mTNFa_f CCA GAC CCT CAC ACT CAG ATC
mTNFa_r CACTTG GTG GTT TGC TAC GAC
MTFIB_f TGG AGATTT GTC CAC CAT GA
MTFIB_r GAATTG CCAAAC TCATCAAAACT
mUcpl_f GGC CTC TAC GAC TCAGTC CA
muUcpl_r TAA GCC GGC TGA GAT CTT GT

Following primers were used for ChIP assays:

Table 8: Real-time PCR primers for ChIP assays

Name

sequence5' -3

C/EBPf binding site at
PPARy promoter f

TTC AGA TGT GTG ATT AGG AG

C/EBPf binding site at
PPARy promoter _r

AGA CTT GGT ACATTA CAA GG

Following primers were used for genotyping of the Nae1AdipoCreER™ mouse line:

Table 9: Primers for genotyping

Name sequence 5' - 3

Nael lox f AGG AAA ATC AGG ATT TAG TTC ATATTT CC
Nael lox r CAT GAAATCCACTGT TCCATT TAATGG C
AdipoCreER™ f TGG TGC ATC TGA AGA CAC TAC A
AdipoCreER™ r TGC TGT TGG ATG GTC TTC ACAG

Following primers were used for cloning:

Table 10: Primers for cloning

Name sequence 5' - 3

HisBIO f TAT CTC GAG ACC ATG CAT CAT CAC CAC CAT CAT G
HisBIO r ATG GAATTC TAACGC CGATCT TGATTA GAC CTT GAC
FLAG f TCG AGA TGG ACT ACA AGG ACG ACGATGACAAGAG
FLAG r AAT TCT CTT GTC ATC GTC GTC CTT GTAGTC CATC
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All primers were obtained from Sigma-Aldrich.

Following buffers and solutions were used:

Table 11: Buffers and solutions

Buffer/solution composition

50 mM Tris-HCl pH 7.4
Cell lysis buffer for C/EBPB 150 mM NacCl
homodimerization assay 1 mM EDTA

1 % Triton X-100

10 mM HEPES-NaOH, pH 7.9
1.5 mM MgCI2

10 mM KCI

Cell lysis buffer for cellular fractionation | 1 MM DTT

0.5 % NP-40

0.1 mM EDTA

0.1 mM EGTA

10 mM HEPES-KOH, pH 7.9
1.5 mM MgCI2

10 mM KCI

0.5 % Igepal

Cell lysis buffer for ChlIP

Dexamethasone 10 mM in 100 % Ethanol

0.01 % SDS

1.1 % Triton-X100
Dilution buffer for ChIP 1.2 mM EDTA

16.7 mM Tris-HCI, pH 8.1
167 mM NacCl

1 % SDS

50 mM Tris-HCI, pH 8.0
1 mM EDTA

50 mM NaHCO3

Elution buffer for ChlP

6 M guanidinium-HCI
10 mM Tris-HCI
0.1 M Na2HPO4/NaH2PO4 (pH 8.0)

10 mM B-mercaptoethanol

Guanidinium-HCI lysis buffer

0.01 % SDS

High salt wash buffer for ChIP 1 % Triton-X100
2 mM EDTA
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20 mM Tris-HCI, pH 8.1
500 mM NacCl

IBMX

0.0115 g/mlin 0.5 M KOH

Insulin for cellular cultures

1 mg/mlin 0.02 M HCL

4x Laemmli Buffer

50 % (v/v) Glycerol

125 mM Tris, pH6.8

4 % SDS

0.08 % (w/v) Bromphenol blue
5 % B-Mercaptoethanol

LB agar plates

10 g/l Peptone

5 g/l Yeast extract
10 g/l NaCl

15 g/l Agar

Adjust to pH7.0

Add selective antibiotic

LB medium

10 g/l Peptone

5 g/l Yeast extract
10 g/l NaCl
Adjust to pH7.0

LiCl wash buffer for ChIP

0.25 M LiClI

1 % Igepal

1 % SOD

1 mMEDTA

10 mM Tris-HCI, pH 8.1

Lower Tris buffer for gel
electrophoresis

182 g/l Tris
Adjusted to pH8.8
4 g/l SDS

Low salt wash buffer for ChIP

0.01 % SDS

1 % Triton-X100

2 mM EDTA

20 mM Tris-HCI, pH 8.1
150 mM NacCl

Nuclear lysis buffer for cellular
fractionation

20 mM HEPES-NaOH, pH 7.9
25 % glycerol

1.5 mM MgCI2

420 mM NaCl

0.1 mM EDTA
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0.1 mM EGTA

Nuclear lysis buffer for ChIP

1 SDS
10 mM EDTA
50 mM Tris-HCI pH 8.1

1x PBS

137 mM NacCl
2,7 mM KCI

20 mM NazHPO4
2 mM KH2PO,
adjust tp pH7.4

RIPA lysis buffer

50 mM Tris

150 mM NacCl

1 % NP-40

0.5 % Sodium deoxycholate
0.1 % SDS

SDS-PAGE Running buffer

25 mM Tris pH 8,8
192 mM Glycin
0,1 % SDS

50x TAE buffer

2 M Tris
1 M acetic acid
100 mM EDTA, pH 8.0

1x TBS

50 mM Tris
150 mM NacCl
Adjusted to pH7.6

TE buffer for ChIP

10 mM Tris-HCI pH8.0
1 mM EDTA

Transfer Buffer for Western Blotting

25 mM Tris
192 mM Glycin
15 % Methanol

Upper Tris buffer for gel
electrophoresis

60,5 g/l Tris
Adjusted to pH 6.8
4 g/l SDS

Urea washing buffer, pH8.0

8 M urea

0.1 M Na;HPO4/NaH.PO4 (pH 8.0)
0.01 M Tris-HCI

10 mM B-mercaptoethanol

0.1 % Triton X-100

Urea washing buffer, pH6.3

8 M urea
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0.1 M NapHPO4/NaH.PO4 (pH 6.3)
0.01 M Tris-HCI

10 mM B-mercaptoethanol

0.1 % Triton X-100
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3.2 Animals

3.2.1 Animals and animal housing

Animal experiments were carried out at the Max Planck Institute of Psychiatry, Munich and at
the Max Planck Institute of Heart and Lung Research, Bad Nauheim. All experiments were
performed under standard laboratory conditions (22+1 °C, 55 %5 % humidity) with food
(standard rodent chow diet, Altromin 1324, or HFD, Research Diets D12451) and water ad
libitum under a 12 h light/dark schedule. All procedures conducted in this study conform to
the international standards for use of laboratory animals, and were performed in accordance
with the Guide for the Care and Use of Laboratory Animals of the Government of Bavaria
(Gz.ROB-55.2Vet-2532.Vet_02-13-46) and the Government of Darmstadt (V 54-19c20/15-
B20/1116). All efforts were made to minimize both the suffering and number of animals used

in the present study.

3.2.2 Mouse strains and transgenic mouse lines

- Male C57BL/6N mice for subcutaneous MLN4924 injections to study the effects of
peripheral inhibition of the neddylation pathway on obesity and metabolism.

- Male C57BL/6 mice for primary cell culture of inguinal WAT.

- NaelAdipoCreER'™ mouse line to study the effects of fat specific ablation of the neddylation
pathway on obesity and metabolism. The AdipoCreER™ mouse line was created by A.
Sassmann (Sassmann et al., 2010). Nael knockout mice were developed by A.M. Vogl (Vogl
et al., 2015). By breeding the two lines together, A.M. Vogl created the NaelAdipoCreER™

mouse line.

3.2.3 Genotyping

Genomic DNA was extracted from mouse tail biopsies by alkaline lysis. For this purpose,
100 pl of 50 mM NaOH were added to small pieces of mouse tails and then they were boiled
for 30 min at 95 °C. After cooling down the tissue lysates to 4 °C, 30 pl of 1 M Tris-HCI pH7.2
were added for neutralization. Tissue lysates, which were subsequently used as PCR
templates, were kept at 4 °C for short-term storage and at -20 °C for long-term storage. For
genotyping by PCR, 1 ul of the tissue lysates, containing genomic DNA, 2.5 yl 10x PCR
buffer, 0.75 pl 50 mM MgClz, 2.5 ul 2 mM dNTPs, 1.25 pl 10 pM primers (Table 9), 0.125 pl
Taqg DNA Polymerase (5 U/ul stock solution) were mixed. PCRs were conducted using the
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following program: 95 °C for 5 min, 35 cycles of 95 °C for 45 sec, 58 °C for 30 sec, 72 °C for
30 sec, followed by 72 °C for 7 min. After amplifying the desired genomic DNA sequence,
PCR samples were mixed with 5x loading buffer and were loaded on a 1 % (w/v) ethidium
bromide agarose gel (1x TAE). Separated bands were analyzed using a UV-transilluminator

and the Intas GDS software.

3.3 Procedures with plasmid DNA

3.3.1 Preparation of plasmid DNA

For Mini Preps, a single colony was inoculated in 2 ml LB medium with a selective antibiotic
O.N. on a shaker at 37°C. For Maxi Preps, a single colony was inoculated in 200 ml LB
medium with a selective antibiotic O.N. at 37°C with vigorous shaking. Plasmid DNA was
isolated from bacteria using DNA isolation Kits (QlAprep Spin Miniprep Kit or HiSpeed

Plasmid Maxi Kit) according to the manufacturer’s instructions.

3.3.2 Cloning

The vector pcDNA3.1(-) mouse C/EBPB LAP was a gift from Peter Johnson (Addgene,
plasmid # 12557). FLAG- and 6xHis-BIO tags were fused to the N-Terminus of mouse

C/EBPB LAP by cloning 1xFLAG- and 6xHis-BIO tags in pcDNA3.1(-) mouse C/EBPJ LAP.

PCR for amplification of desired DNA sequence

Prior to cloning into vectors, desired DNA sequences were amplified by PCR. For this
purpose, 1 ug plasmid DNA, 5 ul Pfu Buffer + MgSQO,, 5 ul dNTPs (2 mM), 1 ul of each
primer (10 uM) (Table 10) and 0.5 ul Pfu DNA Polymerase (1.25 U/ul) were mixed. The PCR
program was carried out according to the manufacturer's protocol. After amplifying the
desired DNA sequence, small aliquots of the PCR samples were supplemented with 5x
loading buffer and were loaded on a 1 % (w/v) ethidium bromide agarose gel (1x TAE) in
order to analyze the sizes of the PCR products. DNA bands were visualized using a UV-
transilluminator and the Intas GDS software. Next, the PCR products were purified using the
QIAquick PCR Purification Kit.
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Restriction digest of plasmid DNA and PCR products

For restriction digest of plasmid DNA or PCR products, 10U of restriction enzyme were used
per ug of DNA in a 50 ul reaction supplemented with the appropriate NEB buffer. Digestion
reactions were performed for 5 h at 37 °C and were afterwards heat inactivated for 15 min at
70 °C.

Extraction of DNA fragments from ethidium bromide agarose gels

Following restriction digests, DNA fragments were separated by agarose gel electrophoresis.
Samples were mixed with 5x loading buffer and were loaded on a 1% (w/v) ethidium
bromide agarose gel (1x TAE). Separated DNA fragments were visualized using a UV-
transilluminator and the Intas GDS software and the appropriate bands were cut using a
scalpel. QIAquick Gel Extraction Kit was used according to manufacturer’s protocol to purify
DNA fragments.

Ligation reaction and transformation into bacteria

For ligation, vectors and inserts (1:3 molar ratio), 1 pl of T4 ligase buffer (10x), 1 U T4 DNA
ligase were mixed and H>.O was added up to 10 pl reaction volume. The reaction was
incubated for 1 h at RT, followed by an O.N. incubation at 4 °C. On the next day, the reaction
was heat inactivated for 15 min at 70 °C. Subsequently, TOP10 chemically competent
bacteria were transformed with 2 pl of the ligation reaction. Colonies were inoculated and
DNA was isolated as described in 3.3.1. Successful ligation was confirmed by restriction

enzyme analysis and sequencing.

3.3.3 Creation of mutant plasmids by genesynthesis

The pcDNA3.1(-) 6xHis-BlO-tagged mouse C/EBPBmut LAP was generated from the wild-
type pcDNAS3.1(-) mouse C/EBPB LAP by exchanging all Lys to Arg (AGG) by gene
synthesis (BioCat GmbH).

3.4 Cell Culture

3.4.1 Primary cell culture from adipose tissue

For primary adipocyte cell culture, the stromal vascular fraction (SVF) from inguinal fat was
prepared from 6- to 8-week-old C57BL/6 mice. For this purpose, the inguinal adipose depot

was dissected and all fat pads were collected in 10 ml PBS. Subsequently, the fat pads were
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cut with scalpels in a dish filled with digestion buffer (Dulbecco's modified Eagle's medium
(DMEM)/F12 + GLUTAMAX, 10° U/l Penicillin/Streptomycin, 0.15 % Collagenase Type IV
and 2 % BSA). Then, tissue was digested in 20 ml digestion buffer for 50 min at 37 °C in a
shaking water bath. Tissue homogenate was filtered through a 100 um cell strainer that was
subsequently washed with 10 ml DMEM/F12 + GLUTAMAX and 10° U/
Penicillin/Streptomycin. Tissue homogenate and washing solution were combined and
centrifuged at 400 x g for 10 min at RT. The supernatant was removed and the pellet was
resuspended in 4 ml erythrocyte lysis buffer (154 mM NH.Cl, 10 mM KHCO3, 0.1 mM EDTA)
and incubated for 20 min at RT. After centrifugation at 400 x g for 10 min at RT, the
supernatant was discarded and the pellet was resuspended in 10 ml culture medium
(DMEM/F12 + GLUTAMAX, 10 % fetal calf serum (FCS) and 10° U/I Penicillin/Streptomycin)
and filtered through a 30 pum cell strainer. Primary SV cells were seeded, on the following day
cells were washed with phosphate buffered saline (PBS) and new culture medium was
added to the cells. Cells were maintained at 37 °C and 5 % CO.. Adipocyte differentiation
was induced in preadipocyte cultures by treating one-day confluent cells for 48 hours with
medium containing 10 % FCS, 0.5 mM IBMX, 1 yM dexamethasone, 5 pg/ml insulin and
1 uM rosiglitazone. Two days after induction, cells were switched to differentiation medium
containing 10 % FCS and 5 pg/ml insulin. Depending on the demands of each experiment
primary preadipocyte cells were treated with different concentrations of DMSO or MLN4924
during the first two days of differentiation or every second day from day 8 of differentiation on

as indicated in the results section.

3.4.2 Mouse embryonic fibroblast preparation and culture

MEFs were prepared from mouse embryos (E13.5). For this purpose, embryos were
decapitated and internal organs were removed from the abdominal cavity. The carcass was
cut and subsequently digested in 1 ml 0.25 % trypsin/1 mM EDTA for 30 min at 37 °C, gently
shaking. After removing the trypsin solution, tissue pieces were first washed with 10 ml and
then resuspended in 1.5 ml DMEM containing 10 % FCS. Next, cells were dissociated by
trituration with a Pasteur pipette. After adding 5.5 ml DMEM supplemented with 10 % FCS,
cells were filtered through a 30 um cell strainer. MEFs were maintained in DMEM containing
10 % FCS, 2 mM L-Glutamine and 1 mM Sodium Pyruvate at 37 °C and 5 % CO.. In order to
induce adipocyte differentiation of MEF cells, two days post-confluent cells were treated with
10 % FCS, 0.115 pg/ml IBMX, 1 pg/ml insulin, 1 pM dexamethasone and 10 puM troglitazone.
Subsequently, cells were treated every second day with 1 pg/ml insulin. MEF cells were
treated with DMSO or MLN4924 during the first two days of differentiation as indicated in the

results section.
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3.4.3 3T3-L1 cell culture, differentiation protocol and transfection

The 3T3-L1 preadipocyte cell line was derived from Swiss 3T3 mouse fibroblasts (Green and
Kehinde, 1974). 3T3-L1 cells were cultured in DMEM supplemented with 10 % Bovine Serum
(BS), 10° U/l Penicillin/Streptomycin, 2 mM L-Glutamine and 1 mM Sodium Pyruvate at 37 °C
and 5% CO.. When cells reached 80 % confluency, they were washed with PBS,
trypsinized, counted and subsequently propagated in cell culture flasks or seeded according
to the demands of each experiment.

For differentiation of 3T3-L1 cells into adipocytes, two days post-confluent cells were treated
with 10 % FCS, 0.115 pg/ml IBMX, 0.001 mg/ml insulin and 1 pM dexamethasone. Next,
cells were treated every second day with 1 pg/ml insulin. 3T3-L1 cells were treated with
different concentrations of DMSO or MLN4924 during the first two days of differentiation or
every second day from day 8 of differentiation as indicated in the results section. Depending
on the demands of each experiment, 1 uM rosiglitazone or 20 pg/ml cycloheximide (CHX)

were added to the cells.

3T3-L1 preadipocytes and adipocytes were transfected using the Amaxa Cell Line
Nucleofector Kit V and L, respectively. Subsequently, cells were maintained for a 48 h

incubation period.

3.4.4 HEK293 cell culture and transfection

HEK293 (human embryonic kidney) cells were cultured in DMEM, 10 % FCS, 10° U/
Penicillin/Streptomycin, 2 mM L-Glutamine and 1 mM Sodium Pyruvate at 37 °C and 5 %
CO.. When cells reached confluency, they were washed with PBS, trypsinized, counted and
subsequently propagated or seeded on Poly-D-Lysine (PDL)-coated cell culture plates

according to the demands of each experiment.

HEK293 cells were seeded in culture medium in PDL-coated cell culture dishes 48 h prior to
transfection. Cells were transiently transfected using Lipofectamine 2000 in DMEM,
containing 1% FCS, 2mM L-Glutamine and 1 mM Sodium Pyruvate. After 18 h the
transfection medium was replaced by DMEM, containing 1 % FCS, 2 mM L-Glutamine and
1 mM Sodium Pyruvate. For experiments with BIO-tagged constructs, 4 yM biotin was added
to the medium. Cells were incubated for another 48 h. According to the demands of each
experiment, during this incubation time some cellular cultures were treated for 24 h with
DMSO or 1 yM MLN4924 and the last 6 h with 10 yM MG-132.
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3.4.5 OQil red O staining

Adipocytes were stained with Oil Red O (ORO), a red fat soluble dye, which is used for
staining TG and lipids, to determine the quantity of lipid droplet containing cells and the lipid
content per well. In addition to ORO, cells were counterstained with haematoxylin. For the
staining procedure 0.05g ORO powder were diluted in 25 ml 60 % isopropanol, boiled
briefly, cooled down to RT and filtered through a 0.22 um filter. Cells were washed with
500 ul PBS and subsequently fixed using 500 ul 4 % formaldehyde per well. After an
incubation time of 30 min at RT cells were washed with 500 pl dH».O. Subsequently, cells
were stained with 500 pl ORO solution per well for 1 h at RT. Next, two washing steps with
dH20 were followed by the staining with 300 yl Mayer’s Hematoxylin Solution per well for
5min at RT. Cells were washed with running tab water for 5 min at RT. Tab water was
removed and dH.O was added before taking pictures of the stained cells in different
magnifications. For quantification, ORO was extracted from the cells by adding 1 ml 60 %
isopropanol per well. Each sample was measured at 510 nm in a SmartSpec Plus

Photometer.

3.5 RNA isolation and real-time PCR

In order to extract total RNA, 1 ml Trizol was added to cells or tissue, samples were
homogenized and subsequently centrifuged for 15 min at 13,200 rpm at 4 °C. Supernatants
were transferred to a new tube and incubated for 5 min at RT. Subsequently, 200 pl
chloroform were added and tubes were shaken vigorously by hand for 15 sec. After an
incubation time of 3 min at RT, samples were centrifuged for 15 min at 13,200 rpm at 4 °C.
The aqueous phase, containing RNA, was transferred into new Eppendorf tubes. Next,
500 pl isopropanol were added to the samples. Tubes were inverted two times and samples
were incubated for 10 min at RT. Samples were again centrifuged for 15 min at 13,200 rpm
at 4 °C and supernatants were discarded afterwards. Pellets were washed with 1 ml 75 %
ethanol. Samples were vortexed and subsequently centrifuged for 5 min at 13,200 rpm at
4 °C. Supernatants were discarded, samples were spun down briefly and afterwards the rest
of the liquid was removed with a pipette. The pellet was dried for 10 min at 60 °C and

subsequently dissolved in RNase free water. RNA was dissolved for 10 min at 50-60 °C.

RNA was diluted in RNase free water to a final concentration of 1 pg RNA in 10 pl. cDNA
was generated with the QuantiTect Reverse Transcription Kit. Real-time PCR (gRT-PCR)
was performed using the QuantiFast SYBR Green RT-PCR Kit and the Roche Light Cycler.
For this purpose, 2 pl of cDNA, were pipetted in a 96-well plate. 5 pl QuantiFast SYBR Green
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RT-PCR Master Mix, 1 pl of the left and right primer (10 uM) respectively (Table 7), and 1 pl
RNase free water were mixed and added to each sample. RT — mix served as a negative
control. It contained three different samples treated as the other samples but the enzyme
reverse transcriptase was replaced by RNase free water. Following cycle parameters were
used: One cycle for preincubation at 95 °C for 5 min, 40 cycles for amplification (10 sec at
95 °C for denaturation and 30 sec at 60 °C for primer annealing and elongation per cycle),
one cycle of 10 sec at 50 °C for determining the melting curve and for 30 sec cooling down to
42 °C. RNA amounts were quantified using three different internal standards (Standard 1/1,
Standard 1/10, Standard 1/100). Results were normalized to the RNA expression of the
housekeeping genes TFIIB or B-Actin. Samples and standards were measured in triplicates.
Absolute quantification of the PCR products as wells as melting point analysis was carried
out using the Light Cycler Software Version 4.05.

3.6 Immunoblotting

First, lysates from tissue or cells were prepared using RIPA lysis buffer (Table 11),
supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail. When
neddylated proteins were analysed 20 mM N-Ethylmaleimide (NEM), an inhibitor of cysteine
peptidases, and 2 mM 1,10-Phenanthroline monohydrate (OPT), an inhibitor of
metalloproteases, were added to the RIPA lysis buffer in order to prevent de-neddylation of
the analysed proteins. Samples were sonicated with the SONIFIER® Cell disruptor B15
using output control 6, 40 % duty cycle and 7 impulses. Lysates were centrifuged at
12000 rpm for 5min at 4 °C and supernatants were in the following analyzed by
immunoblotting. Protein concentrations were measured by Bradford Assay. Protein extracts
were mixed with dH,O and Roti-Load or 4x Laemmli buffer (Table 11). Samples were heated
for 5 min at 95 °C and centrifuged for 5 min at 13,200 rpm at 4 °C. PageRuler™ Prestained
Protein Ladder and samples were separated by SDS-PAGE on SERVA gradient (4-20 %)
gels or 8-15 % self-made polyacrylamide gels. Proteins were transferred to 0.45 um PVDF
membranes using a wet transfer system. To control transfer efficiency, the membranes were
stained with PonceausS solution. In the following step, the PVDF membranes were blocked in
5 % milk powder dissolved in 1x Tris-buffered saline (TBS) solution containing 0.1 % Tween
20 (TBST) for 1 h at RT. After the O.N. incubation at 4 °C of the primary antibodies, diluted in
either 5 % BSA or 5 % milk solution, the membranes were washed three times in TBST for
5 min. Subsequently, the membranes were incubated with a horseradish peroxidase-IgG
conjugated secondary antibody diluted in either 5 % BSA or 5 % milk solution for 1 h at RT.
All antibodies used in this study are listed in Table 6. Membranes were washed three times
in TBST before visualizing the proteins of interest by using the chemiluminescent substrate
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Immobilon. Immunoreactive bands were measured with the ChemiDoc™ MP imaging

system. Data were analyzed using Image Lab 4.0 Software (Biorad).

3.7 Pull-down assays

For pull-down assays, cells were plated in 10 cm dishes and treated according to the
demands of each experiment. Following the protocol for denaturing conditions, cells were
lysed in 1 ml Guanidinium-HCI buffer (Table 11) containing protease inhibitor cocktail and
were subsequently sonicated. Cell lysates were incubated with 50 pl magnetic Streptavidin
beads overnight at 4 °C. Beads were successively washed once with 750 yl Guanidinium-
HCI buffer containing 0.1 % Triton X-100, once with 750 pl urea buffer, pH 8.0 (Table 11) and
three times with 750 pl urea buffer, pH 6.3 (Table 11). Proteins were eluted by boiling in
150 pl 4x Laemmli buffer, separated by SDS-PAGE and analyzed by immunoblotting.

3.8 C/EBPB homodimerization assay

For C/EBPB homodimerization assays, cells were plated in 10 cm dishes and treated
according to the demands of the experiment. Cell lysates were prepared in mild lysis buffer
(Table 11) containing protease inhibitors and phosphostop. Cells were centrifuged for 20 min
at 13,000 rpm at 4 °C and supernatants were incubated with magnetic Streptavidin beads
O.N. at 4 °C. Beads were washed three times with 750 pl TBS and proteins were eluted by
boiling in 150 ul 4x Laemmli buffer. C/EBPB homodimerization was analyzed by

immunoblotting.

3.9 Cellular fractionation of 3T3-L1 cells

For cellular fractionation experiments, 3T3-L1 cells were plated in 10 cm dishes and treated
with DMSO or 1 uM MLN4924. Cells were washed two times with 10 ml PBS and trypsinized
at the indicated time points. Cells were centrifuged for 10 min at 100xg at 4 °C. The cell
pellet was washed once with 1 ml ice cold PBS and subsequently centrifuged for 10 min at
100xg at 4 °C. Cell pellets were frozen at -80 °C. Next, cells were lysed using 250 pl cellular
lysis buffer (Table 11) containing protease inhibitors and phosphates inhibitors by
occasionally mixing for 15 min. In order to sediment nuclei, samples were centrifuged for
10 min at 6,000 rpm at 4 °C. Supernatants were analyzed as cytosolic fraction by
immunoblotting. Pelleted nuclei were washed twice with 500 pl ice cold PBS and afterwards
lysed for 30 min at 4 °C using 50 pl nuclear extraction buffer (Table 11) containing protease
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inhibitor and phosphatase inhibitor. Samples were again centrifuged for 10 min at 6,000 rpm

at 4 °C. Supernatants were analyzed as nuclear fraction by immunoblotting.

3.10 Immunocytochemistry

3T3-L1 cells were plated on chloroform/100 % EtOH-treated coverslips, differentiated and
co-transfected with pcDNA3.1(+) mouse Ubcl12-C111S and a vector expressing GFP,
following the std. protocols. On day 7 of differentiation, after staining with ORO, cells were
permeabilized with 0.1 % Triton X-100 in PBS, blocked in 5 % BSA in PBS/0.1 % Triton X-
100, and incubated at 4 °C with a-GFP primary antibody. After 24 h, cells were incubated
with a green-fluorescent a-chicken secondary antibody for 2 h. Coverslips were mounted in
mounting medium containing DAPI and slides were sealed with Roti® Histokitt. Images were
acquired on a Zeiss AXIO fluorescence microscope and were processed with AxioVision
software (Zeiss). Random areas were picked in a blinded fashion, and a minimum of 100

nuclei per coverslip were counted.

3.11 Lipolysis assay

3T3-L1 cells were plated in 96-well plates, treated with DMSO, 3 uM MLN4924 or 1 uM
Isoproterenol for the indicated time period. FA concentration in the medium was measured
using the Lipolyis Assay Kit for 3T3-L1 cells (Zenbio) following the manufacturer's

instructions.

3.12 Flow cytometry

For flow cytometry analysis, 3T3-L1 cells were plated in 6-well plates and induced to
differentiate. 3T3-L1 adipocytes were treated with DMSO or 3 uM MLN on day 8 of
differentiation for 24 h or with 10 uM isoproterenol (ISO) for the last 1 h, respectively.
Subsequently, cells were rinsed in medium and transferred into a 15 ml falcon tube. Cells
were centrifuged for 3 min at 1200 rpm. Next, the medium was removed and cells were
washed with 5 ml PBS twice. After washing, the cell pellet was dissolved in 1 ml PBS. Cells
were kept on ice for 10 min. For the fixation of the cells, 3 ml ice-cold absolute ethanol was
added drop wise while slowly vortexing. Next, samples were centrifuged for 4 min at
2000 rpm at 4 °C. Approximately 3 ml supernatant were removed and cells were
resuspended in the rest of the liquid and transferred into Eppendorf tubes. Cells were
centrifuged for 3 min at 4000 rpm at 4 °C and supernatant was removed afterwards. Cells
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were washed twice with 1 ml ice-cold PBS with a centrifugation step of 3 min at 4000 rpm at
4 °C in between. Next, supernatant was removed completely and cells were resuspended in
500 pl PI mix containing 1 ml PBS, 50 yl Pl and 1 ul RNase A. After incubating 30 min at
37 °C, side scatter (SS) and forward scatter (FS) were determined by flow cytometry using
the Beckman Coulter EPICSTMXLTM flow cytometry apparatus and data was analyzed
using EXPO32 Software.

3.13 Reporter gene assays

3T3-L1 cells were transfected using the Amaxa Cell Line Nucleofector V or L Kit and were
subsequently seeded in 24-well plates. Two days after transfection, 3T3-L1 cells were
washed once with 500 ul PBS, subsequently lysed with 100 pl Passive Lysis Buffer and
frozen at -80 °C. Next, cell lysates were de-frozen and centrifuged for 1 min at 13,000 rpm at
4 °C. Reporter activity for luciferase was measured in a TriStar photometer by adding 50 pl
Luciferin to 20 ul cell lysate. Luciferase activity was normalized to GFP fluorescence

emission measured in a TriStar photometer.

3.14 cAMP assay

3T3-L1 cells were cultured in Std. Medium supplemented with 10 % BS. Two days after, cells
were serum deprived in Std. Medium supplemented with 1 % BSA without antibiotics for 4 h.
IBMX (0.115 pg/ml), insulin (1 pg/ml) and 10 % FCS were added together with DMSO or
1 uM MLN4924 or 5 uM forskolin to the cultures. Cells were treated for the indicated time
periods. For measuring intracellular cAMP levels, cells were incubated with 6 % trichloracetic
acid (TCA) overnight at 4 °C. Supernatants were collected in 10 ml glass tubes, TCA was
extracted twice using 3 ml diethyl ether saturated with water. Subsequently, samples were
lyophilized O.N. Finally, cAMP content was measured by J. Stalla using the cAMP [*?°[]

Radioimmunoassay Kit.

3.15 Chromatin Immunoprecipitations

3.15.1ChlIP in 3T3-L1 cells

For Chromatin Immunoprecipitation (ChlP) experiments, 3T3-L1 cells were plated in 10 cm
dishes and were treated for 24 h with DMSO or 1 uM MLN4924. In order to crosslink proteins
to DNA, 270 ul 37 % Formaldehyde were added to the plates containing 10 ml medium. After
incubating for 10 min at RT, the crosslinking reaction was stopped by adding 1 ml 1.25 M
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Glycine per plate for 5 min at RT. Then, medium was removed and dishes were placed on
ice. Cells were washed twice with ice cold PBS and subsequently scraped gently with 1 ml
PBS containing protease inhibitor cocktail. Cells were pelleted by centrifuging for 10 min at
100xg at 4 °C. Supernatants were discarded and cells were lysed for 15 min on ice in 300 pl
cell lysis buffer (Table 11) containing protease inhibitor cocktail. Samples were centrifuged
for 10 min at 6000 rpm at 4 °C. Pelleted nuclei were lysed by adding 200 pl nuclei lysis buffer
(Table 11) containing protease inhibitor cocktail. DNA was sheared by sonicating 14 x
(15 sec continuous sonication, 1 min to cool in between). After sonication, samples were
centrifuged for 20 min at 13,200 rpm at 4 °C. Supernatants were aliquoted for IPs (OD2sonm =
10) and diluted up to a volume of 500 ul with dilution buffer (Table 11) containing protease
inhibitor cocktail. Protein G beads were washed three times with dilution buffer and samples
were pre-cleared for 30 min with 10 ul pre-washed Protein G beads. Next, 1 % Input was
taken and frozen at -80 °C. Afterwards, the respective antibodies (Table 6) were added to the
supernatants and incubated rotating O.N. at 4 °C. On the next day, Protein G beads were
washed three times in dilution buffer and subsequently blocked with 0.1 ug per ul beads
BSA. Beads were washed three times with dilution buffer and 50 ul pre-washed / blocked
Protein G beads were added to the samples and incubated rotating for 30 min at 4 °C. Beads
were washed once for 5 min with 500 pl low salt buffer (Table 11), once for 5 min with 500 pl
high salt buffer (Table 11), once for 5 min with 500 pl LiCl buffer (Table 11) and once for
5 min with 500 pl TE buffer (Table 11). Then, 200 ul elution buffer (Table 11) were added to
the inputs and set aside at RT. Meanwhile, supernatants were removed from beads and
100 pl elution buffer was added and incubated for 15 min at RT. The elution step was
repeated once more and the two eluates were combined. To reverse crosslinking, 8 ul 5 M
NaCl were added to the inputs and IPs and incubated for O.N. at 65°C. Next, the samples
were incubated with 1 pl RNase A for 30 min at 37 °C. Later, 4 ul 0.5 M EDTA, 8 ul 1 M Tris-
HCI and 1 ul Proteinase K were added to the samples and incubated for 1 h at 45 °C. DNA
fragments were purified using QIAquick PCR Purification Kit and afterwards stored at -20°C
until further analysis by gRT-PCR. Samples were measured in triplicates. Results were

normalized to Inputs.

3.15.2ChlIP in mouse adipose tissue

Epididymal fat was homogenized in 1 ml cell lysis buffer (Table 11) containing protease
inhibitor cocktail and incubated for 15 min on ice, meanwhile vortexing every 5 min. Samples
were centrifuged for 10 min at 6000 rpm at 4 °C. Supernatants were discarded and nuclei
were washed three times with ice-cold PBS containing protease inhibitor cocktail. In between

each washing step, nuclei were centrifuged for 10 min at 6000 rpm at 4 °C. Subsequently,
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nuclei were cross-linked for 10 min in 500 ul 1 % formaldehyde solution. Formaldehyde was
quenched with 50 pl 1.25 M glycine for 5 min. After centrifuging for 10 min at 6000 rpm at
4 °C supernatants were discarded and nuclei were washed three times with ice-cold PBS
containing protease inhibitor cocktail. In between each washing step, nuclei were centrifuged
for 10 min at 6000 rpm at 4 °C. Nuclei were lysed in 500 pl nuclei lysis buffer (Table 11)
containing protease inhibitor cocktail and samples were incubated for 20 min at RT. DNA
was sonicated on ice/EtOH 5x (10 sec continuous sonication, 1 min to cool in between).
Sonicated samples were centrifuged for 20 min at 13,200 rpm at 4 °C. Supernatants were
aliquoted for IPs (OD2sonm = 5) and diluted up to a volume of 500 pl with dilution buffer (Table
11) containing protease inhibitor cocktail. For further steps the protocol described in chapter
3.15.1 was followed.

3.16 In vivo experiments

3.16.1 Induction of Nael Knock-out in the fat tissue in lean and obese mice

Experimental mice were single-housed 1 week before and during the experiments and kept
under standard laboratory conditions. Male mice of 2 months of age were used in all
experiments. Age-matched Nael"™®® mice were used as controls. The control and KO
(Nae1"® and NaelAdipoCreER™) mice were divided in 2 sets: KO of the Nael gene in the
fat tissue of lean NaelAdipoCreER™ mice was induced by injecting intraperitoneally 2 mg
tamoxifen (10 % ethanol in sunflower seed ail) per day for 3 days and subsequent feeding
with tamoxifen food pellets (LAS CRdiet CreActive TAM400, LASvendi) for 7 days. After
tamoxifen dependent Cre-lox recombination mice were fed either standard rodent chow diet
or HFD for 14 weeks. A second set of animals was fed for 9 weeks with a HFD.
Subsequently, the KO of the Nael gene in the AT of obese NaelAdipoCreER™ mice was
induced by injecting intraperitoneally 2 mg tamoxifen (10 % ethanol in sunflower seed oil) per

day for 5 days. Then mice were fed either standard rodent chow diet or HFD for 8 weeks.

3.16.2 Treatment with the neddylation inhibitor MLN4924

Eight weeks old C57BL/6N mice were fed a HFD for 8 weeks. Diet-induced obese mice were
subsequently injected daily, subcutaneously with 90 mg/kg MLN4924, diluted in 20 % (w/v)
2-hydroxypropyl-B-cyclodextrin, or vehicle for 2 months. During vehicle/MLN4924 treatment,

mice were fed with either standard rodent chow diet or HFD for 7 weeks.
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3.16.3Indirect calorimetry

Energy expenditure (EE), oxygen consumption (VO.), respiratory exchange ratio (RER), food
and water consumption and locomotor activity were analyzed by an indirect calorimetry
system (Phenomaster, TSE Systems) over a period of 48 h. Before data collection, all mice
were acclimatized to the system for 48 h.

3.16.4 Glucose tolerance test

Animals were subjected to 6 h of fasting 1 h after the onset of the light phase. Subsequently,
mice were injected intraperitoneally with 2 g glucose per kg body weight (20 % w/v D-glucose
in 0.9 % w/v saline). Tail blood glucose levels (mg/dl) were measured with a handheld
glucometer (Contour next, Bayer) before (0 min) and at 15, 30, 60 and 120 min after

injection.

3.16.5 Measurement of plasma parameters

After sacrificing the animals, trunk blood was collected in EDTA-coated microvette tubes,
immediately chilled on ice, centrifuged at 5,000 rpom for 10 min at 4 °C, and plasma was
stored at —80 °C For measurement of plasma parameters following Kits were used:
EnzyChrom™ Glucose Assay Kit, EnzyChromTM Triglyceride Assay Kit, Mouse Leptin
ELISA Kit, NEFA Kit, Adiponectin ELISA Kit, Insulin ELISA Kit.

3.16.6 Tissue harvest and preparation

Tissues were isolated and either snap frozen in liquid nitrogen for protein and RNA analysis
or fixed in 4 % paraformaldehyde. Prior to embedding the tissues in Paraplast for histology,
tissues were washed once with PBS and subsequently incubated in 70 % ethanol O.N. at
4 °C. On the next day tissues were further de-hydrated by incubation for 2 h in 96 % ethanol,
for 2 h in 99.8 % ethanol and in xylol till the tissues were transparent. Finally, tissues were

embedded in Parablast.

3.16.7 Histology

Sections at 8 um were prepared of Paraplast-embedded tissues using a microtome (Leica).

For hematoxylin & eosin staining, WAT and liver sections were deparaffinised in xylol and
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rehydrated by incubating the sections twice for 5 min in xylol, twice for 2 min in 100 %
ethanol, twice for 2 min in 96 % ethanol, twice for 2 min in 70 % ethanol, and removing the
ethanol by washing twice with dH.O. Afterwards, sections were stained for 5 min in
hematoxylin. Next sections were rinsed with dH.O and subsequently washed with running
tab water for 10 min. Sections were then stained for 3 min in eosin, rinsed with dH.O and de-
hydrated again by incubating the sections once for 1 min in 70 % ethanol, twice for 1 min in
96 % ethanol, twice for 1 min in 100 % ethanol and twice for 5 min in xylol. Then sections
were embedded using the Roti-Histokitt. Pictures of the tissue were taken with a Zeiss AXIO
microscope and were processed with AxioVision software (Zeiss). Adipocyte area was
determined by quantifying the adipocyte area from 3 animals per study group using the
Adiposoft image analysis Software.

For perilipin immunohistochemistry, sections were re-hydrated in a graded alcohol series
(45 min in xylol, 5 min in xylol, two times for 10 min in 100 % ethanol, two times for 10 min
95 % ethanol and two times for 5 min in 70 % ethanol). Subsequently sections were rinsed
for 10 min in dH>O. Antigen retrieval was performed by washing the sections in 0.01 M
sodium citrate (pH 6.0), boiling them for 5 min in the microwave at 100 %, letting them cool
down for 5 min at RT, boiling them for 3 min in the microwave at 70 % and finally cooling
them down to RT for 20 min. Sections were rinsed twice in PBS and endogenous peroxidase
was guenched by incubation in 0.1 % H,O: (in PBS) for 5 min. After blocking for L hin 1.5 %
goat serum, two successive washing steps in PBS, a-perilipin antibody diluted in 2 % goat
serum was incubated ON at 4 °C. On the next day sections were washed twice in PBS for
2 min and the secondary antibody diluted in PBS was incubated for 30 min at RT. After two
consecutive washing steps with PBS, ABC reagent was incubated for 30 min at RT. Sections
were subsequently washed with PBS and 0.05 M Tris-HCI (pH 7.4) for 5 min, respectively.
DAB staining (2 ml DAB in 100 ml 100 mM Tris-HCIl, pH 7.6 and 0.01 % H.O,) was
performed for 45 sec to 1 min and then the reaction was stopped with dH,O. Next sections
were washed twice with PBS for 5 min and nuclei were stained with hematoxylin. For this
purpose sections were incubated in hematoxylin for 5 min, rinsed in dH.O and incubated in
running tab water for 10 min. Sections were de-hydrated again by incubating the sections
twice for 1 min in 70 % ethanol, twice for 1 min in 96 % ethanol, twice for 1 min in 100 %

ethanol and twice for 5 min in xylol. Then sections were embedded using the Roti-Histokitt.

3.16.8 Bomb calorimetry

Bomb calorimetry was performed by Ralf Elvert. Feces samples were dried at 60 °C,

homogenized and squeezed to a pill for determination of energy content in an oxygen bomb
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calorimeter (model 6300, Parr Instruments, Frankfurt/Main, Germany). For the analysis of
solid feces samples, the bomb calorimeter was calibrated using benzoic acid for

calorimetrical determination with a guaranteed caloric value of 26.47 kJ/g.

3.17 Statistical analysis

For cell culture, each condition was tested at least in triplicates. Each data set was obtained
from at least three independent experiments. Data distribution was assumed to be normal,
but this was not formally tested. Mice were assigned to the various experimental groups on
the basis of genotype. Age-matched littermates were used as controls in all experiments. No
randomization was used. All statistical analyses were performed using GraphPad Prism 7
software. Multiple comparison analyses were performed by using one- or two-way analysis of
variances followed by Tukey’s or Bonferroni’'s post hoc tests. Student’s test was used for
comparisons of two groups. Two-sample Z-test for proportions was performed for scoring of
cells with or without lipid droplets after Ubc12 C111S overexpression and for FACS analysis.
Differences were considered statistically significant at *p < 0.05. All results are presented as
mean = SEM.
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4 Results

Neddylation is a PTM that exerts the regulation of various cellular functions, including cell
cycle control as the best-established one (Enchev et al., 2015). Nevertheless, the role of
neddylation in adipocyte development and function remained largely unknown. In this regard,
especially the detection and characterization of Nedd8 targets and their roles in adipocytes

awaited further investigation.

4.1 Neddylation increases during 3T3-L1 differentiation

With this in mind, we first attempted to investigate the role of neddylation in adipocyte
development by analyzing the expression of proteins involved in the neddylation pathway by
immunoblotting during the time course of 3T3-L1 adipocyte differentiation. The 3T3-L1
preadipocyte cell line can be differentiated into adipocytes in the presence of MDI (Green
and Kehinde, 1974), and is thus frequently used as a model to study adipocyte
differentiation. Using this tool we observed that the expression of the regulatory subunit of
the E1 enzyme NAE, Nael, changed during 3T3-L1 adipocyte maturation. Additionally,
neddylation of the E2 enzyme Ubcl2, the conjugating enzyme of the pathway, increased
during adipogenesis (Figure 15), pointing towards an upregulation of neddylation pathway
members during 3T3-L1 differentiation. Supporting this finding, we observed an increase in
the pattern of neddylated proteins during 3T3-L1 adipogenesis (Figure 15). Interestingly, the
smear of neddylated proteins, revealed by immunoblotting with an o-Nedd8 antibody,
suggests that there are many additional neddylated substrates in 3T3-L1 cells beyond the
Cullins (at ~ 95 kDa), the canonical neddylation targets. This observation is of particular

importance, as the role of non-Cullin neddylation is still controversial (Enchev et al., 2015).
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Figure 15: Neddylation increases during 3T3-L1 adipocyte differentiation. 3T3-L1 cells were differentiated
for two days in culture medium with MDI followed by insulin. Protein lysates were extracted at the indicated time
points. Immunoblots of Nael, Ubc12 and Nedd8 during 3T3-L1 adipocyte differentiation are shown. Equal protein
loading was confirmed by normalization to TFIIB expression.

4.2 Neddylation is crucial for adipocyte differentiation

Given the positive relationship between increasing neddylation and progression of adipocyte
differentiation, we hypothesized that Nedd8 conjugation to substrate proteins might regulate
adipogenesis. Thus, we attempted to validate this hypothesis using different approaches of
neddylation inhibition. Neddylation was abolished during adipogenesis by either treating the
cells with the specific Nael inhibitor MLN4924 or overexpressing a dominant negative Ubc12
(Ubcl2 C111S) enzyme.

4.2.1 The Nael inhibitor MLN4924 impairs adipocyte differentiation in a dose-
dependent manner

The potent and selective inhibitor MLN4924 is able to block the activity of Nael, thus
resulting in the disruption of Nedd8 conjugation to substrate proteins (Soucy et al., 2009). In
order to explore the role of neddylation during adipocyte differentiation, MLN4924 was used
as a pharmacological tool to inhibit the neddylation pathway. Simultaneous with the initiation
of the differentiation process, 3T3-L1 preadipocytes were treated for two days with different
concentrations of the neddylation inhibitor. Since MLN4924 was dissolved in DMSO, this
solvent was used as a control for all subsequent experiments. After 14 days of 3T3-L1
adipocyte differentiation, cells were fixed, stained with the fat-soluble dye Oil Red O (ORO)
and hematoxylin and pictures were taken by light microscopy. The more lipid droplets the

cells contained the more they were stained with the red dye. TG content was photometrically
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determined as a functional read-out. As evidenced by ORO staining, we observed dose-
dependent inhibitory effects of MLN4924 on lipid droplet accumulation in 3T3-L1 cells (Figure
16A-B). As shown in Figure 16, adipocyte differentiation was completely blocked at
concentrations of 500 nM and 1000 nM MLN4924. Cell viability after MLN4924 treatment
was confirmed by counterstaining the cells with hematoxylin, ruling out putative cytotoxic
effects of the drug.
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Figure 16: The neddylation inhibitor MLN4924 blocks adipocyte differentiation in a dose-dependent
manner. (A-B) 3T3-L1 cells were differentiated for two days in culture medium with MDI followed by insulin.
During the first two days of differentiation cells were treated with DMSO or different concentrations of MLN4924
(MLN). Cells were stained with ORO and hematoxylin on day 14. (A) Schematic diagram showing culture
conditions. Representative images showing ORO (red) and hematoxylin staining of 3T3-L1 cells on day 14. (B)
TG content was determined by quantifying ORO staining. Data are presented as mean + SEM (n=3). Significance
was determined by one-way ANOVA with Bonferroni's multiple comparison test. *xp < 0.01 and *++p < 0.001
DMSO vs. MLN treatment. Scale bars in (A) represent 50 pm.

Additionally, MLN4924 drug kinetics was performed by treating the cells with 1 yM MLN4924
and daily fixation and staining with ORO and hematoxylin from day 0 to day 14 of
differentiation. These experiments revealed that neddylation blockade at this concentration
completely abrogated 3T3-L1 adipocyte development (Figure 17A-B).
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Figure 17: MLN4924 inhibits adipocyte differentiation. (A-B) 3T3-L1 cells were differentiated for two days in
culture medium with MDI followed by insulin. During the first two days of differentiation cells were treated with
DMSO or 1 yM MLN. Cells were stained with ORO and hematoxylin on different time points of differentiation. (A)
Schematic diagram showing culture conditions. Representative images (of the whole cell culture well and by light
microscopy) showing ORO (red) and hematoxylin staining of 3T3-L1 cells on different time points of
differentiation. (B) TG content was determined by quantifying ORO staining. Data are presented as mean + SEM
(n=3). Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test. *xp < 0.01
and #*xp < 0.001 DMSO vs. MLN treatment. Scale bars in (A) represent 50 pm.

In a complementary set of experiments, we aimed to validate these results in other cellular
models. Using PCC of inguinal WAT and MEFs we could confirm that neddylation inhibition
by MLN4924 treatment at a concentration of 1 yM attenuates adipocyte differentiation in
these cell cultures (Figure 18A-D). These experiments strongly support the relevance of
neddylation in regulating adipocyte differentiation.
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Figure 18: MLN4924 blocks adipocyte differentiation of MEFs and primary preadipocytes. (A-B) MEFs were
induced to differentiate by treating the cells for two days with MDI and troglitazone followed by insulin.
During the first two days of differentiation cells were treated with DMSO or 1 yM MLN and stained with ORO and
hematoxylin on day 14. (A) Representative images showing ORO and hematoxylin staining of differentiated MEFs
on day 14. (B) TG content was determined by quantifying ORO staining. (C-D) PCC of inguinal fat were induced
to differentiate by treating the cells for two days with MDI and rosiglitazone followed by insulin. During the first two
days of differentiation cells were treated with DMSO or 1 yM MLN and stained with ORO and hematoxylin on day
14. (C) Representative images showing ORO and hematoxylin staining of differentiated PCC on day 14. (D) TG
content was determined by quantifying ORO staining. Data are presented as mean + SEM (n=3). Significance
was determined by unpaired two-side t test. xp < 0.05 and *x*p < 0.001 DMSO vs. MLN treatment. Scale bars
in (A,C) represent 50 um.

4.2.2 MLN4924-induced blockade of adipogenesis is reversible

Importantly, MLN4924 induced effects on adipocyte differentiation could be reverted when
the drug was removed and cells were re-treated with adipogenic inducers (Figure 19A-B). As
demonstrated by ORO staining, MLN4924-treated cells, that were re-stimulated to
differentiate, reached the same TG content as control cells (Figure 19A-B). The fact that 3T3-
L1 cells are able to recover after wash-out of the drug and repeated stimulation of
differentiation ruled out potential cytotoxic effects. Moreover, the cells still conserve their
biological function as preadipocytes, which can be transformed into mature adipocytes upon
MDI treatment.
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Figure 19: Reversion of MLN4924-induced effects on adipocyte differentiation. (A-B) 3T3-L1 cells were
differentiated for two days in culture medium with MDI followed by insulin. During the first two days of
differentiation cells were treated with DMSO or 1 yM MLN4924 (MLN). On day 7 part of the MLN4924-treated cell
cultures was again incubated with MDI followed by insulin (Re-MDI). (A) Schematic diagram showing culture
conditions. Representative images showing ORO and hematoxylin staining on day 7 and 14 after differentiation.
(B) TG content was determined by quantifying ORO staining. Data are presented as mean + SEM (n=3).
Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test. »xp < 0.01 and **xp
< 0.001 DMSO vs. MLN treatment. Scale bars in (A) represent 50 um.

4.2.3 Overexpression of the dominant negative Ubc12 protein, Ubc12 C111S,

blocks adipocyte differentiation

To corroborate the role of neddylation in adipogenesis by other means than using the
pharmacological neddylation inhibitor MLN4924, differentiating 3T3-L1 adipocytes were
transfected with a dominant negative Ubcl2 protein. The point mutant Ubcl2 C111S, in
which the cysteine residue 111 was substituted by the amino acid serine, captures Nedd8
and prevents the following conjugation to substrate proteins (Wada et al., 2000). The effects
of overexpressing the dominant negative Ubcl2 enzyme on 3T3-L1 adipogenesis were
evaluated by immunocytochemistry. Cells were co-transfected with Ubcl2 C111S and a
GFP-expression plasmid, subsequently cells were fixed, stained with ORO and GFP was
detected by an a-GFP antibody. Thus, successfully transfected cells could be visualized by
green fluorescence. Cells co-transfected with the dominant negative Ubc12 C111S did not
differentiate into adipocytes (85 % of control cells differentiated into mature adipocytes,
whereas only 21 % of Ubcl12 C111S-transfected cells contained lipid droplets) (Figure 20A-
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B). Thus, downregulation of the neddylation pathway with this genetic tool further reinforced

the importance of neddylation in the regulation of adipogenesis.
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Figure 20: Overexpression of the dominant-negative Ubc12 protein blocks adipocyte differentiation. (A-B)
3T3-L1 cells were differentiated for two days in culture medium with MDI followed by insulin. Cells were co-
transfected with a GFP expressing plasmid and either control or Ubl2 C111S expressing vectors.
Immunocytochemistry against GFP as well as ORO and DAPI staining was performed on day 14 after
differentiation. (A) Representative images of fluorescence microscopy showing green fluorescent cells stained
with ORO and DAPI (blue). (B) Quantification of green fluorescent cells that were regarded as successfully
transfected cells (considered as 100 %) with or without lipid droplets (LD) by manual counting (n=100). Two-
sample Z-test for proportions was performed for scoring of cells with or without lipid droplets after Ubc12C111S
overexpression. p<0.001 (cells without LD Control vs. Ubc12C111S; cells with LD Control vs. Ubc12C111S).
Scale bars in (A) represent 100 pm.

4.3 Neddylation is required for the maintenance of the adipocyte

cellular morpholoqgy

Using both, genetic and pharmacological tools, we inhibited the neddylation pathway in order
to evaluate the role of neddylation in adipocyte differentiation. We found that neddylation is
required for adipocyte development. Consequently, we sought to define the role of

neddylation in mature adipocytes.

4.3.1 MLN4924 treatment leads to lipid droplet loss in mature adipocytes

To examine the effects of neddylation blockade on mature adipocytes, 3T3-L1 cells were
incubated every second day with different concentrations of MLN4924 and DMSO from day 8
of differentiation on. Since the expression of adipogenic proteins does not change
significantly from 8 days after stimulation of adipogenesis on, these cells can be considered
as fully developed adipocytes (Tamori et al., 2002). Lipid droplet content was evaluated by
ORO staining. As shown in Figure 21A-B, blocking the neddylation pathway by MLN4924
treatment resulted in a dose- dependent lipid droplet loss in 3T3-L1 mature adipocytes
respect to control cells. Higher MLN4924 concentrations were required to induce lipid droplet
loss in mature adipocytes as 3 UM of the compound exerted the strongest effects. Thus, this

concentration was used in all the following experiments regarding mature adipocytes.
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Treatment of 3T3-L1 adipocytes with 3 uM MLN4924 revealed that the drug exhibits time-

dependent effects on lipid droplet loss in mature adipocytes (Figure 21C-D).
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Figure 21: MLN4924 treatment reduces triglyceride content in a dose- and time-dependent manner. (A-B)
3T3-L1 cells were differentiated for two days in culture medium with MDI followed by insulin. Then, 3T3-L1
adipocytes were treated with DMSO or different concentrations of MLN from day 8 of differentiation on. Cells were
stained with ORO and hematoxylin on day 17 of differentiation. (A) Representative images showing ORO and
hematoxylin staining on day 17 of differentiation. (B) TG content was determined by quantifying ORO staining. (C-
D) 3T3-L1 cells were differentiated for two days in culture medium with MDI followed by insulin. 3T3-L1
adipocytes were treated with DMSO or 3 uM MLN every second day from day 8 of differentiation on and stained
with ORO and hematoxylin on different time points. (C) Schematic diagram showing culture conditions.
Representative images showing ORO and hematoxylin staining at different time points after MLN treatment. (D)
TG content was determined by quantifying ORO staining. Data are presented as mean + SEM (n=3). Significance
was determined by two-way ANOVA with Bonferroni's multiple comparison test. *p < 0.05 and **xp < 0.001
DMSO vs. MLN treatment. Scale bars in (A,C) represent 50 pym.

In accordance with our findings obtained in 3T3-L1 cells, a substantial decrease in lipid
droplet content was observed when neddylation was blocked by the pharmacological
neddylation inhibitor in differentiated PCC from inguinal fat (Figure 22A-B).
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Figure 22: MLN4924 decreases triglyceride content in primary adipocytes. (A-B) PCC of inguinal fat were
induced to differentiate by treating the cells for two days with MDI and rosiglitazone followed by insulin.
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Subsequently, PCC were treated with DMSO or 3 yM MLN every second day from day 8 of differentiation on.
ORO and hematoxylin staining was performed on day 14. (A) Representative images showing ORO and
hematoxylin staining on day 14 of differentiation. (B) TG content was determined by quantifying ORO staining.
Data are presented as mean + SEM (n=3). Significance was determined by unpaired two-side t test. *p < 0.05
DMSO vs. MLN treatment.

Moreover, flow cytometry analysis of 3T3-L1 adipocytes revealed that DMSO-treated cells
contained a population of large, high-scatter cells not observed in MLN4924-treated cells.
Cells treated with the inhibitor rather displayed a similar profile as cells treated with the
lipolytic drug isoproterenol, indicating a decreased intracellular lipid accumulation in both
cultures (Figure 23). Taken together, this suggests that neddylation might control lipid
storage in adipocytes. However, it is of note that compared to the effects on adipogenesis, in
general the result of inhibiting neddylation in developed adipocytes was milder.
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Figure 23: MLN4924 decreased intracellular lipid accumulation. (A-B) 3T3-L1 cells were differentiated for two
days in culture medium with MDI followed by insulin. 3T3-L1 adipocytes were treated with DMSO or 3 uM MLN on
day 8 of differentiation for 24 h or with 10 pM isoproterenol (ISO) for the last 1 h, respectively. Side scatter (SS)
and forward scatter (FS) were determined by flow cytometry on day. (A) Representative flow cytometry plots
showing gating scheme for 3T3-L1 cells based on size. Gates A and B represent the distribution of the dots in the
plot after treatment with ISO. Gates were then applied to the DMSO and MLN plots. (B) Percentages of cells in
region A and B are shown. Statistical significance was determined by Two-sample Z-test for proportions. DMSO
vs ISO p< 0,001; DMSO vs MLN p<0.001, MLN vs ISO p=0.8810 n.s.

4.3.2 MLN4924-induced lipid droplet loss in adipocytes is reversible

We found that neddylation blockade using the pharmacological inhibitor MLN4924 induces
lipid droplet loss in mature adipocytes. Notably, washing out the drug and applying the pro-
lipogenic hormone insulin reverted the lipid droplet loss in 3T3-L1 adipocytes, indicating that
treated cells preserved their adipocyte function and maintained the ability to store TG (Figure
24A-B). Accordingly, TG content of cells pre-treated with MLN4924 followed by insulin
incubation was considerable elevated compared to cultures without insulin (Figure 24A-B).
These results point to the fact that the lipid droplet loss in adipocytes triggered by

neddylation blockade is reversible.
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Figure 24: MLN4924-induced effects on lipid droplet loss can be reverted by adding the pro-lipogenic
hormone insulin. (A-B) 3T3-L1 cells were differentiated for two days in culture medium with MDI followed by
insulin. Then, 3T3-L1 adipocytes were treated with DMSO or 3 yM MLN every second day from day 8-17.
Subsequently, cells were cultured with or without insulin until day 30. ORO and hematoxylin staining was
performed at the indicated time points. (A) Schematic diagram showing culture conditions. Representative images
showing ORO and hematoxylin staining at day 8, day 17 and day 30 of differentiation. (B) TG content was
determined by quantifying ORO staining. Data are presented as mean + SEM (n=3). Significance was determined
by two-way ANOVA with Bonferroni's multiple comparison test. *xp < 0.01 and ***p < 0.001 DMSO vs. MLN
treatment. Scale bars in (A) represent 50 pm.

4.4 Neddylation controls adipogenesis by modulating key

adipogenic transcription factors

We identified neddylation as a critical regulatory pathway of adipocyte development and fat
storage. Which signaling pathways involved in adipogenesis and lipid storage are controlled

by neddylation? Which potential Nedd8 targets might contribute to this regulation?

4.4.1 MLN4924 treatment reduces C/EBPa and PPARy expression during

adipogenesis

We first sought to define the underlying molecular mechanisms causing the MLN4924-
mediated inhibitory effects on adipogenesis. Adipocyte differentiation is a process, involving
a cascade of transcription factors in addition to cell-cycle proteins which control gene
expression and lead to adipocyte development. Also, various coactivators and negative
regulators are necessary for this process (Farmer, 2006). The transcription factors C/EBPa
and PPARYy are the master transcriptional regulators of adipogenesis and adipocyte function
as they control the induction of many adipocyte-specific metabolic genes (Lefterova et al.,
2008). Hence, western blotting and gRT-PCR analysis was performed in order to
characterize the impact of MLN4924 treatment on the expression of these key transcription

factors during 3T3-L1 adipocyte differentiation. For this purpose, 3T3-L1 differentiation was
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induced by MDI in the presence of DMSO or 1 uM MLN4924 and protein or mRNA lysates
were extracted at the indicated time points. Importantly, blockade of the neddylation pathway
using the pharmacological inhibitor abrogated the mRNA and protein expression of the key

transcription factors of the adipogenic gene program, C/EBPa and PPARYy (Figure 25A-B).
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Figure 25: MLN4924 treatment inhibits C/EBPa and PPARy expression. (A-B) 3T3-L1 cells were
differentiated for two days in culture medium with MDI followed by insulin. During the first two days of
differentiation cells were treated with DMSO or 1 yM MLN. (A) Relative mRNA levels of PPARy and C/EBPa
during 3T3-L1 adipocyte differentiation normalized to TFIIB. (B) Immunoblots of PPARy and C/EBPa during 3T3-
L1 adipocyte differentiation. Equal protein loading was confirmed by TFIIB expression. Data are presented as
mean + SEM (n=3). Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test.
**xp < 0.001 DMSO vs. MLN4924 treatment.

4.4.2 Neddylation exerts its effects upstream of PPARy

Park et al. recently demonstrated that PPARy neddylation is fundamental for its protein
stability and is thus crucial for adipogenesis (Park et al., 2016). To examine the putative
PPARy neddylation we took advantage of the HEK293 cell line which is a valuable tool for
protein binding studies. These cells are easy to culture, to transfect and do not express
several adipocyte-specific proteins. As such, they provide a perfect low ‘noise’ cellular model
for studying the biology of these proteins. To assess the impact of neddylation inhibition on
PPARYy protein expression and stability, we analyzed protein extracts from HEK293 cells
ectopically expressing FLAG-PPARy2 by western blotting. Blocking the neddylation pathway
by using the genetic tool Ubc12 C111S did not alter PPARYy protein expression (Figure 26A).

Cycloheximide (CHX) is a protein synthesis inhibitor that allows monitoring the stability of
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proteins. Making use of CHX chase assays, we found that MLN4924 treatment did not impair
PPARYy protein stability (Figure 26B-C).
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Figure 26: Neddylation inhibition does not affect PPARy protein stability. (A) HEK293 cells were transiently
transfected with FLAG-PPARy and Ubcl2 C111S constructs for 48 h. Immunoblotting against PPARy was
performed. Equal protein loading was confirmed by Actin expression. (B-C) For CHX chase assays, HEK293 cells
were transiently transfected with FLAG-PPARy and treated 24h later with DMSO or 1 yM MLN. CHX (20 pg/ml)
was added to the cultures 12 h after treatment. Protein lysates were analyzed at different time points by
immunoblotting. (B) Immunoblot using anti-FLAG antibody. Equal protein loading was confirmed by normalization
to Actin expression. (C) Bands were densitometrically analyzed, normalized to the Actin bands and quantitative
data are indicated as percentages of control values obtained from cells before CHX addition (time point 0). Data
are presented as mean + SEM (n=3). No statistical difference was determined by two-way ANOVA with
Bonferroni's multiple comparison test.

Additionally, putative covalent binding of Nedd8 to PPARy was judged by pull-down assays
under denaturing conditions in which biotinylated Nedd8 (BIO-Nedd8) was purified using
magnetic streptavidin beads and FLAG-PPARy2 was visualized by western blotting with an
a-PPARYy antibody. Given that we failed to detect PPARy neddylation (Figure 27) and PPARy
protein stability was unaffected by neddylation inhibition (Figure 26), it remains controversial
whether PPARYy is a target of neddylation that could mediate the effects of neddylation

blockade on adipocyte differentiation and fat storage.
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Figure 27: PPARYy is not neddylated. Extracts from HEK293 cells transfected with 6xHisBio-tagged Nedd8
(BIO-Nedd8) and FLAG-tagged PPARY (FLAG-PPARY) constructs for 72 h and treated with DMSO or 1 yM MLN
and 10 yM MG-132 for the last 6 h were purified under denaturing conditions with streptavidin beads (Pull down:
Streptavidin). Cell lysates and pull downs were analyzed by immunoblotting with antibodies as indicated.

We performed reversion experiments by co-treating MLN4924-treated 3T3-L1 adipocytes
with rosiglitazone. The PPARYy agonist was able to restore the MLN4924-mediated effects on
adipogenesis and lipid droplet loss (Figure 28). In adipocytes, PPARy and C/EBPa
expression is controlled by a cross-regulatory loop, which is important in the maintenance of
adipocyte cell identity (Wu et al., 1999). Thus, in the presence of rosiglitazone, PPARy might
be able to boost its own expression. If PPARy was a direct target of neddylation and its
protein stability was negatively influenced by neddylation inhibition as claimed by Park et al.
(Park et al., 2016), we would assume that rosiglitazone could not revert MLN4924-induced
effects on adipogenesis and mature adipocytes. These data therefore suggest that
neddylation may target proteins upstream of PPARy during adipogenesis and in the lipid-

filled adipocyte. As a consequence, PPARy and C/EBPa expression might be compromised.
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Figure 28: Rosiglitazone reverts MLN4924-induced effects on lipid storage. Schematic diagram showing
culture conditions. 3T3-L1 cells were differentiated for two days in culture medium with MDI followed by insulin.
3T3-L1 adipocytes were treated with DMSO or 3 yM MLN alone or 3 yM MLN and 1 pM rosiglitazone (Ros) every
second day from day 8-16. Representative images showing ORO and hematoxylin staining of 3T3-L1 cells on day
16 of differentiation. TG content was determined by quantifying ORO staining. Data are presented as mean *
SEM (n=3). Significance was determined by one-way ANOVA with Tukey's multiple comparison test. *p < 0.05
and **p < 0.01. Scale bars represent 200 um.

4.4.3 Neddylation inhibition decreases C/EBPB DNA binding and

transcriptional activity during adipogenesis

C/EBP@ is an important element in the control of C/EBPa and PPARy expression and
therefore it is a crucial mediator of adipocyte development (Cao et al., 1991; Christy et al.,
1991; Clarke et al.,, 1997; Wu et al., 1996; Wu et al.,, 1995). Due to the profound
downregulation of PPARy and C/EBPa, we aimed to delineate the effects of neddylation
blockade on the expression of their upstream regulator C/EBPB. Hence, 3T3-L1 cells were
induced to differentiate, were treated with DMSO or 1 pM MLN4924 and protein and mRNA
lysates were obtained at the indicated time points. Immunoblotting and gRT-PCR analysis
demonstrated that neddylation inhibition did neither impact C/EBP protein nor mRNA levels
(Figure 29A-B). However, as assessed by reporter gene assays using PPARy- and C/EBPa-
promoter-Luc reporter constructs, we found that the transcriptional activity of C/EBPB was
compromised when neddylation was blocked by Ubc12 C111S overexpression (Figure 29C-

D). Thus, neddylation inhibition attenuates C/EBPf transcriptional activity.
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Figure 29: Neddylation inhibition attenuates C/EBP transcriptional activity. (A-B) 3T3-L1 cells were
differentiated for two days in culture medium with MDI followed by insulin. During the first two days of
differentiation cells were treated with DMSO or 1 yM MLN. (A) Relative mRNA levels of C/EBP during 3T3-
L1 adipocyte differentiation normalized to TFIIB. (B) Immunoblot of C/EBPB during treatment of
differentiated 3T3-L1 cells. Equal protein loading was confirmed by TFIIB expression. (C-D) 3T3-L1 cells
were transiently co-transfected on day 2 of differentiation with PPARy promoter-luciferase (prom-LUC) or
C/EBPa prom-Luc reporter construct and GFP-, C/EBP@-, control- or Ubc12C111S- expression plasmids
and incubated for 48 h. Relative luciferase units (RLU) were calculated by normalizing luciferase activity to
GFP activity in the same sample. Data are presented as mean + SEM (n=3). Significance was determined
by two-way ANOVA with Bonferroni's multiple comparison test. ***p < 0.001 control vs. Ubc12 C111S.

Neddylation could modulate protein activity via different mechanisms, like altering
protein stability, protein-protein and protein-DNA interactions, as well as cellular
localization (Enchev et al., 2015). We examined the impact of neddylation blockade on
C/EBP protein stability in 3T3-L1 cells by performing a CHX chase assay. For this
purpose, we treated 3T3-L1 cells with DMSO or 1 pyM MLN4924 simultaneously with the
induction of differentiation by MDI. After 12 h, cells were additionally treated with
20 pg/ml CHX and proteins were extracted at the indicated time points. As revealed by
this assay, C/EBPB protein stability remained unaffected by neddylation inhibition
(Figure 30A). The decrease in C/EBP transcriptional activity could be secondary to
changes in cellular localization. Following a subcellular fractionation protocol in 3T3-L1
cells, we observed that neddylation inhibition does not change the cellular localization of
C/EBP, which was exclusively found in the nucleus (Figure 30B). Because of its bZIP
domain C/EBPB can homodimerize, which facilitates the binding to certain DNA
regulatory regions, consequently activating transcription (Landschulz et al., 1989;
Williams et al., 1991). We tested if impaired C/EBPB homodimerization induced by
neddylation blockade might account for the reduced C/EBP transcriptional activity. By

pull down analysis in HEK293 cells expressing FLAG-tagged- as well as 6xHisBio-
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tagged- C/EBPB (FLAG-C/EBPB and BIO-C/EBPB), we could show that neddylation
blockade does not impair C/EBPB homodimerization (Figure 30C). Considering that
neddylation inhibition did neither affect C/EBP[ protein stability, homodimerization nor
cellular localization, we hypothesized that neddylation might directly influence the
C/EBPB DNA binding to regulatory gene elements. Thus, chromatin
immunoprecipitation coupled with quantitative real-time PCR (ChIP-gRT-PCR) was
employed in order to study C/EBP binding to the PPARy promoter in the presence of
the neddylation inhibitor. Therefore, we analyzed C/EBPB binding to the PPARy
promoter in lysates of undifferentiated and one-day-differentiated 3T3-L1 cells that were
treated with DMSO or 1 pM MLN4924 and purified C/EBP using an a-C/EBPf antibody
or IgG as control. This experiment revealed that, indeed, MLN4924 treatment
dramatically attenuates the binding of C/EBPf to the PPARy promoter (Figure 30D),
proposing neddylation modulates C/EBPB DNA binding and by this mechanism controls
its transcriptional activity which is critical for PPARy and C/EBPa expression. Taken
together, these data strongly suggest that modulation of C/EBPB DNA binding and
consequently transcriptional activity by neddylation inhibition may account for the
attenuation of adipogenesis. Even though we cannot exclude the participation of other
proteins in mediating the effects of neddylation inhibition on adipocyte differentiation,
C/EBPB may be at least one of the neddylation targets involved in the regulation of

adipogenesis.
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Figure 30: MLN4924 treatment reduces C/EBP DNA binding activity but does not affect C/EBPf
protein stability, localization and homodimerization. (A) For CHX chase assays, 3T3-L1 cells were
induced to differentiate with MDI and treated with DMSO or 1 yM MLN. CHX (20 pg/ml) was added to the
cultures 12 h after treatment. Lysates were analyzed at different time points by immunoblotting against
C/EBPB. Equal protein loading was confirmed by normalization to TFIIB expression. (B) 3T3-L1 cells were
induced to differentiate and treated with DMSO (D) or 1 yM MLN4924 (M). A cellular fractionation protocol
was employed at the indicated time points. Cytoplasmic and nuclear fractions were analyzed by
immunoblotting against C/EBP. Histone H3 confirms separation of the cytosolic and nuclear fractions. (C)
Extracts from HEK293 cells transfected for 72 h with 6xHisBio-tagged C/EBPf (BIO-C/EBP) and FLAG-
tagged C/EBPB (FLAG-C/EBP) and treated with DMSO or 1 yuM MLN and 10 yM MG-132 for the last 6 h
were purified under non-denaturing conditions with streptavidin beads (Pull down: Streptavidin). Cell lysates
and pull downs were analyzed by immunoblotting with antibodies as indicated. (D) Results from ChIP-gqRT-
PCR assays for C/EBPB binding to the PPARy gene promoter performed in 3T3-L1 cells 24 h after
differentiation or in undifferentiated cells in the presence of DMSO or 1uM MLN. Amounts of
immunoprecipitated DNA were normalized to inputs. IgG was used as a negative control. Data are
presented as mean + SEM (n=3). Significance was determined by two-way ANOVA with Bonferroni's
multiple comparison test. x+xp < 0.001 DMSO vs. MLN treatment.

4.4.4 Neddylation inhibition does not affect adipogenic factors regulating

C/EBP expression and activity

The induction of differentiation and the following activation of early adipogenic factors is

promoting the expression or modulating the activity of the key transcription factor C/EBPf

(Farmer, 2006). Thus, we screened for potential neddylation targets among factors driving

early adipogenesis and orchestrating the metabolic program of adipocytes upstream of

C/EBPB. Therefore, adipocyte differentiation was induced in 3T3-L1 cells by MDI, cells were
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treated with DMSO or 1 uM MLN4924 and protein lysates were extracted at the indicated
time points. Immunoblotting revealed that the activation by phosphorylation of different
important factors induced during early adipocyte development, such as Erkl/2, Akt and
CREB, was not altered under MLN4924 treatment respect to control cells (Figure 31).
Moreover, comparable unphosphorylated protein expression was found between treated and

control cultures.
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Figure 31: MLN4924 treatment does not control activation of early adipogenic factors. (A) 3T3-L1 cells
were differentiated for two days in culture medium with MDI followed by insulin. During the first two days of
differentiation cells were treated with DMSO or 1 yM MLN. Protein lysates were extracted at the indicated time
points during treatment of differentiating 3T3-L1 cells. Immunoblots of the indicated proteins are shown. (B)
Simplified scheme to illustrate the role of the early adipogenic transcription factors investigated (highlighted with
red circle) in the process of adipogenesis.

Elevation of intracellular cAMP levels has been associated with crucial events in the early
program of adipocyte differentiation (Petersen et al., 2008). Radioimmunoassays were
employed to assess the impact of neddylation inhibition on intracellular cAMP
concentrations. For this purpose, 3T3-L1 cells were differentiated, treated with DMSO, 1 pM
MLN4924 or 5 pM forskolin and intracellular cAMP was extracted. As depicted in Figure 32,
basal intracellular cAMP levels remained unaffected by MLN4924 treatment. Forskolin

induced the rise in intracellular cAMP production by activating the adenylyl cyclase. The
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resulting increase in intracellular cAMP concentration was not affected by the
pharmacological inhibitor, indicating that neddylation may not regulate the induction of cAMP

release (Figure 32).
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Figure 32: MLN4924 treatment does not affect intracellular cAMP levels. (A) 3T3-L1 cells were serum
deprived for 4 h. 0.115 pg/ml IBMX, 1 pg/ml insulin and 10 % FCS were added together with DMSO or 1 uM MLN
or 5 uM forskolin (For) to the cultures. cAMP levels were measured after the indicated time periods. Data are
presented as mean + SEM (n=3). No statistical difference was determined by one-way ANOVA with Bonferroni's
multiple comparison test. (B) Simplified scheme to illustrate the role of cAMP (highlighted with red circle) in the
process of adipogenesis.

Fi

Due to the importance of GR activation in adipocyte differentiation (Rubin et al., 1978), we
assessed the ability of neddylation blockade to modulate the dexamethasone-induced
transcription of the MTV promoter, which serves as a readout for GR activity. For this
purpose, we made use of reporter gene assays in 3T3-L1 cells in which neddylation was
blocked by MLN4924 treatment. These assays indicated that neddylation inhibition had no
effect on GR signaling. Particularly, GR activation was not affected by treatment with the
inhibitor neither under supplementation of normal MDI nor dexamethasone alone (Figure 33).
Reduced GR activation in the absence of dexamethasone confirmed the specificity of the
system (Figure 33). Altogether, neddylation inhibition did not affect the factors contributing to

adipogenesis investigated that act upstream of C/EBP.
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Figure 33: MLN4924 treatment does not impact GR signaling. (A) 3T3-L1 cells were transfected with MTV
promoter-luciferase (MTV-LUC) and B-galactosidase (B-GAL) constructs. Cells were cultured in Std. medium
containing IBMX and insulin, dexamethasone (Dex) alone or IBMX, insulin and Dex (MDI) and treated with DMSO
or 1 uM MLN. RLU were calculated by normalizing luciferase activity to B-GAL activity in the same sample. Data
are presented as mean + SEM (n=3). No statistical difference was determined by one-way ANOVA with
Bonferroni's multiple comparison test. (B) Simplified scheme to illustrate the role of dexamethasone-mediated GR
signaling (highlighted with red circle) in the process of adipogenesis.

4.45 C/EBPBis atarget of neddylation

The finding that C/EBPf transcriptional activity and DNA binding was markedly reduced and
that the factors controlling C/EBPB expression and activity remained unaffected by
neddylation inhibition points towards C/EBP as a potential Nedd8 target. To examine the
putative C/EBP[ neddylation we again took advantage of the HEK293 cell line. Therefore,
we first validated the suppression of C/EBPf transcriptional activity on the PPARy promoter

by genetic neddylation inhibition in these cells (Figure 34).
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Figure 34: Neddylation inhibition decreases C/EBP transcriptional activity in HEK293 cells. HEK293 cells
were transiently co-transfected with PPARy promoter-luciferase (prom-LUC) reporter construct and GFP-,
C/EBPB-, control- or Ubcl12C111S- expression plasmids and incubated for 48 h. RLU were calculated by
normalizing luciferase activity to GFP activity in the same sample. Data are presented as mean + SEM (n=3).
Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test. *xp < 0.01 control
vs. Ubcl2 C111S.

Next, we studied the putative covalent binding of Nedd8 to C/EBPf by pull-down assays.
Biotin-tagged Nedd8 (6xHisBio-tagged Nedd8 (BIO-Nedd8)) and FLAG-tagged C/EBPJ
(FLAG-C/EBPB) or vice versa 6xHisBio-tagged C/EBPf (BIO-C/EBP) and 3xFLAG-tagged
Nedd8 (FLAG-Nedd8) were ectopically expressed in HEK293 cells and biotin-tagged
proteins were pulled down by direct binding to magnetic streptavidin beads and analyzed by
WB. These assays revealed two distinct bands of neddylated C/EBP, indicating a di-
neddylation of the protein (Figure 35A-B). The observed bands were drastically reduced by
the treatment with the specific neddylation inhibitor MLN4924 (Figure 35A-B), strongly
suggesting that C/EBP is neddylated. Substrate proteins are targeted by Nedd8 on specific
lysine residues (Xirodimas, 2008). As a control experiment, we created a HisBio-tagged
C/EBPS lysine null version (BIO-C/EBPS mut), in which all lysines were mutated to arginines,
thus preventing a putative neddylation of the protein. Indeed, the C/EBPf mutant construct
was not undergoing neddylation, as shown by pull down assays (Figure 35C). In summary,
these experiments emphasized that C/EBP is a true bona fide target of Nedd8.
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Figure 35: C/EBP@ is neddylated in HEK293 cells. (A-C) Extracts from HEK293 cells transfected for 72 h with
(A) FLAG-tagged Nedd8 (FLAG-Nedd8) and 6xHisBio-tagged C/EBPJ (BIO-C/EBPB), (B) BIO-Nedd8 and FLAG-
C/EBP@ or (C) BIO-C/EBP or BIO-C/EBPB mut and FLAG-Nedd8 constructs and treated with DMSO or 1 uM
MLN and 10 yuM MG-132 for the last 6 h were purified under denaturing conditions with streptavidin beads (Pull
down: Streptavidin). Cell lysates and pull downs were analyzed by immunoblotting with antibodies as indicated.

4.5 Neddylation requlates lipid metabolism and insulin sensitivity in

differentiated adipocytes

As shown above, we discovered that neddylation is crucial for maintaining the TG storage
capacity. Accordingly, we explored the underlying molecular mechanisms responsible for the

reduction in lipid droplet content triggered by neddylation inhibition.
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4.5.1 Neddylation inhibition impairs the expression of adipocyte-specific

metabolic genes

A balance between lipogenesis to synthesize TG and lipolysis is crucial for the function of a
healthy adipocyte (Rutkowski et al., 2015). Both, an enhancement of lipolysis or a reduction
of FA uptake and lipogenesis could potentially lead to a decrease in TG content of
adipocytes. Thus, we aimed to specify the effects of neddylation blockade on these two
cellular processes. In this regard, lipolysis assays were conducted. For this purpose, 3T3-L1
adipocytes (day 8 of differentiation) were treated with DMSO, 3 uM MLN4924 or 1 puM
isoproterenol. FA release by 3T3-L1 adipocytes was evaluated by determining the FA
content in the medium after treatment. Surprisingly, MLN4924-treated cells displayed a
decrease in FA release in the medium after 1 and 3 hours, pointing to a deterioration of
lipolysis in these cells (Figure 36). Nevertheless, under stimulated conditions using
isoproterenol, MLN4924-treated cells still conserved the ability to perform lipolysis to the
same extent as control cells, indicating that the induced lipolytic activity on adipocytes under
neddylation blockade is not impaired (Figure 36). After 24 and 48 hours treatment, we
observed that control cells re-uptake the FAs from the medium in order to use them for TG
synthesis (Figure 36). Strikingly, in MLN4924-cultured cells FA levels were found to be
increased in the medium after 24 and 48 hours of treatment in respect to controls, indicating
that impaired fatty acid uptake and re-utilization might be responsible for the lipid droplet loss
in adipocytes upon neddylation inhibition (Figure 36).
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Figure 36: MLN4924 treatment decreases lipolysis and fatty acid uptake. Time course of FA release from
differentiated 3T3-L1 cells was obtained. 3T3-L1 cells were differentiated for two days in culture medium with MDI
followed by insulin. On day 14 of differentiation, medium was exchanged for assay medium and cells were treated
with DMSO or 3 uM MLN for the indicated time points. FA concentration was assessed in the medium using a
lipolysis assay kit. Results from FA release after 1h incubation with 10 pM isoproterenol (iso) are also shown.
Data are presented as mean + SEM (n=3). Statistical significance is shown as #p < 0.05, *+p < 0.01, *xxp < 0.001.
Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test or by one-way
ANOVA with Bonferroni's multiple comparison test (DMSO 3 h vs 24 h).

Apart from its role in adipogenesis, PPARYy plays a key role in the regulation of TG synthesis
in mature adipocytes, controlling processes like FA uptake and lipogenesis (Ahmadian et al.,

2013; Kersten, 2001). Thus, we examined if changes in PPARYy expression could account for
89



Results

the lower lipid content in MLN4924-treated cells. Indeed, when 3T3-L1 adipocytes were
treated with 3 uM of the inhibitor from day 8 of differentiation on, mMRNA and protein levels of
PPARy were massively downregulated in respect to control cells (Figure 37A-B). Moreover,

C/EBPa mRNA and protein expression was severely impaired (Figure 37A-B).
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Figure 37: MLN4924 treatment reduces the expression of PPARy and C/EBPa. (A-B) 3T3-L1 cells were
differentiated for two days in culture medium with MDI followed by insulin. Differentiated 3T3-L1 cells were treated
every second day with DMSO or 3 uM MLN from day 8 of differentiation on. (A) Relative mRNA levels of PPARy
and C/EBPa in 3T3-L1 cells during treatment normalized to TFIIB expression. (B) Immunoblots of PPARy and
C/EBPa during treatment of differentiated 3T3-L1 cells. Equal protein loading was confirmed by TFIIB expression.
Data are presented as mean + SEM (n=3). Significance was determined by two-way ANOVA with Bonferroni's
multiple comparison test. *xxp < 0.001 DMSO vs. MLN treatment.

C/EBPa and PPARYy are key regulators of TG synthesis and glucose homeostasis in mature
adipocytes. PPARYy activates many adipocyte genes involved in FA uptake, like LPL, CD36,
FATP1 and FABP4 (Chawla and Lazar, 1994; Martin et al., 2000; Nagy et al., 1998;
Schoonjans et al., 1996; Tontonoz et al., 1994a) and TG hydrolysis, such as HSL (Deng et
al., 2006). The PPARy downstream targets involved in lipid metabolism, like LPL, FATP1,
FABP4, CD36 and HSL, were profoundly reduced in MLN4924-treated compared to DMSO-
treated cells (Figure 38A). Consequently, lipid metabolism in adipocytes was compromised

when neddylation was inhibited.

Furthermore PPARYy is able to induce genes involved in glyceroneogenesis, like PEPCK
(Tontonoz et al., 1995), insulin signaling and glucose uptake, including IRS2 and GLUT4
(Smith et al., 2001; Wu et al., 1998) and adipokines, such as adiponectin (Gustafson et al.,
2003). MLN4924 treatment downregulated the mRNA expression of genes involved in

glucose metabolism, like PEPCK, GLUT4, IRS2 and adiponectin (Figure 38B).
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TG are synthesized by FA, which partially origin from de novo lipogenesis (Saponaro et al.,
2015). Neddylation inhibition markedly decreased transcription of genes involved in
lipogenesis, like SREBP1c, FAS and ACC1 (Figure 38C), even though they are not under the
control of PPARYy. This indicates that neddylation inhibition completely impaired adipocyte
function.

PPARy was reported to suppress inflammation and PPARy activation attenuates MCP1
expression (Panzer et al., 2002; Sharma and Staels, 2007). Therefore, we tested the effects
of MLN4924-mediated PPARy downregulation on MCP1 mRNA levels. In fact, neddylation
inhibition massively enhanced the expression of MCP1 in 3T3-L1 cells (Figure 38D).

In conclusion, these observations likely indicate that neddylation is essential to promote lipid
accumulation and adipokine secretion by modulating PPARy and C/EBPa expression.
Downregulation of these master genes resulted in the dramatic decrease of their adipocyte-
specific downstream target genes, impaired adipocyte function and might additionally trigger
pro-inflammatory pathways.
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Figure 38: MLN4924 treatment decreases the expression of adipocyte-specific genes. (A-D) 3T3-L1 cells
were differentiated for two days in culture medium with MDI followed by insulin. Differentiated 3T3-L1 cells were
treated every second day with DMSO or 3 uM MLN from day 8 of differentiation on. Relative mRNA levels of the
indicated genes involved in FA uptake, glucose transport and insulin signaling, glyceroneogenesis, lipogenesis
and inflammation in 3T3-L1 cells on day 20 of differentiation. mMRNA levels were normalized to TFIIB expression.
Data are presented as mean = SEM (n=3). Significance was determined by unpaired two-side t test. *+xp < 0.001
DMSO vs. MLN treatment.
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4.5.2 Neddylation blockade decreases C/EBPa and PPARYy expression by

inhibiting C/EBP transcriptional activity in mature adipocytes

As shown above, decreased PPARy and C/EBPa levels were observed, when 3T3-L1
mature adipocytes were treated with the neddylation inhibitor MLN4924. Since we have
identified C/EBP as a putative target of neddylation in preadipocytes and because C/EBP3
is an important regulator of PPARy expression also in the mature adipocyte (Lefterova et al.,
2008), we aimed to further unravel the effects of neddylation inhibition on C/EBPf in
differentiated 3T3-L1 cells. In this context, we treated 3T3-L1 cells from day 8 of
differentiation on with DMSO or 3 pM MLN4924 and we studied the effects of neddylation
inhibition on C/EBPPB expression. As observed in 3T3-L1 preadipocytes, we found that
C/EBPB mRNA as well as protein levels remained unaffected by MLN4924 treatment (Figure
39A-B). Further, we observed a decreased C/EBP transcriptional activity on CEBPa and
PPARy promoters in mature adipocytes in luciferase reporter assays (Figure 39C-D).
Altogether these results provide strong evidence that neddylation might be required for
adipocyte cellular identity and function and point towards C/EBPf as a potential neddylation

target also in differentiated adipocytes.
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Figure 39: Neddylation inhibition reduces C/EBPf transcriptional activity in adipocytes. (A-B) 3T3-L1 cells
were differentiated for two days in culture medium with MDI followed by insulin. Differentiated 3T3-L1 cells were
treated every second day with DMSO or 3 uM MLN4924 (MLN) from day 8 of differentiation on. (A) Relative
MRNA levels of C/EBP in 3T3-L1 cells during treatment normalized to TFIIB expression. (B) Immunoblot of
C/EBP during treatment of differentiated 3T3-L1 cells. Equal protein loading was confirmed by TFIIB expression.
(C-D) Differentiated 3T3-L1 cells were transiently co-transfected on day 8 of differentiation with PPARy promoter-
luciferase (prom-LUC) or C/EBPa prom-Luc reporter construct and GFP-, C/EBPf-, control- or Ubc12C111S-
expression plasmids and incubated for 48 h. RLU were calculated by normalizing luciferase activity to GFP
activity in the same sample. Data are presented as mean + SEM (n=3). Significance was determined by two-way
ANOVA with Bonferroni's multiple comparison test. *+xp < 0.001 control vs. Ubc12 C111S.
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4.6 Neddylation increases in obese mice

Our in vitro data point to an important regulatory role of the neddylation pathway in adipocyte
development and function. These results encouraged us to characterize the physiological
relevance of AT neddylation in vivo. It is well-established that feeding an obesogenic HFD
(45 kcal%) for 8 weeks induces obesity and insulin resistance (de Wilde et al., 2009).
Therefore, we followed this approach for inducing obesity in mice. First, we explored the
relevance of neddylation in obesity by examining the pattern of neddylated proteins in AT of
mice receiving either chow diet or HFD for 8 weeks. We found an increase in neddylated
proteins in subcutaneous (sc) WAT of HFD-fed mice in comparison to chow-fed animals,
whereas we did not detect a difference in the visceral (vis) WAT between HFD- and chow-fed

mice (Figure 40). This observation suggests that Nedd8 conjugation might be involved in
obesity in mice.
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Figure 40: Increased adipose tissue neddylation in obese mice. Immunoblots of Nedd8 in sc and vis WAT of

mice fed chow or HFD for 8 weeks. Equal protein loading was confirmed by normalization to Actin expression
(n= 6-7 mice per group).
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4.7 Nael knock-out mice: a model to study the relevance of adipose

tissue neddylation in vivo

To further investigate the physiological role of AT neddylation in vivo, we established a
mouse model in which Nael was specifically deleted in the AT in an inducible manner by
crossing mice with floxed Nael alleles (Vogl et al., 2015) with mice carrying a tamoxifen-
inducible CreER™ transgene under control of the adiponectin promoter (AdipoCreER™)
(Sassmann et al., 2010) (Figure 41). Thereby, we generated a tool which allows the deletion
of neddylation specifically in adipocytes. To circumvent potential adverse effects of tamoxifen
(Hesselbarth et al.,, 2015), also control mice carrying floxed Nael alleles but not the
AdipoCreER™ transgene were treated with the drug.
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Figure 41: Tamoxifen-inducible adipose tissue-specific KO of Nael. Schematic illustration of the system
used for tamoxifen (T)-inducible Adipo-CreERT? transgene activity resulting in Nael knock out (KO).

4.8 Adipose tissue-specific ablation of the neddylation pathway

reduces obesity but impairs metabolic homeostasis

First, we sought to investigate the effects of AT-specific neddylation ablation in HFD-induced
obese mice. For this purpose, NaelAdipoCreER™ (KO) and control (Ctrl) littermates were
fed a HFD for 9 weeks prior to tamoxifen administration. Nael KO was induced by
intraperitoneal tamoxifen injections. Then mice were divided in two sets: a first set of animals
received chow diet and a second set continued with HFD feeding (Figure 42A). Successful
deletion of Nael in WAT was verified by gRT-PCR analysis comparing the Nael mRNA
expression levels between the different genotypes and diets (Figure 42B). Additionally, Nael
KO was further validated by immunoblotting comparing the pattern of neddylated proteins in
the different ATs between KO and control mice (Figure 42C). Liver tissue was used as a

negative control (Figure 42B-C).
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Figure 42: Tamoxifen-inducible adipose tissue-specific KO of Nael in obese mice. (A) Diagram showing the
in vivo experimental design. NaelAdipoCreER™ (KO) and Control Naelf®ed (Ctrl) mouse lines were fed a HFD
for 9 weeks prior to tamoxifen injection. Afterwards, mice were fed a chow or a HFD. (B) Relative mRNA levels of
Nael in WAT and liver normalized to Actin (n= 7-11 mice per group). (C) Immunoblots of Nael in WAT and liver
of chow- and HFD-fed mice. Equal protein loading was confirmed by normalization to Actin expression. Data are
presented as mean + SEM. Statistical significance is shown as *p < 0.05, *xp < 0.01, ***p < 0.001. Significance
was determined by unpaired two-side t test.

4.8.1 Conditional fat-specific inactivation of the neddylation pathway reduces

HFD-induced obesity but promotes adipose tissue dysfunction

Obese NaelAdipoCreER™ mice fed a HFD exhibited a major loss of body weight
approximately from 25 days on after the induction of AdipoCre mediated recombination,
whereas a less profound but significant decrease in body weight was observed in chow-fed
animals (Figure 43A-B). Nael deletion in WAT of obese mice resulted in a marked
diminution of epididymal, perirenal and inguinal fat pads in comparison to control animals,
regardless of the diet (Figure 43C). While the AT of control mice was rich in unilocular white
adipocytes with sparse extracellular matrix, the AT of Nael KO mice was highly abnormal
and showed a dramatic rise in stromal-vascular cells, as visualized by H&E staining of the AT
sections (Figure 43D). Adipocytes of these mice were variable in size which may account for

the reduction in fat weight.
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Figure 43: Adipose-specific neddylation ablation in obese mice reduces adiposity but results in abnormal
adipose tissue. (A) Pictures of HFD-fed Ctrl and NaelAdipoCreER™ littermates in week 17. (B) Body weight
change relative to the initial weight was assessed over 46 days after tamoxifen administration (n= 8-11 mice per
group). (C) WAT weights in Ctrl and NaelAdipoCreER™ KO mice (n= 8-11 mice per group). (D) Images showing
HE staining of WAT sections. Data are presented as mean + SEM. Statistical significance is shown as #+p < 0.01,
+xxxp < 0.001. Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test. Scale
bars in (D) represent 175 pum.

Consistent with the results obtained in 3T3-L1 cells, C/EBPf binding to the PPARY promoter
was reduced in WAT of chow-fed NaelAdipoCreER™ mice and it showed a tendency to
decrease in HFD-fed mice (Figure 44A). Consequently, PPARy mRNA expression was
downregulated in KO animals respect to Ctrls independently of the diet (Figure 44B). This
finding further emphasizes C/EBPB as a neddylation target in vivo. As already previously
stated, PPARYy is a key regulator of adipocyte function and survival. Thus, we aimed to
evaluate adipocyte survival in WAT of NaelAdipoCreER™ mice. Adipocyte death was
detected by immunohistochemistry for the essential lipid droplet-associated protein perilipin
(Cinti et al., 2005; Wernstedt Asterholm et al.,, 2014), which is a direct target of PPARy
(Dalen et al., 2004). No perilipin immunoreactivity was observed on lipid droplets of dead

adipocytes surrounded by macrophages, which were only found in WAT of
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NaelAdipoCreER™ mice (Figure 44C). In contrast, perilipin was detected in adjacent, viable
adipocytes, more frequently present in WAT of control littermates (Figure 44C). As follows,
adipocyte cell death may account substantially for the decrease in body weight and the

depletion of AT mass in Nae1lAdipoCreER™ mice.
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Figure 44: Fat-specific neddylation ablation in obese mice results in decreased C/EBPB DNA binding,
reduced PPARy expression and adipocyte death. (A) ChIP-qRT-PCR assays for C/EBPB binding to the
PPARy gene promoter performed in WAT. Amounts of immunoprecipitated DNA were normalized to inputs. IgG
was used as a negative control. (B) Relative mRNA levels of PPARy in WAT normalized to Actin (n= 7-11 mice
per group). (C) Images showing perilipin expression assessed by anti-perilipin immunostaining (brown) and
hematoxylin staining (blue) in WAT sections. Red arrows indicate dying adipocytes with perilipin-negative lipid
droplets. Data are presented as mean + SEM. Statistical significance is shown as *p < 0.05, *xp < 0.01, #*%p <
0.001. Significance was determined by unpaired two-side t test. Scale bars in (D) represent 85 ym.

Considering NaelAdipoCreER™ mice displayed reduced AT PPARYy levels and showed signs
of adipocyte death, we consequently examined the expression of adipocyte-specific
metabolic genes that determine the adipocyte phenotype, including adiponectin, genes
involved in FA uptake, lipogenesis, glucose uptake and insulin signaling, glyceroneogenesis
and lipolysis, many of which are regulated by PPARy. Notably, ablating the neddylation

pathway specifically in the AT, we could mostly confirm our findings in 3T3-L1 cells.

HFD feeding in Ctrl mice had largely no effect on the mRNA expression of genes involved in
FA uptake, such as LPL, FATP1 and FABP4, and the lipolytic enzyme HSL respect to chow-
fed Ctrl mice (Figure 45). WAT of NaelAdipoCreER™ mice exhibited a downregulated mRNA

expression of the majority of the genes investigated, in comparison to control littermates,
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independently of the diet (Figure 45). In fact, chow-fed and HFD-fed NaelAdipoCreER™

mice displayed similar mRNA levels of these genes in all WAT depots tested (Figure 45).
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Figure 45: Adipose tissue-specific neddylation ablation in obese mice reduces mRNA expression of
PPARYy downstream genes involved in FA uptake and lipolysis. Relative mRNA levels of the indicated genes
in WAT normalized to Actin (n= 7-11 mice per group). Data are presented as mean + SEM. Statistical significance
is shown as *p < 0.05, *xp < 0.01, **xp < 0.001. Significance was determined by unpaired two-side t test.

Furthermore, expression of genes involved in insulin signaling and glucose transport, such

as GLUT4 and IRS2, glyceroneogenesis, like PEPCK and the adipokine adiponectin

remained largely unchanged in AT of HFD-fed compared to chow-fed Ctrl mice (Figure 46).

Notably, fat-specific neddylation ablation almost consistently reduced the mRNA expression

of these genes, independently of the diet (Figure 46). Thus, similar mMRNA expression levels

were observed between chow-fed and HFD-fed NaelAdipoCreER™ mice in all AT depots

tested (Figure 46).
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Figure 46: Adipose tissue-specific neddylation ablation in obese mice reduces mRNA expression of
PPARy downstream genes involved in glucose homeostasis, insulin signaling and glyceroneogenesis.
Relative mRNA levels of the indicated genes in WAT normalized to Actin (n= 6-11 mice per group). Data are
presented as mean + SEM. Statistical significance is shown as *p < 0.05, #*p < 0.01, =xxp < 0.001. Significance
was determined by unpaired two-side t test.

Strikingly, genes involved in lipogenesis, like SREBPlc, FAS and ACC1l were partially
severely downregulated by HFD feeding in Ctrl mice (Figure 47). Fat-specific neddylation
ablation triggered a dramatic reduction of mMRNA levels of the majority of genes involved in
lipogenesis in AT of chow-fed and HFD-fed NaelAdipoCreER™ mice (Figure 47). The WAT
mRNA levels of these genes of chow-fed as well as HFD-fed NaelAdipoCreER™ mice were

reduced to a similar extend (Figure 47).
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Figure 47: Adipose tissue-specific neddylation ablation in obese mice reduces mRNA expression of
genes involved in lipogenesis. Relative mRNA levels of the indicated genes in WAT normalized to Actin (n= 7-
11 mice per group). Data are presented as mean * SEM. Statistical significance is shown as *p < 0.05, *xp <
0.01, =+xp < 0.001. Significance was determined by unpaired two-side t test.

Altogether, these data support the notion that adipose specific neddylation inhibition reverts
HFD-induced obesity by promoting a dramatic diminution of fat tissue triggered by AT
dysfunction and cell death. This indicates that neddylation is crucial for AT expansion as well

as adipocyte survival in vivo.

Moreover, gRT-PCR analysis showed that HFD feeding per se increased MCP1 mRNA
levels in perirenal and epididymal fat, however not in inguinal fat. In chow-fed mice, Nael KO
increased MCP1 expression respect to Ctrl mice (Figure 48). HFD-fed NaelAdipoCreER™
mice displayed similar MCP1 levels in perirenal and epididymal fat depots as chow-fed
NaelAdipoCreER™ mice, but lower levels than observed on HFD-fed Ctrl mice (Figure 48).
Only in the case of inguinal fat, HFD feeding potentiated the effects of fat-specific
neddylation ablation on MCP1 mRNA expression (Figure 48). HFD alone did mostly not
change the macrophage F4/80 mRNA levels in WAT (Figure 48). However, F4/80 mRNA
expression was elevated in NaelAdipoCreER™ mice, which was even potentiated by HFD
feeding (Figure 48). The inflammatory marker TNFa remained almost unaltered by HFD
feeding and AT-specific neddylation ablation, as mRNA levels were only found to be
increased in inguinal WAT of KO mice fed a HFD (Figure 48). In summary, these data
together with the histological findings indicate a rise in inflammation and an enhanced

recruitment of macrophages in the AT of Nael KO mice.
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Figure 48: Adipose-tissue specific neddylation ablation in obese mice leads to adipose tissue
inflammation. Relative mRNA levels of the indicated genes in WAT normalized to Actin (n= 6-11 mice per
group). Data are presented as mean + SEM. Statistical significance is shown as *p < 0.05, **p < 0.01, #**p <
0.001. Significance was determined by unpaired two-side t test.

4.8.2 Conditional fat specific inactivation of the neddylation pathway in obese

mice causes severe metabolic disturbances

Neddylation seems to control adipocyte survival and function on the posttranslational level in
vivo. KO of Nael caused a severe lipodystrophic phenotype. Metabolic abnormalities,
including hypertriglyceridemia, high levels of circulating FA, hepatic steatosis and
disturbances in glucose metabolism, are frequently observed in mouse models with partial or
complete loss of fat tissue (Asterholm et al., 2007). Thus, we next studied the metabolic
consequences of the Nael ablation in AT of mice fed control and obesogenic diets.
NaelAdipoCreER™ mice displayed severe hyperglycemia and hyperinsulinemia in
comparison to Ctrl animals independently of the diet (Figure 49A-B). Moreover,
NaelAdipoCreER™ mice displayed a markedly impaired glucose tolerance during a glucose
tolerance test (GTT) (Figure 49C). Plasma levels of adiponectin, an insulin-sensitizing
hormone, were demonstrated to be decreased in lipodystrophic mouse models due to the
reduction in fat mass (Ye and Scherer, 2013). Consistent with the alterations in adiponectin
MRNA expression in AT and the decrease in fat mass, plasma levels of adiponectin were
reduced in NaelAdipoCreER™ animals (Figure 49D). Taken together, the lipodystrophic
phenotype in NaelAdipoCreER™ was accompanied by a profound metabolic dysfunction.
These data indicate a potential involvement of AT neddylation in the protection against

peripheral insulin resistance, although this hypothesis was not further tested.
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Figure 49: Fat-specific neddylation ablation in obese mice impairs glucose homeostasis. (A) Plasma
glucose levels (n= 4-6 mice per group). (B) Plasma insulin levels (n= 4-6 mice per group). (C) Intraperitoneal
glucose tolerance test (GTT) (n= 8-12 mice per group). (D) Plasma adiponectin levels (n=4-6 mice per group).
Data are presented as mean + SEM. Statistical significance is shown as *p < 0.05, *xp < 0.01, *+xp < 0.001.
Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test.

To our surprise, plasma TG levels in NaelAdipoCreER™ animals remained unchanged
regardless of the diet (Figure 50A). The loss of AT mass was associated with an increase in
plasma FA levels in chow-fed KO animals, whereas no changes were observed in HFD-fed
NaelAdipoCreER™ mice (Figure 50B). The unexpected lack in increased plasma FA in HFD-
fed animals could have resulted from compensatory effects of ectopic lipid disposition in the
liver. Indeed, HFD-fed NaelAdipoCreER™ mice developed hepatosteatosis, correlated with
higher liver weights and histological evidence of lipid accumulation (Figure 50C-E).
Moreover, the unchanged circulating FA levels in HFD-fed NaelAdipoCreER™ mice may be
explained by a pronounced increase in FA oxidation as reflected by a lower respiratory
exchange ratio (RER) during the dark phase respect to HFD-fed Ctrl mice (Figure 50F). The
RER can be assessed by indirect calorimetry and reflects which substrate is oxidized. When
primarily glucose is oxidized, the RER is close to 1, whereas it is close to 0.7 when fat is the
major fuel used (Speakman, 2013). Thus, the RER is a measure to assess metabolic
flexibility, meaning the ability of an organism to adapt substrate oxidation to fuel availability
(Galgani et al., 2008). The glucose intolerance of the KO mice might contribute to promote
FA utilization over glucose oxidation as cellular glucose uptake may be impaired. In contrast
to HFD-fed NaelAdipoCreER™ mice, no signs of liver steatosis and no changes in RER
were detected in chow-fed KO mice (Figure 50F).
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Figure 50: Fat-specific neddylation ablation in obese mice results in hepatic steatosis and metabolic
inflexibility. (A) Plasma TG levels (n= 4-6 per group). (B) Plasma FA levels (n= 4-6 per group). (C-D)
Representative pictures of liver and liver weight of Ctrl and NaelAdipoCreER™ KO mice (n= 8-11 mice per
group). (E) Representative images showing HE staining of liver sections. (F) RER and average RER measured
during the light and dark cycle (shaded region) in Ctrl and NaelAdipoCreER™ KO mice (n= 6-10 mice per group).
Data are presented as mean + SEM. Statistical significance is shown as *p < 0.05, *xp < 0.01, *+xp < 0.001.
Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test in (B,D,F) and by
one-way ANOVA with Bonferroni’s multiple comparison test in (B,F Ctrl chow vs Ctrl HFD). Scale bars in (E)
represent 200 pm.

No changes were observed in locomotor activity, energy expenditure or oxygen consumption
in NaelAdipoCreER™ mice, which thus cannot account for the effects on body weight loss
(Figure 51A-C). Importantly, HFD-fed NaelAdipoCreER™ mice demonstrated a decreased
food intake, which might partially explain the decrease in AT mass in HFD-fed KO animals
(Figure 51D). In contrast, no changes in food intake were observed in chow-fed KO mice
(Figure 51D). The reduced leptin plasma levels in Nael KO mice that display diminished and
dysfunctional AT (Figure 51E) are in accordance with the accepted fact that leptin plasma
levels positively correlate with fat mass (Florant et al., 2004; Shimizu et al., 1997; Skurk et
al., 2007). As leptin regulates food intake (Halaas et al., 1995), the decreased food
consumption observed in HFD-fed KO mice contradicts the reduced leptin plasma levels that

would in fact promote hyperphagia. In summary, diminished AT weight, together with
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impaired adipocyte function and increased inflammation in NaelAdipoCreER™ mice, gives
rise to metabolic disturbances, which reflect many side-effects of human lipodystrophy
including glucose intolerance, hyperglycemia, and hyperinsulinemia, decreased plasma
adiponectin levels and hepatic steatosis. Thus, AT neddylation might be an important

regulator of metabolic homeostasis in mice.
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Figure 51: Fat-specific neddylation ablation in obese mice reduces food intake despite decreased leptin
levels but does not affect locomotor activity or energy expenditure. (A) Locomotor activity of mice (n= 6-10
mice per group). (B-C) Energy expenditure (EE) and oxygen consumption (VO2) in mice (n= 6-10 mice per
group). (D) Food intake of mice (n= 6-10 mice per group). (E) Plasma leptin levels (n= 4-6 per group). Data are
presented as mean + SEM. Statistical significance is shown as *p < 0.05, #+p < 0.01, *xxp < 0.001. Significance
was determined by two-way ANOVA with Bonferroni's multiple comparison test in (D-E) and by one-way ANOVA
with Bonferroni’s multiple comparison test in (D-E, Ctrl chow vs Ctrl HFD).

4.9 Adipose tissue-specific ablation of the neddylation pathway

prevents HED-induced obesity but leads to metabolic

dysfunction

In a second in vivo experiment we aimed to deepen our knowledge of the physiological role
of AT neddylation by inducing the fat-specific Nael KO simultaneously with the initiation of
HFD feeding. In this second model we measured the most relevant parameters in order to
complement our data obtained in the first model of Nael KO in HFD-induced obese mice.
Due to the fact that neddylation increases with adiposity (at least in scWAT) and Nael
deletion in HFD-induced obese mice results in a dramatic phenotype, this second model
allowed us to explore whether the lipodystrophic phenotype in Nael KO mice depends on

the neddylation status of obese mice. Moreover, this complementary experiment enabled us
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to investigate whether Nael ablation showed a phenotype under stress situation like HFD or
not compared to mice fed a chow diet before the obese phenotype was established. For this
purpose, Nael KO was induced by tamoxifen administration and afterwards mice received
either a standard rodent chow diet or a HFD during the time course of the experiment (Figure
52A). Nael deletion specifically in AT of NaelAdipoCreER™ mice after tamoxifen
administration was confirmed by western blotting and brain tissue was used as a negative

control (Figure 52B).
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Figure 52: Tamoxifen-inducible adipose tissue-specific KO of Nael. (A) Diagram showing the in vivo
experimental design. Nael KO and Ctrl mouse lines were treated with tamoxifen and subsequently fed a chow
diet or HFD for 14 weeks. (B) Immunoblots of Nael in WAT and brain of HFD-fed mice. Equal protein loading was
confirmed by normalization to Actin expression.

4.9.1 Conditional fat specific ablation of the neddylation pathway protects
against HFD-induced obesity by decreasing adipose tissue mass and

food intake

Fat specific KO of Nael prevented HFD-induced body weight gain, while mice under chow
diet displayed a similar body weight respect to Ctrl animals (Figure 53A-B). Moreover, KO of
Nael resulted in decreased epididymal and inguinal fat depot mass respect to Ctrl mice,
indistinctly of the diet. Perirenal fat mass of NaelAdipoCreER™ mice tended to be reduced
reaching significance only in mice under HFD (Figure 53C). The protection against body
weight gain in KO mice under HFD could be attributed to the lower fat mass. Nevertheless,
despite the reduction of fat mass in chow-fed KO mice, these mice did not display a
decreased body weight compared to chow-fed Ctrl mice. Taken together, Nae1AdipoCreER™
mice displayed a lipodystrophic phenotype, confirming the findings in HFD-induced obese
Nael KO mice.
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Figure 53: Adipose tissue-specific ablation of the neddylation pathway prevents HFD-induced obesity. (A)
Representative pictures of HFD-fed Ctrl and NaelAdipoCreER™ littermates in week 14. (B) Body weight change
relative to the initial weight was assessed over 14 weeks after tamoxifen administration (n= 9-10 mice per group).
(C) WAT weights in Ctrl and NaelAdipoCreER™ KO mice (n= 9-10 mice per group). Data are presented as mean
+ SEM. Statistical significance is shown as *p < 0.05, =xp < 0.01, =+*p < 0.001. Significance was determined by
two-way ANOVA with Bonferroni's multiple comparison test in (B,C) and by one-way ANOVA with Bonferroni's
multiple comparison test (C, Ctrl chow vs Ctrl HFD).

Locomotor activity, food intake and energy expenditure were assessed in mice that
underwent Nael KO simultaneously with HFD-mediated induction of obesity.
NaelAdipoCreER™ mice showed no changes in locomotor activity (Figure 54A) and energy
expenditure (Figure 54C) and thus these parameters cannot explain the protection against
HFD-induced increase in AT mass. However, both, HFD- and chow-fed NaelAdipoCreER™
mice, demonstrated a decreased food intake, which might partially account for the low AT
mass (Figure 54B). Although it was not formerly tested in this complementary experiment, we
hypothesize that the KO of Nael simultaneously with obesity induction might also result in
adipocyte death and consequently AT dysfunction, which probably contributes to the

protection against HFD-induced increase in fat mass and body weight.
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Figure 54: Adipose-tissue specific neddylation ablation reduces food intake but does not alter locomotor
activity and energy expenditure. (A) Locomotor activity of mice (n= 8 mice per group). (B) Food intake of mice
(n= 8 mice per group). (C) Energy expenditure (EE) in mice (n= 8 mice per group). Data are presented as mean +
SEM. Statistical significance is shown as *p < 0.05, ***p < 0.001. Significance was determined by two-way
ANOVA with Bonferroni's multiple comparison test in (B) and by one-way ANOVA with Bonferroni’'s multiple
comparison test in (B, Ctrl chow vs Ctrl HFD).

4.9.2 Conditional adipocyte specific ablation of the neddylation pathway leads

to hepatic steatosis and metabolic dysfunction

Fat specific ablation of the neddylation pathway resulted in the protection against HFD-
induced rise in AT mass and body weight. Following the observations in HFD-induced obese
NaelAdipoCreER™ mice, we next aimed to characterize the metabolic consequences of the
Nael ablation in the model of simultaneous obesity-induction. While Nael KO in the AT of
chow-fed animals did not result in hepatic steatosis, liver steatosis was triggered by HFD
feeding in Nael KO mice, corroborated by higher liver weights (Figure 55A-B). Non-fasting
plasma TG levels were not altered in NaelAdipoCreER™ animals indistinctly of the diet
(Figure 55C). Surprisingly, plasma FA levels in HFD-fed NaelAdipoCreER™ animals were
significantly reduced, whereas this effect was less pronounced in chow-fed animals (Figure
55D). Taken together these findings indicate that deletion of Nael in the fat tissue promotes
fat re-direction to the liver for storage. Moreover, the significant decrease in circulating FA
levels in HFD-fed KO mice may be also explained by a pronounced increase in FA oxidation

as reflected by a lower RER during the dark phase, independently of the diet (Figure 55E).

107



Results

A B
chow HFD 3 wxx @ Ctrlchow
o z KO chow
= G m Ctrl HFD
° £ 21 KO HFD
- = ! =
S
2
.|
0 -
C D
2.0~ m Ctrl chow
) KO chow 1.57 m Ctrl chow
=154 = Ctrl HFD _ KO chow
g KO HFD S1.04 = Ctrl HFD
£1.0 - E * KO HFD
= <
lL -
= 0.5 ko5
0 - 0 —
m Ctrl chow
KO chow
E e== Ctrl chow == Ctrl HFD = Ctrl HED
KO chow KO HFD KO HED
1.2 1.1
a *kk
210 @ —1.0-
N w N
le) o O Jekek e e e
00-9 1'\ » g’ s o 9 i
2 28
0.8 g0 =
4 » ' >
& 2 W Vi 'v\w z2038-
0.7
T T T T -
12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 T
Time (hr) Light Dark

Figure 55: Adipose tissue-specific ablation of the neddylation pathway causes hepatic steatosis and
impairs metabolic flexibility. (A) Representative liver pictures of Ctrl and NaelAdipoCreER™ KO mice. (B) Liver
weight of Ctrl and NaelAdipoCreER™ KO mice (n= 9-10 mice per group). (C) Plasma TG levels (n= 9-10). (D)
Plasma FA levels (n= 9-10 per group). (E) RER and average RER measured during the light and dark cycle
(shaded region) in Ctrl and NaelAdipoCreER™ KO mice (n= 8 mice per group). Data are presented as mean +
SEM. Statistical significance is shown as *p < 0.05, ***p < 0.001. Significance was determined by two-way
ANOVA with Bonferroni's multiple comparison test in (B,D,E) and by one-way ANOVA with Bonferroni’s multiple

comparison test in (E Ctrl chow vs Ctrl HFD).

Due to the metabolic dysfunction observed in the first Nael KO model, we sought to examine
the consequences of Nael deletion simultaneously with HFD-feeding on glucose
homeostasis. Plasma adiponectin levels were decreased when neddylation was ablated in
WAT probably due to the loss of AT (Figure 56A). While unexpectedly plasma glucose levels
were not changed, plasma insulin levels in HFD-fed KO animals were found to be severely
elevated (Figure 56B-C). Thus, a compensatory insulin production may rescue KO mice from
hyperglycemia. Accordingly, NaelAdipoCreER™ animals under HFD demonstrated to be

glucose intolerant during a GTT (Figure 56D). KO mice fed a standard chow diet showed a
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similar glucose tolerance in respect to control littermates (Figure 56D). The glucose
intolerance of the KO mice might contribute to promote FA utilization over glucose oxidation
during the dark phase. Collectively, AT-specific neddylation ablation protects against HFD-
induced obesity but leads to a lipodystrophic phenotype accompanied by a metabolic
dysfunction in mice, confirming and complementing our data on the AT-specific Nael
deletion in HFD-induced obese mice.
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Figure 56: Fat-specific neddylation ablation leads to metabolic disturbances. (A) Plasma adiponectin levels
(n= 9-10mice per group). (B) Plasma glucose levels (n= 9-10 mice per group). (C) Plasma insulin levels (n= 9-10
mice per group). (D) Intraperitoneal GTT (n= 9-10 mice per group). Data are presented as mean + SEM.
Statistical significance is shown as *p < 0.05, *xp < 0.01, =+xp < 0.001. Significance was determined by two-way
ANOVA with Bonferroni's multiple comparison test (A,C,D).

4.10 Peripheral neddylation inhibition reduces obesity and

associated metabolic disorders

Fat-specific neddylation deletion in HFD-fed mice resulted in a lipodystrophic phenotype
associated with liver steatosis and metabolic dysfunction. However, the ubiquitous
expression of Nedd8 suggests that neddylation may have other non-adipocyte functions
controlling obesity and metabolism. In fact, a recent study showed that the peripheral
administration of the pharmacological inhibitor, MLN4924 protected mice against HFD-
induced obesity (Park et al., 2016). Nevertheless, the therapeutic relevance of MLN4924 in
the treatment of obesity and associated metabolic disorders still remains to be defined. Thus,
we studied the impact of a global peripheral deletion of the neddylation pathway, by injecting
MLN4924 in mice previously fed an obesogenic diet. After MLN429 or vehicle injection, mice
were fed were fed either a chow or a HFD (Figure 57A). Neddylation inhibition by MLN4924
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administration in different tissues, such as WAT, BAT and liver was monitored by assessing

the pattern of neddylated proteins (Figure 57B-C).
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Figure 57: Peripheral neddylation inhibition by subcutaneous injections of MLN4924. (A) Diagram showing
the in vivo experimental design. Mice were fed a HFD for 8 weeks. Afterwards, mice were fed a chow or a HFD
and daily subcutaneously injected with vehicle (Ctrl) or MLN4924 (MLN). (B-C) Immunoblots for Nedd8 in WAT,
BAT and liver of Ctrl and MLN-treated mice fed a normal chow diet (upper panel) or a HFD (lower panel). Equal
protein loading was confirmed by normalization to Actin expression.

4.10.1 MLN4924 administration reduces HFD-induced obesity by decreasing

adipose tissue mass and adipocyte size

In line with our observations in the NaelAdipoCreER™ KO model, also peripheral inhibition
of the neddylation pathway resulted in body weight loss in obese mice. Notably, MLN4924
treatment reduced body weight in mice fed a HFD, while chow-fed animals displayed similar
body weights (Figure 58A-B). The decrease in body weight was triggered by a reduction of
fat mass in HFD-fed mice (Figure 58C). Global neddylation inhibition did not decrease AT
mass in chow-fed animals, going in line with the unchanged body weight (Figure 58C).
Moreover, as evidenced by H&E staining of AT sections, smaller polygonal healthy functional
adipocytes without signs of inflammation were observed in MLN4924 treated animals
compared to control mice (Figure 58E). Adipocyte area reduction was assessed in H&E-
stained AT sections using the Adiposoft software. This approach revealed a decrease in
average adipocyte area in WAT of MLN4924 treated mice respect to controls, though not

always significant (Figure 58D).
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Figure 58: MLN4924 administration in HFD-induced obese mice reduces adiposity and adipocyte size. (A)
Pictures of HFD-fed Ctrl and MLN-treated mice in week 15. (B) Body weight change relative to the initial weight
was assessed over 42 days during vehicle or MLN administration (n= 9-10 mice per group). (C) WAT weights in
Ctrl and MLN-treated mice (n= 9-10 mice per group). (D) Average adipocyte area (n=3 mice per group). (E)
Images showing HE staining of WAT sections. Data are presented as mean + SEM. Statistical significance is
shown as *p < 0.05,+xp < 0.01, *+*p < 0.001. Significance was determined by two-way ANOVA with Bonferroni's
multiple comparison test in (B-D), and by one-way ANOVA with Bonferroni's multiple comparison test in (C-D, ctrl
chow vs ctrl HFD). Scale bars represent 175 ym (E).

Moreover, perilipin immunoreactivity was observed on lipid droplets of adipocytes in
MLN4924- as well as vehicle-treated animals without signs of macrophage infiltration (Figure
59A), suggesting neddylation inhibition by MLN4924 treatment does not impact adipocyte
survival. Going in line, gRT-PCR showed that MCP1 expression in WAT of HFD-fed
MLN4924-treated mice and specifically in epididymal fat in chow-fed MLN4924-treated
animals decreased respect to Ctrl mice (Figure 59B). Importantly, HFD per se increased the
expression of MCP1, although histological analysis did not reveal signs of macrophage
infiltration. This suggests that AT inflammation triggered by HFD was still in a preliminary
stadium, in which the AT is secreting higher MCP1 levels but immune cells were not yet

recruited to the AT. This preliminary stadium of inflammation could potentially progress with
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continuous HFD feeding. MLN4924 administration is able to rescue the beginning

inflammation induced by HFD.

A

Epididymal Perirenal HE Inguinal

TR TSI Y5
T
o iraen S,
OO LA

Ctrl

m Ctrl chow
3 = MLN chow
m Ctrl HFD
m MLN HFD

MCP1 mRNA expression
(relaltive units)

Epididymal Perirenal Inguinal

Figure 59: MLN4924 treatment in HFD-induced obese mice does not result in adipocyte death and
decreases MCP1 expression in adipose tissue. (A) Representative images showing perilipin expression
assessed by anti-perilipin immunostaining (brown) and hematoxylin staining (blue) in WAT sections. (B) Relative
MRNA levels of MCP1 in different WATs normalized to Actin (n= 8-10 mice per group). Data are presented as
mean + SEM. Statistical significance is shown as *p < 0.05,**p < 0.01, ***p < 0.001. Significance was determined
by unpaired two-side t test. Scale bars in (A) represent 175 pym.

In order to explore the potential roles of C/EBPB and PPARYy in the morphological changes of
adipocytes upon MLN4924 treatment, we first examined the degree of C/EBPf binding to the
PPARy promoter in WAT of MLN4924-treated and Ctrl animals. In contrast to our data
obtained in 3T3-L1 cells and our findings in the KO model, WAT of MLN4924 treated mice
displayed a similar C/EBPB DNA binding to the PPARy promoter, as revealed by ChIP
assays (Figure 60A). This surprising result may indicate that compensatory mechanisms,
that prevent the direct inhibitory effects on C/EBPB in the AT, are triggered by global
MLN4924 treatment in vivo. Accordingly, peripheral MLN4924 administration elevated
PPARy mRNA expression in WAT. PPARYy levels in the MLN4924-treated mice were either
similar or higher than in Ctrl animals (Figure 60B). Furthermore, in epididymal and perirenal
WAT the MLN4924 treatment restored the reduction of PPARy expression caused by HFD
(Figure 60B).
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Figure 60: MLN4924 treatment in HFD-induced obese mice increases PPARy expression in WAT. (A) ChIP-
gRT-PCR assay for C/EBP binding to the PPARy gene promoter in WAT. Amounts of immunoprecipitated DNA
were normalized to inputs. IgG was used as a negative control. (B) Relative mRNA levels of PPARYy in different
WATSs normalized to Actin (n= 7-8 mice per group). Data are presented as mean + SEM. Statistical significance is
shown as #*p < 0.01. Significance was determined by unpaired two-side t test in (B).

Consequently, we aimed to investigate the mRNA expression of metabolic genes that control
the maintenance of adipocyte cellular identity. Performing gRT-PCR, we found that
peripheral neddylation inhibition largely reverted the HFD-induced alterations on adipocyte-
specific gene expression (Figure 61-63). Genes involved in FA uptake and lipolysis were
found to be mostly elevated, independently of the diet, when neddylation was blocked in the
periphery (Figure 61). Additionally, global neddylation inhibition mostly resulted in an
increased expression of genes regulating glucose utilization and glyceroneogenesis (Figure
62). Furthermore, neddylation blockade in the periphery partially increased lipogenic gene
expression in WAT of HFD-fed MLN4924-treated mice (Figure 63). In fact, mMRNA expression
of genes regulating lipogenesis was decreased by HFD per se and peripheral neddylation
blockade partially restored it (Figure 63). Altogether, MLN4924 treatment largely reverted
HFD-induced alterations in adipocyte gene expression, although not always significant,
thereby improving adipocyte function. Thus, adipocyte-specific or peripheral neddylation
ablation, both, results in lean phenotypes but with distinct outcomes on AT “health” and

function.
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Figure 61: MLN4924 administration in HFD-induced obese mice increases mRNA expression of PPARy
downstream genes involved in FA uptake and lipolysis. Relative mRNA levels of the indicated genes in WAT
normalized to Actin (n= 8-10 mice per group). Data are presented as mean + SEM. Statistical significance is
shown as *p < 0.05, *xp < 0.01, *+xp < 0.001. Significance was determined by unpaired two-side t test.
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Figure 62: MLN4924 administration in HFD-induced obese mice increases mRNA expression of PPARy
downstream genes involved in glucose homeostasis, insulin signaling and glyceroneogenesis. Relative
mMRNA levels of the indicated genes in WAT normalized to Actin (n= 7-9 mice per group). Data are presented as
mean * SEM. Statistical significance is shown as *p < 0.05, *xp < 0.01, *++p < 0.001. Significance was
determined by unpaired two-side t test.
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Figure 63: MLN4924 administration in HFD-induced obese mice increases mRNA expression of genes
involved in lipogenesis. Relative mRNA levels of the indicated genes in WAT normalized to Actin (n= 7-9 mice
per group). Data are presented as mean + SEM. Statistical significance is shown as *p < 0.05, #*p < 0.01, *xxp <
0.001. Significance was determined by unpaired two-side t test.

4.10.2 MLN4924 injection restores HFD-induced impairment of thermogenesis

in obese mice

Due to the ability of MLN4924 to revert HFD-induced body weight gain and improve AT
morphology and function, we investigated a possible role of MLN4924 treatment in BAT

remodeling or in the induction of browning. First, we examined the expression of thermogenic
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genes in interscapular BAT by gRT-PCR. MLN4924 treatment did not significantly change
the expression of the majority of thermogenic genes tested, such as UCP1, cell death-
inducing DNA fragmentation factor alpha-like effector A (Cidea), PGC-1-a/B and PRDM16,
between control and MLN4924-treated mice (Figure 64A). Accordingly, UCP1 protein
expression remained unchanged upon MLN4924 treatment (Figure 64B). Only fatty acyl
chain elongase, Elovl3, was found to be increased in BAT of MLN4924-treated mice in
respect to Ctrls independent of the diet (Figure 64A). ElovIi3 was described to have an
important role in lipid recruitment and (3-oxidation in BAT (Westerberg et al., 2006). A higher
ElovI3 expression (Figure 64A) might be required to restore intracellular very long chain FA
pools when the FA turnover rate is high. Consequently, we further investigated the impact of
MLN4924 treatment on B-oxidation in this AT depot. Indeed, MLN4924 treatment in mice fed
a HFD, partially promoted the expression of genes involved in B-oxidation, although these
effects were not always statistically significant. Acyl-coenzyme A oxidase (ACO) expression
increased in BAT of HFD-fed MLN4924-treated mice respect to Ctrl (Figure 64C). Long-chain
acyl-CoA dehydrogenase (LCAD) expression tended to increase upon MLN4924 treatment in
HFD-fed mice, although this increase was not statistically significant (Figure 64C).
Accordingly, also the expression of genes promoting mitochondrial activity was partially
elevated. Cox8b was significantly elevated in BAT of HFD-fed mice treated with the drug
(Figure 64A).
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Figure 64: MLN4924 administration did largely not result in a promotion of B-oxidation and thermogenesis
in interscapular BAT. (A) Relative mRNA levels of the indicated genes in BAT normalized to Actin (n= 7-10 mice
per group). (B) Immunoblot of UCP1 in BAT of Ctrl- or MLN-treated chow- or HFD-fed mice. Equal protein loading
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was confirmed by normalization to Actin expression. (C) Relative mRNA levels of the indicated genes in BAT
normalized to Actin (n= 8-10 mice per group). Data are presented as mean + SEM. Statistical significance is
shown as *p < 0.05, =xxp < 0.001. Significance was determined by unpaired two-side t test.

Histological analysis of interscapular BAT demonstrated that MLN4924 administration
resulted in smaller lipid droplets (Figure 65A). Going in line with this finding, BAT weight was
decreased in HFD-fed mice under MLN4924 treatment (Figure 65B). Despite the fact that
these observations would argue for an increased thermogenesis in BAT upon MLN4924
administration, we failed to detect a statistically significant increase in thermogenic markers.
Thus, BAT thermogenesis is unlikely to account for the reduction in obesity and associated
disorders in the MLN4924-treated mice.
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Figure 65: MLN4924 treatment reduces lipid content and weight of interscapular BAT. (A) Images showing
HE staining of BAT sections. (B) BAT weights in Ctrl- and MLN-treated mice (n= 9-10 mice per group). Data are
presented as mean + SEM. Statistical significance is shown as #*p < 0.01. Significance was determined by two-
way ANOVA with Bonferroni's multiple comparison test. Scale bars represent 175 pm (A).

As previously reported in the literature, the perirenal fat depot displayed a mix of BAT and
WAT regions (de Jong et al., 2015; Zhang et al., 2018) (Figure 58E,66A). Next, we analyzed
the effect of the pharmacological inhibitor on the histology and gene expression of perirenal
AT. As already depicted above, MLN4924 administration decreased adipocyte size in the
perirenal WAT depot of HFD-fed mice (Figure 58E). Histological analysis of perirenal BAT
demonstrated reduced cell size, decreased lipid content and enhanced multilocularity in
MLN4924-treated mice in comparison to Ctrl animals (Figure 66A). Confirming these
histological findings, gRT-PCR and immunoblotting analyses revealed an increased
expression of UCP1 mRNA and protein in perirenal fat of MLN4924-treated mice fed a HFD,
whereas no difference was detected between chow-fed mice (Figure 66B-C). In accordance
with these results, the expression of several genes related to thermogenesis, mitochondrial
function and B-oxidation was upregulated in perirenal fat of HFD-fed MLN4924-treated mice
respect to Ctrl animals (Figure 66B-D). Accordingly, expression of genes related to
thermogenesis (Cidea, PGC-1, Elovl3), mitochondrial function (Cox7al, Cox8b (subunits of
cytochrome c oxidase) and CytC) and p-oxidation (ACO, LCAD) was significantly
upregulated in perirenal AT of HFD-fed MLN4924-treated mice compared to Ctrl mice (Figure
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66B,D). We did not detect an elevation in thermogenesis and (-oxidation in chow-fed
animals (Figure 66B-D), going in line with the observation that MLN4924 treatment in chow-

fed mice did not alter AT mass and adipocyte size in the perirenal fat depot.
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Figure 66: MLN4924 treatment in HFD-induced obese mice induces thermogenesis in perirenal adipose
tissue. (A) Representative images showing HE staining of BAT areas in perirenal AT sections. (B) Relative
mMRNA levels of the indicated genes in perirenal AT normalized to Actin (n= 8-10 mice per group). (C) Immunoblot
of UCP1 in perirenal AT of HFD-fed Ctrl- or MLN-treated mice. Equal protein loading was confirmed by
normalization to Actin expression. (D) Relative mRNA levels of the indicated genes in perirenal AT normalized to
Actin (n= 8-10 mice per group). Data are presented as mean + SEM. Statistical significance is shown as *p <
0.05, *xp < 0.01. Significance was determined by unpaired two-side t test.
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Importantly, despite its high thermogenic capacity, we failed to detect UCP1 expression in
inguinal fat upon MLN4924 administration. However, genes involved in B-oxidation were
partially elevated in inguinal fat of chow-fed mice treated with the drug (Figure 67A). Analysis
of the profiles of genes involved in B-oxidation by gRT-PCR revealed that B-oxidation was
unaltered by MLN4924 treatment in muscle and liver and thus cannot explain the beneficial
adaptations in these mice (Figure 67B-C). In fact, muscle expression of genes involved in
lipogenesis, like SREBP1c and FAS, and B-oxidation, such as PPARa, CPT1b, ACO, MCAD
and LCAD, were not affected by treatment with the drug (Figure 67B). Going in line, by
performing qRT-PCR analysis of livers of MLN4924-injected mice, we observed that PPARQ,
CPT1, ACO and LCAD expression remained unchanged (Figure 67C). These observations
together propose that inhibition of neddylation in the periphery by MLN4924 treatment results
in a strong AT remodeling. Particularly, the drug is able to restore the whitening of perirenal
BAT and thus reverts the devastating effects induced by HFD.
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Figure 67: Effects of MLN4924 treatment on B-oxidation. (A) Relative mRNA levels of the indicated genes in
inguinal AT normalized to Actin (n= 8-10 mice per group). (B) Relative mRNA levels of the indicated genes in
muscle normalized to Actin (n= 4-5 mice per group). (C) Relative mRNA levels of the indicated genes in liver
normalized to Actin (n= 9-10 mice per group). Data are presented as mean + SEM. Statistical significance is
shown as #p < 0.05. Significance was determined by unpaired two-side t test.

The increased expression of thermogenic markers and genes involved in B-oxidation could
trigger enhanced energy dissipation. Accordingly, we found a moderate increase in oxygen
consumption and energy expenditure by employing indirect calorimetry at ambient
temperatures (Figure 68A-B). Neither food intake nor locomotor activity changed upon
MLN4924 treatment (Figure 68C-D). Moreover, MLN4924 treatment did not result in an
enhanced secretion of energy via feces, as assessed by bomb calorimetry (Figure 68E). As

reflected by the RER, administration of the inhibitor did not impact metabolic flexibility of

120



Results

treated mice (Figure 68F). Thus, the increase in energy expenditure in form of heat

production might account for the MLN4924-induced body weight loss.
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Figure 68: MLN4924-mediated increase in energy expenditure might account for weight loss in HFD-
induced obese mice. (A-B) Oxygen consumption (VO2) and energy expenditure (EE) in mice (n= 6-10 mice per
group). (C) Food intake of mice (n= 7-8 mice per group). (D) Locomotor activity of mice (n= 8 mice per group). (E)
Energy loss via feces per day in mice (n= 8-10 mice per group) assessed by bomb calorimetry. (F) RER and
average RER measured during the light and dark cycle (shaded region) in Ctrl- and MLN-treated mice (n= 8 mice
per group). Data are presented as mean + SEM. Statistical significance is shown as *p < 0.05, #+p < 0.01, *xxp <
0.001. Significance was determined by two-way ANOVA with Bonferroni's multiple comparison test in (A-B) and
by one-way ANOVA with Bonferroni’'s multiple comparison test in (C-F Ctrl chow vs Ctrl HFD).

4.10.3 MLN4924 injection improves HFD-induced metabolic disorders

In contrast to our findings in the fat specific KO model of neddylation, global loss of AT
resulted in beneficial metabolic effects in MLN4924-treated mice. Lower circulating glucose
and insulin levels were observed in HFD-fed mice treated with MLN4924 (Figure 69),

suggesting an improved insulin sensitivity in these animals.
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Figure 69: MLN4924 administration reverts HFD-induced hyperglycemia and hyperinsulinemia. (A-B)
Plasma glucose and insulin levels (n= 8-10 mice per group). Data are presented as mean + SEM. Statistical
significance is shown as *p < 0.05. Significance was determined by two-way ANOVA with Bonferroni's multiple
comparison test.

This decrease might be secondary to reduced circulating FA levels in MLN4924-treated
animals that were fed a HFD (Figure 70A). MLN4924 administration in HFD-fed mice
resulted in decreased plasma leptin levels, possibly due to the reduction in fat mass (Figure
70B). Plasma TG levels remained in a normal range regardless of the diet (Figure 70C).
Moreover, MLN4924 reverted HFD-induced liver steatosis, as evidenced by representative
liver images, reduced liver weights and H&E staining of liver sections (Figure 70D-F).
Altogether, MLN4924 treatment results in body weight loss, improved adipocyte function and
restored metabolic homeostasis, most likely due to the induction of thermogenesis in

perirenal fat tissue and following enhanced energy expenditure.
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Figure 70: MLN4924 treatment reverts HFD-induced hepatic steatosis. (A-C) Plasma FA, leptin and TG levels
(n= 8-10 mice per group). (D-E) Representative pictures of liver and liver weight in Ctrl- and MLN-treated mice (n=
6-10 mice per group). (F) Representative images showing HE staining of liver sections. Data are presented as
mean = SEM. Statistical significance is shown as *p < 0.05, *»xp < 0.01, #*xp < 0.001. Significance was
determined by two-way ANOVA with Bonferroni's multiple comparison test in (A-B, E) and by one-way ANOVA
with Bonferroni's multiple comparison test in (A-B, E, ctrl chow vs ctrl HFD). Scale bars represent 200 um (F).
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5 Discussion

Obesity is a chronic metabolic disorder provoked by excessive energy intake and low energy
expenditure which leads to a higher risk for the development of many human health
problems like T2DM, dyslipidemia, hypertension and cardiovascular diseases (Kopelman,
2000). Reducing obesity and its associated comorbidities has become a research task
worldwide because of the increasing medical costs for the treatment of obesity-related
diseases (O'Neill and O'Driscoll, 2015). Therefore, understanding the mechanisms involved
in adipogenesis and obesity and the discovery of new anti-obesity drugs is of high relevance.

So far, the research field has focused on the extensive study of the transcriptional regulation
of adipogenesis. In this context, adipogenesis has been viewed as a cascade of sequential
transcriptionally events as the main driver of adipocyte development. Nevertheless, this
conceptual point of view that has strongly influenced the field, failed to include a very
relevant aspect of differentiation programs: the many PTMs controlling stability, function,
localization, partner interactions, etc. of the key players in fat development. Although in the
last years the role of several PTMs, such as phosphorylation or acetylation, of transcription
factors have been analysed, not much knowledge has been generated regarding the function
of other PTMs. In particular, the role of neddylation in adipocyte development as well as

function and obesity remained largely unknown.

5.1 Neddylation controls adipogenesis

In the present study we found that the expression profiles of members of the neddylation
pathway during 3T3-L1 adipogenesis, like Nael, the regulatory subunit of the first enzyme of
the neddylation pathway, the neddylated form of the E2 enzyme Ubcl2 and the pattern of
neddylated proteins changed during 3T3-L1 differentiation. These results may indicate a
regulatory role of neddylation during adipogenesis, going in line with previous observations
that either described an upregulation of the Nedd8 protein during 3T3-L1 adipogenesis (Park
et al., 2016) or an increase in neddylated Cul3 during adipocyte differentiation of LiSa-2 cells
(Dubiel et al., 2017). The fact that immunoblotting yielded a pattern of neddylated proteins

suggests that several Nedd8 targets might be involved in the regulation of adipogenesis.

Neddylation blockade inhibited adipogenesis reinforcing the notion that Nedd8 conjugation is
essential for adipocyte differentiation. Blocking neddylation with the potent and selective
Nael inhibitor MLN4924 (Soucy et al., 2009), repressed 3T3-L1 adipocyte differentiation.
This result was further confirmed in PCC of inguinal fat tissue and MEFs. These observations

123



Discussion

are in accordance with recent studies that described the inhibitory effects of MLN4924
treatment on adipogenesis in 3T3-L1 cells, human AT-derived stem cells and LiSa-2 cells
(Dubiel et al., 2017; Park et al., 2016). Importantly, reversion experiments revealed that 3T3-
L1 cells were able to differentiate into mature adipocytes to the same extend as control cells
after washing out the inhibitor and re-stimulating cells for differentiation. Thus, we could rule
out cytotoxic effects of the drug and propose that MLN4924-treated cells retained the
commitment to become mature functional adipocytes. Experiments, in which the neddylation
pathway was inhibited genetically, underscored the relevance of Nedd8 conjugation during
adipogenesis. The dominant negative Ubc12 mutant Ubcl2 C111S sequesters Nedd8 and
thus prevents further conjugation to substrate proteins (Wada et al., 2000). Preventing
neddylation by this mean also blocked 3T3-L1 adipocyte differentiation. Nevertheless, the
limitation of this approach was the relatively low transfection efficiency in 3T3-L1 cells using
electroporation. To circumvent this issue, we co-transfected the cells with a GFP
overexpression plasmid that allowed us to include only the successful transfected cells
expressing GFP into the quantitative analysis. In fact, lentiviral expression would be the
method of choice for this approach which was unfortunately not applicable for us due to the

lack of appropriate facilities.

The downregulation of the two adipocyte master genes PPARy and C/EBPa accounts for the
inhibition of adipogenesis. Adipogenesis is driven by a tightly controlled transcription factor
cascade, ultimately resulting in the expression of the master regulators of adipogenesis
PPARy and C/EBPa that coordinate the expression of many adipocyte-specific metabolic
genes (Cristancho and Lazar, 2011; Farmer, 2006; Rosen and MacDougald, 2006).
Supporting our observations, it is well established that these adipogenic transcription factors
are able to promote adipogenesis (Freytag and Geddes, 1992; Freytag et al., 1994; Lin and
Lane, 1994; Tontonoz et al., 1994b) and their absence inhibits adipocyte differentiation (Lin
and Lane, 1992; Rosen et al., 1999).

Altogether, we and others (Dubiel et al., 2017; Park et al., 2016) showed that Nedd8
conjugation plays essential roles in adipocyte differentiation. This idea is consistent with the
general regulatory role for PTMs in cellular developmental processes and the observations
that phosphorylation (Humphrey et al.,, 2013; Rabiee et al.,, 2017; Wu et al., 2009),
acetylation (Xu et al., 2013), sumoylation (Chung et al., 2010; Liu et al., 2013; Mikkonen et
al., 2013) and ubiquitination (Kim et al., 2014; Li et al., 2016; Watanabe et al., 2015),

between others, control adipocyte development.
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5.2 Neddylation promotes fat storage in mature adipocytes

In addition to its role in adipocyte differentiation, we demonstrated that neddylation also
exhibits important functions in the maintenance of adipocyte cell identity. This notion was
underpinned by the finding that MLN4924-mediated neddylation inhibition resulted in
decreased TG content in developed 3T3-L1 and primary adipocytes. Notably, in respect to
the effects on adipogenesis, in developed adipocytes the response to MLN4924-induced
neddylation inhibition was milder as reflected by the higher MLN4924 concentrations
required. Importantly, the lipid droplet loss in 3T3-L1 cells was reversible after washing out
the drug. The recovery of beforehand treated cells was secondary to the addition of insulin, a
hormone that was previously reported to promote lipogenesis (Knutson and Balba, 1997;
Morales et al., 1992).

The MLN4924-mediated decrease in lipid droplet content was triggered by a dramatic
downregulation of the adipocyte master gene PPARy. PPARYy controls the maintenance of
the mature adipocyte characteristics by regulating many adipocyte cellular functions, such as
FA and glucose uptake, lipolysis, glyceroneogenesis, insulin signaling and lipogenesis
(Tamori et al., 2002). It was demonstrated to govern the expression of many genes involved
in these processes (Chawla and Lazar, 1994; Gustafson et al., 2003; Martin et al., 2000;
Nagy et al., 1998; Schoonjans et al., 1996; Smith et al., 2001; Tontonoz et al., 1995;
Tontonoz et al., 1994a). Accordingly, decreased PPARYy expression in MLN4924-treated
3T3-L1 cells resulted in the impairment of, both, lipolysis and lipogenesis leading to
increased FA release from 3T3-L1 cells into the medium. Despite the decrease of lipolysis, a
continuous cleavage of TG without a concomitant lipid synthesis resulted in a reduced
cellular TG content. Notably, 3T3-L1 cells still conserved the isoproterenol-associated
lipolytic capacity, suggesting that stimulated TG lipolysis is functionally conserved in these
cells. Moreover, PPARY is crucial for maintaining adipocyte insulin sensitivity by regulating
genes involved in insulin signaling or glucose transport (Tamori et al.,, 2002). As a
consequence, the MLN4924-mediated PPARy downregulation might result in an insulin
resistant state of 3T3-L1 adipocytes, although this was not examined. Thus, neddylation
inhibition is resulting in dysfunctional adipocytes triggered by a downregulation of PPARYy.
PPARYy is known to be fundamental for adipocyte survival (Imai et al., 2004). We showed by
hematoxylin staining the presence of cell nuclei and demonstrated with reversion
experiments (either by adding the pro-lipogenic hormone insulin or the PPARy agonist
rosiglitazone) that MLN4924-treated cells retain the ability to store TG, thereby ruling out
cytotoxic effects. Nevertheless, this does not exclude that adipocyte cell death might occur at
later time points when adipocyte dysfunction already proceeded. Dysfunctional adipocytes
send signals, for instance chemoattractants like MCP1, in order to recruit immune cells to the
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AT (Guilherme et al., 2008). 3T3-L1 cells have been shown to produce MCP-1 under certain
conditions (Sartipy and Loskutoff, 2003). Adipocyte dysfunction triggered by neddylation
inhibition resulted in an enhanced expression of MCP1. Altogether, these data implicate that
neddylation plays important roles in promoting fat storage and in maintaining a functional

adipocyte.

5.3 Neddylation requlates adipogenesis and fat storage by

enhancing C/EBPB transcriptional activity and DNA binding to

the PPARyY promoter

Although a recent study showed that PPARy neddylation stabilizes the protein and thus
governs adipocyte differentiation (Park et al., 2016), we could not reproduce this result. First,
neither pharmacological (MLN4924 treatment) nor genetic (Ubcl2 C111S overexpression)
neddylation inhibition did affect PPARYy protein stability in HEK293 cells in our study. Second,
pull-down assays in HEK293 cells did not suggest that Nedd8 is covalently conjugated to
PPARYy. Third, the dramatically decreased PPARy mRNA levels observed in 3T3-L1 cells
upon MLN4924 treatment would argue that Nedd8 is indeed targeting a factor upstream to
PPARy and C/EBPa that is controlling their expression during adipogenesis and in mature
adipocytes. Along this line, the PPARy agonist rosiglitazone was able to restore the
MLN4924-mediated effects on lipid droplet loss, reinforcing that neddylation may target a
protein upstream to PPARy. Thus, we propose that the inhibitory effects of neddylation
blockade on adipogenesis and developed adipocytes might be mediated by one or several
factors upstream to PPARy and C/EBPa. Indeed, pull-down assays revealed that Nedd8 is
covalently conjugated to C/EBPB and mutation of all lysines potentially targeted by Nedd8
prevented neddylation of the protein. The C/EBPf protein consists of an N-terminal activation
domain, a central regulatory domain and a C-terminal bZIP DNA binding domain (Tsukada et
al., 2011). Identifying the specific lysine targeted by Nedd8 would help to define more
precisely the effects of neddylation on the involved domain and ultimately on the function of
the C/EBP@ protein. Mass spectrometry (MS)-based analysis in future studies will be needed
to accomplish this task. However, identifying neddylated proteins by MS is not trivial. One
limitation is the relatively low abundance of the neddylated forms of proteins (Jones et al.,
2008). Moreover, neddylation is a dynamic process, reflected by constant neddylation and
deneddylation of proteins (Rabut and Peter, 2008), even further resulting in a lower
percentage of detectable neddylated proteins in certain states (Jones et al., 2008). In order
to identify neddylated lysines in proteins, new MS approaches need to be developed to

discriminate endogenous Nedd8 from other PTMs. A major limitation with current MS-based
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methods is the inability to distinguish among modifications by ubiquitination, Nedd8 or
ISG15, due to an identical di-glycine remnant generated by trypsin proteolysis of the modified
proteins (Wagner et al., 2011). To overcome this limitation, our group previously created a C-
terminal Nedd8 mutant that leads to larger overhangs after trypsination (Vogl et al., 2015). In
addition to MS-based approaches the lysine residues in Nedd8 targets could be identified by
mutation analysis. We created a C/EBP null mutant, in which all lysines were mutated to
arginines, thereby preventing a possible neddylation. However, we failed to identify a single
lysine mutant which could prevent Nedd8 conjugation to C/EBP( (data not shown). The most
plausible explanation is that neddylation on C/EBP3 does not require targeting a specific
given lysine but rather acts as a domain-specific PTM, on which the first accessible lysine
residue of a domain in a given time is enough for Nedd8 binding to exert its function. This
has been already described for SUMO and is related to the enormous structural flexibility of
its C-terminal binding domain (Hendriks and Vertegaal, 2016; Psakhye and Jentsch, 2012).
Once a neddylated lysine or protein domain in C/EBP is identified, a lysine mutant could be
created and subsequently validated in cell cultures and in vivo.

While C/EBPB mRNA and protein levels remained unaffected by neddylation inhibition,
MLN4924 treatment dramatically reduced C/EBP transcriptional activity on the PPARy and
C/EBPa promoters during adipogenesis and in developed adipocytes. The adipogenic
transcription factor C/EBP is known to be involved in the coordinated regulation of PPARy
and C/EBPa expression during terminal differentiation (Hamm et al., 2001; Wu et al., 1996;
Yeh et al., 1995). Moreover, C/EBPB was described to act in the transcriptional network that
maintains adipocyte cell identity by preserving the expression of adipocyte-specific metabolic
genes (Lefterova et al., 2008). Therefore, it is likely that the prevention of C/EBPf
neddylation attenuates its transcriptional activity, which accounts for the downregulation of
C/EBPa and PPARYy and the consequent inhibition of adipogenesis and loss of TG. The
reduction in C/EBP transcriptional activity might be triggered by reduced binding of C/EBP3
to the PPARy promoter under MLN4924 treatment. Previous studies demonstrated that
C/EBPB DNA binding and transcriptional activity is modified by various PTMs by changing
either its protein confirmation, by regulating its exposure to DNA elements or by modifying its
accessibility for other PTMs (Kowenz-Leutz et al., 1994; Lynch et al., 2011; Williams et al.,
1995). How neddylation of C/EBP( affects its DNA binding and transcriptional activity
remains to be elucidated. Modification of C/EBP, involving the crosstalk of different types of
PTMs, fine-tunes its function (Guo et al., 2015). These modifications comprise for instance
acetylation, phosphorylation, sumoylation and ubiquitination (Cesena et al., 2007; Eaton and
Sealy, 2003; Fu et al., 2015; Tang et al., 2005). Our discovery on the neddylation of C/EBPS
contributes to the elucidation of the function and roles of PTMs in adipogenesis and,

importantly, also in developed adipocytes, a topic that has not been intensively studied so
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far. Moreover, our finding represents a regulatory role of neddylation in adipocyte biology

beyond its Cullin-dependent cross-talk with the ubiquitination cascade (Dubiel et al., 2017).

5.4 Neddylation is de-requlated in obesity

Assessing the pattern of neddylated proteins in distinct AT depots, we found that neddylation
is de-regulated in subcutaneous but not in visceral AT of obese in respect to lean mice. One
possible explanation could be the distinct nature of different fat depots. AT depots are known
to differ in their localization, function and impact on metabolic regulation due to depot-specific
features (Lee et al., 2013b). These characteristics might stem from different developmental
processes of the respective depot (Gesta et al., 2006; Yamamoto et al., 2010) or distinct
paracrine and endocrine signals driving their regulation (Girard and Lafontan, 2008). Going in
line with the notion that distinct AT depots direct different metabolic outcomes, we observed
depot-specific effects when mice were subcutaneously injected with MLN4924. In fact, global
neddylation inhibition caused an increase in the thermogenic gene expression program in
perirenal fat, whereas these thermogenic markers were not detectable in inguinal fat. Thus,
neddylation could play distinct depot-specific roles. Cre-lines enabling depot-specific
recombination in fat cells, which currently do not exist, would be of high value in order to
investigate this hypothesis. Moreover, different protocols could have different outcomes on
obesity. We were feeding mice for 8 weeks with an obesogenic HFD (45 kcal%), a protocol
which is known to induce obesity (de Wilde et al., 2009). However, a variety of HFD protocols
exist, differing in the time period of HFD feeding and the composition of the diets. Thus, it
remains to be elucidated if a longer exposure to HFD or feeding a diet with a higher fat
content would trigger changes in the pattern of neddylated proteins also in visceral fat.
Moreover, it would be interesting to characterize if the changes in neddylated proteins in AT
depend on the obese phenotype of mice or if HFD feeding triggers these effects. In this
context, it would be of value to investigate the neddylation status of AT in other rodent
models of obesity, such as the mouse model of leptin deficiency (ob/ob mouse) or the mouse
model lacking the leptin receptor (db/db mouse) (Lutz and Woods, 2012). Going in line, it
would be interesting to investigate the impacts of AT-specific and global neddylation
inhibition on body weight and metabolic outcomes in other models of obesity, as well.
Moreover, judging the change of neddylation in certain fat depots upon obesity induction is
not a trivial task due to the low detection efficiency of the available a-Nedd8 antibodies.
Furthermore, one would not expect a complete change in the neddylation pattern but rather
modification of certain Nedd8 targets involved in adipogenesis and fat storage. Thus, the

identification of Nedd8 target proteins in vivo would be required to further define how
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neddylation of these specific factors change during the induction of obesity or in already

obese versus lean animals.

5.5 Adipose tissue-specific ablation of the neddylation pathway

results in a lipodystrophic phenotype accompanied with severe

metabolic disturbances

We developed and characterized NaelAdipoCreER™ mice, a mouse model in which Cre-
mediated recombination results in deletion of the floxed Nael gene specifically in the AT
(Lee et al., 2013a; Sassmann et al., 2010). Since adiponectin is exclusively expressed in
mature adipocytes the AdipoCreER™ mouse line allows the induction of recombination
specifically in developed adipocytes in the AT without any observable recombination in other
tissues (Lee et al., 2013a; Sassmann et al., 2010). To discard that tamoxifen itself may affect
glucose and lipid metabolism parameters in mice (Hesselbarth et al., 2015), all mice received

tamoxifen.

In a first set of experiments, we showed that loss of neddylation by ablating Nael in mature
adipocytes reduces HFD-induced obesity through a delayed but rapid loss of AT mass. The
decrease in fat mass appears to be caused by a gradual death of adipose cells as revealed
by perilipin-negative immunostaining on the lipid droplet membrane. A lack of perilipin
staining can visualize lipid droplet degeneration, which is a sign of adipocyte death (Cinti et
al., 2005; Wernstedt Asterholm et al., 2014). As a major regulator of many adipocyte-specific
functions, PPARYy is crucial for maintaining mature adipocyte characteristics and survival
(Imai et al., 2004; Tamori et al., 2002). Downregulation of PPARy in AT of
NaelAdipoCreER™ mice was probably triggered by a decreased binding of de-neddylated
C/EBPB to the PPARy promoter, as observed in 3T3-L1 cells. Consequently, reduced
PPARYy levels in NaelAdipoCreER™ resulted in decreased expression of many genes
involved in glucose uptake and insulin signaling, FA uptake and lipogenesis, thereby strongly
impairing adipocyte function and ultimately leading to adipocyte death. Histological analysis
and evidence of rising inflammatory markers suggested an increase in AT inflammation,
consistent with the observation that adipocyte death causes AT inflammation in mice with
adipose-specific PPARYy deletion (He et al., 2003; Wang et al., 2013). Body weight decrease
and AT loss in NaelAdipoCreER™ mice might also partially result from reduced food intake
that could be triggered by potentially higher systemic inflammation. Although circulating
inflammatory markers have not been analyzed in NaelAdipoCreER™ mice, support for this
hypothesis could be provided by the fact that AT inflammation has been described to elicit

chronic systemic inflammation (Bluher, 2016). Evidence for a role of cytokines in regulating
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feeding behavior may be found in the observation that inflammation and infection induce
interleukins, which centrally play a prominent role in anorexia (Wong and Pinkney, 2004).
Many previous studies showed that liver steatosis frequently occurs in lipodystrophic mouse
models (Asterholm et al.,, 2007). Accordingly, in HFD-fed NaelAdipoCreER™ mice the
spillover of FA subsequently lead to lipid deposition in the liver and probably in other tissues,
although the latter was not further tested. Increased FA levels are frequently associated with
lipodystrophy (Asterholm et al., 2007). Compensatory effects of ectopic lipid accumulation
could explain the unexpected lack in increased plasma FA in HFD-fed Nael KO animals.
Additionally, unchanged circulating FA levels could be secondary to a pronounced increase
in FA oxidation as reflected by a lower RER during the dark phase. Since a RER close to 0.7
indicates that fat is the major fuel used (Speakman, 2013), this argues that fat is the
preferred substrate for oxidation in HFD-fed NaelAdipoCreER™ mice. Also, impaired
glucose uptake and utilization could account for the decrease in RER. NaelAdipoCreER™
mice displayed elevated glucose and insulin plasma levels, decreased adiponectin secretion
and impaired glucose tolerance. This could explain the decrease in RER and might suggest
an insulin resistant state. This hypothesis is supported by the fact, that ectopic lipid

accumulation contributes to the development of insulin resistance (Shulman, 2014).

In a second in vivo experiment, in which the fat-specific Nael KO was simultaneously
induced with the initiation of HFD or chow feeding, we could confirm and complement our
data obtained in the first model of Nael KO in HFD-induced obese mice. As expected, fat
specific ablation of the neddylation pathway in NaelAdipoCreER™ mice prevented HFD-
induced body weight gain due to a decrease in WAT depot mass. Strikingly, although chow-
fed Nael KO mice displayed a decreased AT weight of perirenal, inguinal and epididymal
depots and liver mass remained unchanged, their body weight was not significantly
decreased compared to chow-fed Ctrl mice. A possible reason could be that the weight of
other AT depots, which were not examined, remained unchanged and this prevented the
significant decrease in the overall body weight. As the findings of our first KO experiment
argue, AT loss of perirenal, inguinal and epididymal depots in NaelAdipoCreER™ mice
probably resulted from a decreased food intake and might be caused by adipocyte death
triggered by a reduction in PPARYy levels. Further confirming our previous observations, we
detected hepatic steatosis in HFD-fed NaelAdipoCreER™ mice. Lipid accumulation in the
liver might partially explain the reduced circulating FA levels in these animals. Besides, low
FA plasma levels could be attributed to a higher fat oxidation, as reflected by a lower RER.
The finding that HFD-fed NaelAdipoCreER™ mice display lower circulating FA levels is in
contrast to our previous observation in obese NaelAdipoCreER™ mice on a HFD, in which
the FA levels were similar to HFD-fed Ctrl mice. The discrepancy concerning FA levels

between the two models might be due to a longer exposure time to HFD resulting in rising FA
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levels in the first Nael KO experiment. As expected, adiponectin secretion in
NaelAdipoCreER™ mice was decreased, due to the loss of fat mass. Surprisingly, and in
contrast to the HFD-induced obese NaelAdipoCreER™ mice, non-fasting plasma glucose
levels were similar between the two genotypes. Meanwhile, insulin levels were elevated in
HFD-fed NaelAdipoCreER™ animals. Insulin hypersecretion can occur in a normoglycemic
state as a compensatory mechanism with beginning insulin resistance (Chen et al., 1994).
Insulin resistance was shown to be a considerable factor underlying glucose intolerance
(Nathan et al., 2007). In fact, Nael KO mice displayed higher glucose intolerance respect to
Ctrl mice under HFD, predicting an insulin resistant state. It is interesting that
NaelAdipoCreER™ KO mice under chow conditions had, on one hand, a normal glucose
tolerance, glycemia and insulinemia but on the other hand had less fat tissue weight and
higher FA oxidation. Thus, the adverse metabolic consequences on glucose homeostasis
were only observed in KO mice fed a HFD. Also going in a similar direction, it is striking that
in comparison to the first KO experiment, in this second one, in which the KO was
simultaneously induced with chow or HFD feeding, the effects on glucose levels were much
milder in HFD-fed mice and the animals seem to compensate for a beginning insulin
resistance. This raises the question if obesity potentiates the effects caused by AT-specific

neddylation ablation or if lack of neddylation potentiates the consequences of obesity.

Collectively, AT-specific neddylation ablation protects against HFD-induced obesity and
reduces an already established obesity triggered by HFD, but leads to a lipodystrophic
phenotype accompanied with a metabolic dysfunction in mice. The metabolic alterations
found in NaelAdipoCreER™ mice strongly resemble the phenotype of adipose-specific
PPARy KO mice (He et al., 2003; Wang et al., 2013). These studies revealed the
significance of AT PPARYy in maintaining healthy AT. Consequently, deletion of PPARy
results in dysfunctional AT, AT inflammation, impaired adipokine secretion, ectopic lipid
deposition and insulin resistance (He et al.,, 2003; Wang et al., 2013). We propose that
C/EBP neddylation is pivotal for the regulation of PPARy and consequently AT function and
viability. Conditional C/EBPB KO mice would be required to unambiguously address
questions about the role of C/EBP in adipocytes in vivo, to assess physiological outcomes
and to draw conclusions in comparison to NaelAdipoCreER™ mice. However, currently, only
whole-body C/EBPB KO mice exist. Nae1AdipoCreER™ KO mice not only enable the study of
the role of AT-specific roles of neddylation but also serve as a mouse model of inducible
lipodystrophy. Obesity and lipodystrophy have similar devastating metabolic outcomes. Thus,
lipodystrophic mouse models represent a valuable tool for investigating dysfunctional AT,
which could potentially contribute to elucidating underlying mechanisms of, both,
lipodystrophy and obesity (Asterholm et al., 2007). Nevertheless, one major limitation is the

fact that the Adiponectin-driven Cre exclusively allows recombination in mature adipocytes. A
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preadipocyte-selective Cre-line does not exist at the moment. Despite the discovery of more
and more cell markers for adipocyte precursors, the expression of these markers is not
exclusively restricted to these cells (Hepler et al., 2017). Therefore, so far, the role of AT
neddylation in vivo could only be evaluated in developed adipocytes and not during

adipogenesis.

5.6 Peripheral neddylation inhibition by MLN4924 administration

reduces obesity and associated metabolic disorders by

inducing thermogenesis in perirenal fat

The specific neddylation inhibitor MLN4924 (Pevonedistat) is currently tested in clinical trials
in patients with Acute Myeloid Leukemia, Myelodysplastic Syndrome, Acute Lymphoblastic
Leukemia and certain types of solid tumors (Sarantopoulos et al., 2016; Shah et al., 2016;
Swords et al., 2018; Swords et al., 2017). MLN4924 exerts its effects on tumor cell apoptosis
through deregulation of S-phase DNA synthesis (Soucy et al., 2009). Moreover, a recent
study provided evidence that the inhibitor represents a possible pharmacological therapy for
the treatment of liver fibrosis (Zubiete-Franco et al., 2017), pointing towards new avenues for
the treatment of a large variety of diseases. Whether this drug could also be potentially used
for the treatment of obesity and metabolic syndrome is just beginning to be explored.

Our study unexpectedly revealed that adipocyte-specific ablation or global inhibition of
neddylation exhibit opposite effects on metabolism in response to HFD. Remarkably,
MLN4924 treatment completely normalized HFD-induced hyperglycemia, hyperinsulinemia
and hepatic steatosis. HFD-fed Ctrl mice showed a pre-diabetic state associated with
increased glucose and insulin plasma levels and hepatosteatosis. The metabolic recovery
was associated with a regeneration of both WAT and BAT. Although in chow-fed mice
MLN4924 treatment partially decreased adipocyte size to levels below those seen in Ctrl
mice, the underlying improvement was further emphasized by challenge with HFD. In HFD-
fed mice MLN4924 treatment reverted not only HFD-induced alterations in WAT gene
expression levels and structure but also restored the appropriate thermogenic response in
perirenal BAT. Strikingly, also a partial increase in the expression of genes involved in FA
uptake and lipolysis was observed in WAT of chow-fed mice under MLN4924 treatment. In
fact, CD36, FATP1, LPL and HSL expression was found to be partially increased. These
data suggest that the adipocyte gene expression of chow-fed mice, previously challenged
with HFD for two months, might be already altered and that MLN4924 treatment restores
these changes. The present study demonstrated that MLN4924 injection in HFD-fed mice

reverses an already established inhibition of adipose PPARYy levels triggered by HFD
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feeding. The reversion of PPARYy levels probably accounts for the restoration of adipocyte
gene expression. C/EBPB binding to the PPARy promoter in the AT of MLN4924-treated
mice was unaltered and thus cannot explain the increased PPARYy expression observed in
this tissue. This surprising result may indicate that compensatory mechanisms, that prevent
the direct inhibitory effects on C/EBPf in the AT, are triggered by MLN4924 treatment in vivo.
Moreover, higher C/EBPB expression and/or an increase in transcriptional activity may
impact PPARy transcription in mice injected with the inhibitor. PPARy expression in the
mature adipocyte is regulated by several proteins, including C/EBPa, PPARYy itself, RXR and
numerous co-activators (Lefterova et al., 2008). Thus, it cannot be excluded that these
factors might be involved in restoring PPARYy levels upon MLN4924 treatment. PPARy
regulates its own expression via an auto-regulatory loop (Wu et al., 1999). Thus, MLN4924
treatment might boost the activity of PPARy and thereby increases its protein expression.
PPARy is activated by several endogenous PPARy ligands. Natural PPARy ligands
encompass 15-deoxy-A'2* prostaglandin J2 (Forman et al., 1995; Kliewer et al., 1995), the
oxidized lipid components 9- and 13-hydroxyoctadeca-9Z,11E-dienoic acids (9-and 13-
HODE) of oxidized low density lipoprotein (Nagy et al., 1998), oxidized alkyl phospholipids
(Mclintyre et al., 2003), FA and eicosanoids (Forman et al., 1997; Kliewer et al., 1997). These
PPARYy ligands could possibly be affected by MLN4924 treatment. It is striking that global
neddylation inhibition by MLN4924 administration results in increased AT PPARy levels,
while AT-specific neddylation depletion but also treatment with the inhibitor in 3T3-L1 cells
results in severe downregulation of this protein and consequently deleterious effects on
adipocyte function. The reversion of HFD-triggered decrease in AT PPARy expression could
potentially be attributed to the combined effects in different tissues caused by global
neddylation inhibition. PPARYy is required for adipocyte differentiation, regulation of insulin
sensitivity, lipogenesis and adipocyte survival and function (Lefterova et al., 2014; Lehrke
and Lazar, 2005; Siersbaek et al., 2010; Tontonoz and Spiegelman, 2008). Thus, PPARy
increases the capacity of the AT to buffer toxic lipid species by allowing the storage of
harmless TGs. In this direction, PPARy2 was reported to prevent lipotoxicity by controlling
AT expandability and peripheral lipid metabolism (Medina-Gomez et al., 2007). Indeed, our
data suggest that the restored expression of PPARy in the AT of MLN4924-treated mice may
have a protective role on systemic metabolism. When ectopically induced in liver and muscle
PPARy2 protects from accumulation of reactive lipid species, playing an important
antilipotoxic role (Medina-Gomez et al., 2007). The relevance of liver and muscle PPARy
expression in MLN4924-treated mice remains to be elucidated. Although histological analysis
did not reveal signs of macrophage infiltration, HFD per se increased the expression of
MCP1, which was reverted by MLN4924 administration. This suggests that AT inflammation
triggered by HFD is still in a preliminary stadium, in which the AT is secreting higher MCP1
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levels but immune cells were not yet recruited to the AT. This preliminary state of
inflammation could potentially progress with continuous HFD feeding. Importantly, MLN4924
was able to prevent a beginning AT inflammation in HFD-fed mice. Similar to the effects in
WAT, the increased brown adipocyte function promoted by MLN4924 might positively
contribute to the beneficial effects on metabolic health in obesity. Global neddylation
inhibition resulted in the recovery of key genes involved in thermogenesis and mitochondrial
biogenesis in perirenal AT, which contains a mixture of brown adipocytes and classical white
adipocytes. Indeed, the HFD-induced thermogenic defects in this specific fat depot were
reverted by MLN4924 treatment. These findings suggest that global neddylation inhibition
induces a profound remodeling of the perirenal fat, particularly in response to nutritional
stress. The mechanism underlying this positive activation of the thermogenic program in
perirenal fat is not clear. Nevertheless, the anatomic localization of this AT could be
determinant for its functionality. As the sympathetic nervous system controls adrenal
catecholamine secretion (Perlman and Chalfie, 1977), it is plausible that MLN4924 acts
directly on the catecholamine-signaling pathway, leading to browning of the perirenal WAT.
Catecholamines induce brown fat activation and beige development (Wang and Seale,
2016). MLN4924 treatment may either result in a switch from white to beige fat or increase
the activation or number of brown adipocytes, thereby probably inducing a discrete elevation
of energy expenditure in these mice. In this regard, small but consistent changes in energy
expenditure could ultimately determine body weight and metabolic health. Lasar et al.
demonstrated that PPARY is required to maintain the thermogenic capacity of mature brown
adipocytes, which can be induced by activating f—adrenergic signaling (Lasar et al., 2018).
Accordingly, we found that thermogenic capacity of perirenal fat is recovered when PPARy
MRNA levels are elevated in HFD-fed MLN4924-treated mice in respect to Ctrl mice.
Strikingly, HFD did not substantially affect the expression of thermogenic, mitochondriogenic
and B-oxidation genes in interscapular BAT. However, histology of interscapular BAT showed
increased lipid droplet accumulation in HFD-fed mice that was dissipated upon peripheral
neddylation depletion. This reinforced our hypothesis that loss of Nedd8 conjugation in the
periphery results in restored BAT responsiveness. Dramatic changes in ElovI3 may reflect a
high FA turnover rate, since Elovil3 is correlated with increased B-oxidation (Westerberg et
al., 2006). These results additionally suggest an induction of BAT thermogenesis in
MLN4924-treated mice fed a HFD. Nevertheless, we did not observe altered expression of
other thermogenic markers in interscapular BAT. This is particularly surprising as the
interscapular BAT represents the major site for thermogenesis in the body (Cypess and
Kahn, 2010). Further studies under stimulated conditions (e.g. under cold exposure or (3-
adrenergic stimulation) would be of value to address this issue. Moreover, additional studies

could contribute to delineating the effects of MLN4924 treatment on energy expenditure. We
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found a small increase in energy expenditure in MLN4924-treated mice before a significant
body weight difference was established. Thus, it could be of interest to evaluate the energy
expenditure in later time points of the treatment after a significant body weight loss in

MLN4924-treated mice has already been established.

Park et al. previously reported that general deletion of the neddylation pathway in mice
protects from body weight gain and ameliorates glucose intolerance under HFD (Park et al.,
2016). In our study, we present interesting similarities as well as striking discrepancies to
their work. Moreover, certain aspects of the adipose biology were not discussed in that
manuscript, such as the consequences of adipocyte-specific ablation of the neddylation
pathway or global neddylation inhibition after obesity induction. Surprisingly, Park et al.
showed that MLN4924 increased UCP1 but inhibited PPARYy expression in epididymal WAT
of HFD-fed mice, while we actually did not detect UCP1 in this tissue and observed an
increase in PPARYy expression in all adipose depots analyzed. The findings reported by Park
et al. are especially surprising since PPARY is required for the development of all types of fat
cells (Nedergaard et al., 2005), to maintain the thermogenic capacity of mature brown
adipocytes (Lasar et al., 2018) and the UCP1 gene contains binding sites for PPARy that
mediates between others brown adipocyte cell fate (Kong et al., 2014). Contrastingly, our
data indicate that MLN4924 treatment restores UCP1 levels in perirenal fat of HFD-fed mice.
Thus, both studies described the positive effects of peripheral neddylation blockade on body
weight, glucose intolerance and hepatic steatosis, but the underlying mechanisms are
fundamentally different. Several possible explanations could account for these differences.
The in vivo experiment differed largely from our study due to distinct MLN4924 doses used, a
different MLN4924 provider, diverging kinetic pattern of injection and the HFD employed in
the in vivo experiment. Importantly, another distinct feature of our study is that we assessed
the curative role of MLN4924 in obese mice while Park et al. studied the protective role of the
drug while obesity induction.

Our study unexpectedly revealed that adipocyte-specific ablation or global inhibition of
neddylation exhibit opposite effects on metabolism in response to HFD. Nevertheless,
comparing both of our models, Nae1AdipoCreER™ mice and peripheral neddylation ablation,
in quantitative terms on the neddylation inhibition in the AT, we cannot exclude differences
between treatments. Whether the extend of neddylation inhibition in the AT may account for

the distinct outcomes in the two models remains unclear.

In summary, the improvement of systemic metabolic parameters observed in mice injected
with MLN4924 is consistent with the notion that the health and functionality of WAT and BAT
determines systemic metabolic health (Senol-Cosar et al., 2016; Shao et al., 2018). Notably,
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neddylation may be involved in the regulation of whole-body metabolism by playing distinct
roles in different metabolism-related tissues like muscle, liver, pancreas and AT, with actions
in one tissue presumably impacting actions in the other tissues. Thus, global neddylation
inhibition by MLN4924 may contribute to overall improvement of metabolic outcomes by
affecting different tissues. It still remains unclear what exact signals drive the recovery of AT
in MLN4924-injected mice in the context of diet-induced obesity. Tissue-specific conditional
Nedd8 KO mice would be of value to identify tissue-specific physiological outcomes and
putative mediators of tissue crosstalk.

5.7 Conclusion and Outlook

This study provided a comprehensive assessment of the role of the PTM neddylation in
adipogenesis and fat storage, as well as its physiological role in obesity and metabolic
control in vivo. We found that neddylation has important functions during adipogenesis and in
the adipocyte by controlling cell-specific regulatory transcriptional networks. More
specifically, neddylation of the key transcription factor C/EBPB controls its biochemical
function as well as the biological outcomes that it regulates. Thus, C/EBPB neddylation
governs adipogenesis and adipocyte cell identity. Our study demonstrated that fat-specific
neddylation ablation prevents and reduces obesity triggered by HFD feeding. Moreover,
global neddylation inhibition reduces HFD-induced obesity. However, the underlying
mechanisms differ significantly between the two distinct animal models. We demonstrated
that AT-specific neddylation ablation triggers a lipodystrophic phenotype that is accompanied
with severe metabolic disturbances. Additionally, we provided detailed evidence that only
global neddylation depletion reversed key systemic features of an already established pre-
diabetic and obese phenotype in HFD-fed mice by inducing thermogenesis in perirenal fat.
Activation of brown fat and/or browning of white fat hold great promise in the treatment of
obesity and related disorders, making this mouse attractive from a clinical perspective. This
may be particularly important considering that MLN4924 (Pevonedistat) is a drug close to be
on the market and already tested in several cancer clinical studies for hematological
malignancies and certain types of solid tumors. Moreover, a recent study indicates the
beneficial impact of MLN4924 treatment on liver fibrosis, suggesting neddylation as a

potential and attractive therapeutic target in this human disease.

The present study provided an insight into new regulatory roles of neddylation in the context
of adipocyte biology, however it also opened up a number of new questions that would be
interesting to address in the future: Are there fat depot-specific differences in the regulatory

role of AT neddylation? Which is the role of neddylation during adipogenesis in vivo? Which
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are the underlying mechanisms improving metabolic homeostasis upon global neddylation
inhibition? In this regard, which particular factors are involved in the governance of higher
PPARy levels and consequently improved AT function? Which are the driving forces
triggering the thermogenic response in perirenal AT? Which are the tissue-specific roles of
neddylation that are involved in tissue crosstalk in order to control metabolism? Which are
the roles of neddylation in human obesity? Could the pharmacological neddylation inhibitor
MLN4924 serve as potential anti-obesity drug in humans? Addressing these questions in
future studies would highly contribute in elucidating the systems involved in the devastating
disorder obesity.

In summary, our results demonstrate that neddylation represents a relevant posttranslational
regulatory pathway controlling adipocyte differentiation and maintenance. Moreover,
neddylation is a key regulator of obesity and metabolic homeostasis. Therefore, studying
neddylation in the context of obesity could provide new potential therapeutic aspects.
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6 Appendix

6.1 List of Abbreviations

9-and 13-HODE 9- and 13-hydroxyoctadeca-9Z,11E-dienoic acids

Mg Microgram

pl Microlitre

ACC1 Acetyl-CoA carboxylase 1

ACO Acyl-coenzyme A oxidase

ACS Acyl-coenzyme A synthetase

AICD APP intracellular domain

AMP Adenosine 5-monophosphate

APPBP1 NEDDB8-activating enzyme E1 regulatory subunit

AT Adipose tissue

ATGL Adipose triglyceride lipase

ATP Adenosine triphosphate

BAT Brown adipose tissue

BCA3 Breast cancer-associated protein 3

BMP7 Bone morphogenetic protein 7

BRAP2 BRCALl-associated protein 2

BS Bovine serum

BSA Bovine serum albumin

bzIP Basic leucine zipper

CACT Carnitine acylcarnitine translocase

CAMP Cyclic adenosine monophosphate

CD36 Fatty acid translocase

C/EBP CCAAT/enhancer-binding protein

CGI-58 Comparative gene identification-58

ChiP Chromatin Immunoprecipitation

CHX Cycloheximide

Cidea Cell death-inducing DNA fragmentation factor alpha-like effector
A

COP9 Constitutive photomorphogenesis 9

CPT1 Carnitine palmitoyltransferase 1

CREB CAMP regulatory element-binding protein
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