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Chapter 1

Obesity

Obesity is characterized by an increase in adipose tissue (AT) due to increased cell
proliferation (hyperplasia) and increased cell size (hypertrophy) [1]. This metabolic
disorder has been acknowledged by the WHO as a major public health problem
since 1997 [2]. Since then, the obesity epidemic has been increasing steadily and
as of 2008 more than 1.4 billion adults have been estimated to be overweight
(http://www.who.int/topics/obesity/en/). Obesity has been linked to various
diseases amongst which diabetes type 2 and cardiovascular diseases [3,4,5]. Due
to its major implications on public health more extensive research has been
performed in recent years to unravel the processes of weight gain and thus AT
itself.

Adipose Tissue

For a long time, AT was seen as connective tissue with droplets of fat and would
seemingly have a role in the prevention of heat loss and mechanical support for
certain parts of the body [6]. Later studies showed that that AT had a more
complex identity and versatile role in metabolic homeostasis. AT is dispersed over
the entire body in different depots. The physiological roles of subcutaneous (sc)
and visceral AT depots are best characterized. For example, fat stored in the
visceral depots are known to be more harmful than storage under the skin [7]. It
was already shown in 1956 that especially abdominal obesity led to higher
mortality rates. [8]. Experiments in which sc AT were transplanted into abdominal
cavity of mice led to a more beneficial metabolic profile than transplantation of
visceral transplants to the subcutaneous region [9]. Strikingly, there even appears
to be differences between different types of sc AT. Sc AT in the abdomen is
associated with deleterious metabolic consequences in contrast to gluteal sc fat
tissue [10].

Beside different depots, there are two different types of AT; brown and
white AT. White adipose tissue (WAT) is composed of multiple cell types such as
macrophages, fibroblasts, endothelial cells and white (pre)adipocytes [11,12].
WAT is involved in triacylglycerol (TAG) synthesis/storage and lipolysis, and is
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highly regulated by hormones and other factors such as nutritional status and
exercise. In the ‘fed’ state, excess fuel substrates are stored as TAG in WAT, which
can subsequently be converted and released as free fatty acids (FFA) in times of
energy demand. The classical view of WAT as being solely responsible for energy
storage is starting to disappear. Studies have illustrated that the WAT is an
endocrine and paracrine organ which can secrete hormone-like proteins, called
adipokines, that are capable of influencing inflammation, blood pressure,
angiogenesis, insulin sensitivity and the general lipid and glucose
metabolism[12,13]. For example, WAT is among others capable of indirectly
influencing the nervous system by releasing the adipokine leptin which promotes
energy expenditure and has a repressive effect on food intake [14].

Whereas white adipocytes are able to store energy, the mitochondria-rich brown
adipocytes predominantly dissipate energy in the form of heat via the respiratory
chain [15]. In general, brown adipose tissue is predominantly present in infants
and decreases gradually with aging [16]. However, exposure to cold induces
expansion of BAT and activates it peaking in the supraclavicular region in healthy
young men [17,18]. Recent investigations have revealed a novel type of adipocyte,
the so-called beige adipocyte[19]. These adipocytes, like their white counterparts,
have very little basal expression of UCP1 which is a hallmark protein of brown
adipocytes. However, in contrast to white adipocytes, beige adipocytes can
respond to cAMP stimulation leading to increased UCP1 and respiration rates.
PRDM16, a protein that is mainly expressed in brown adipocytes, appears to play
a crucial role in the transcriptional control of brown fat cell differentiation by
activation of PGC-1a and PGC-1B[20]. Interestingly, overexpression of PRDM16 in
white fat progenitors shifted the differentiation towards the brown fat
phenotype. Moreover, a PGC-1a dependent myokine called irisin, is capable of
stimulating brown-fat-like development of white fat and thermogenesis [21]. Mice
studies have shown that even moderately increased levels of circulating irisin
increases energy expenditure, reduces body weight and improves diet-induced
insulin resistance. Subsequently, the beneficial effects of irisin in humans remain
to be determined but are promising indeed.
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Adipogenesis

In literature, adipogenesis is defined as the conversion of pre-adipocytes into full
mature adipocytes and is a complex process in which proteins at different cellular
levels are involved [22]. In 1999, it had been estimated that expression levels of
approximately 300 proteins are altered during this morphogenic change, but since
then more proteins have been found to play a role [23]. Since the process takes
relatively long, some proteins have a role in the early differentiation whereas
others have functions later on. In general differentiation comes in three waves; it
first starts with the activation of very early pro-adipogenic transcription factors
such as C/EBPB, C/EBPS, KLF5, CREB, SREB-1c and Krox20 (Figure 1) [24]. For
C/EBPB and C/EBPS it was shown that already 4 hours after the induction of
differentiation they had associated with genomic regions, called hotspots where
master adipogenic regulator PPARy would bind to 6 days later, revealing cross-talk
between early and late transcription factors [25]. Moreover, C/EBPf is binding to
some of these hotspots even before differentiation is started. A plausible
explanation for this interesting finding is that this way other early TFs such as GR
and Stat5a will be able to bind more efficiently to the hotspots after adipogenic
initiation. The PPARy promotor region itself is also remodeled several hours after
the start of differentiation and c-Fos and C/EBPB seem to play a role in this
process [26]. Eventually the early transcription factors will lead to the expression
of the two most important proteins in adipogenesis, C/EBPa and PPARy and these
can then induce the genes that are necessary for proper differentiation. C/EBPa
seems to be crucial for adipogenesis since inducible C/EBPa knockout mice display
a significant decrease of WAT [27]. Global genome-wide occupation of C/EBPa
and PPARy has been extensively studied and there was a significant overlap [28].
C/EBPa increases PPARy expression and vice versa. To go into more mechanistic
detail, PPARYy is required to release the HDAC1 from the C/EBPa promotor so that
C/EBPa can induce its expression [29]. In addition, C/EBPa cannot rescue
adipogenesis in PPARy knockout MEFs whereas the opposite is possible [30].
C/EBPa does seem to have a role in insulin sensitivity of adipocytes, since PPARy
could not rescue that feature in C/EBPa deficient cells [31,32]. However, in
general PPARy is the transcription factor that regulates most other lipid and
glucose homeostasis genes which are required for lipid storage; hence earning the
title of master regulator [33].

10
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pre-differentiation early differentiation late differentiation
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Figure 1 Selected regulators of adipogenesis. A. selected regulators of in vitro differentiation.
Different factors which play a role prior to and during differentiation are depicted. Red factors are
anti-adipogenic whereas green are pro-adipogenic. B. Selected signaling pathways that play a role in
adipogenesis. Factors that are circled are direct co-regulators of PPARy.
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Both brown and white pre-adipocytes require the nuclear peroxisome
proliferator-activated receptor y (PPARy) to be able to differentiate into
adipocytes [22]. This essential role was established in an elegant assay in which
forced expression of PPARy in fibroblasts appeared to be sufficient to promote
adipogenesis [34]. Moreover, PPARy regulates many adipocyte genes that are
necessary for lipid and glucose metabolism (Table 1). In vivo models show that
PPARY” mice are severely lipodystrophic, while PPARy”" mice have reduced
amounts of adipose tissue [35,36,37,38]. PPARYy is also crucial for the maintenance
of adipose tissue, since conditional knock-out of the PPARg gene resulted in
reduced in vivo survival of mature adipocytes [39].To conclude, human Familial
partial lipodystrophy subtype 3 (FPLD3, MIM604357) patients, harbouring
heterozygous mutations in the PPARG gene, are characterized by aberrant fat
distribution and metabolic disturbances, including insulin resistance and
dyslipidemia [40]. Hence, the importance of PPARy in adipose biology was firmly
established.

PPAR structure and function

PPARy is a member of the nuclear receptor PPAR family that consists of PPARaq,
PPARPB and PPARy. These ligand inducible transcription factors were identified in
rodents three decades ago and were named as such because of their ability to
proliferate peroxisomes [41]. All PPARs consist of a ligand-independent activation
domain (AF-1) at the N-terminus, adjacent to a centrally located DNA binding
domain which consists of two zinc fingers (figure 2).
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Figure 2 Comparison between different PPAR members. Indicated are the DNA binding domain
(DBD) and ligand binding domain (LBD) and the two activation functions (AF-1 and AF-2). Homology
is indicated in percentages.

Importantly, PPARs do not bind DNA as monomers, but rather as a dimer with
RXRa. This complex binds to the so called PPAR responsive elements (PPRE) which
in the case of PPARy:RXR is called DR-1 and is a double hexamer sequence of
AGGTCA separated by one nucleotide [42]. The inability of PPARs to bind to DNA
as a monomer seems to be caused by the AF-1 domain, since deletion of this
domain in the case of PPARa did allow the nuclear receptor to bind to DNA
without RXR[43]. Next to the DBD-domain is the so-called hinge region which is
spatially highly flexible and connects the DBD to the C-terminal, ligand dependent
AF-2 domain. The AF-2 domain, which also embodies the ligand binding domain
(LBD), is necessary for ligand binding, heterodimerisation with RXR and is the
interaction site for most co-regulators through its LxxLL motif.

Recently, the crystal structure of PPARy:RXR has been found [44] and
strikingly the AF-1 domain displayed high flexibility even though it is to bind to
other proteins for its role in gene regulation. Moreover, the PPARy LBD is involved
in binding to DNA by cooperating with both PPARy DBD and RXR DBD, which
explains why a mutation in that LBD results in overall decreased DNA binding
capabilities of the complex[44].

Despite the PPARs displaying a high degree of homology in their amino acid
sequence for the LBD and DBD, the AF-1 and hinge region are less well conserved.
Therefore, the gene regulating profiles of these nuclear receptors are supposedly
mainly dictated by their AF-1 domains [45]. Combining this fact with the different
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cellular context in which the PPARs are exerting their physiological role, may
explain the differences in target gene profiles. PPARa transcripts for example have
been found in the liver, heart, kidney, skeletal muscle and the large intestine [43].
PPARa, responding to fibrates and unsaturated fatty acids, seems to be involved
in fatty acid oxidation and has important roles in fasting since PPARa knock-out
mice fail to cope with long term food deprivation [41,46]. PPARB/ PPARS have a
relative high expression in the brain, AT and skin but are ubiquitously expressed in
general [47]. Similar to PPARa, activation of PPARB/6 in AT will lead to
upregulation of genes that are required for fatty acid oxidation and energy
dissipation [48]. Moreover, overexpression of PPARS in muscle leads to increased
production of type | muscle fibers and also induces genes implicated in oxidative
metabolism [49,50]. Consequently, endurance training increases the amount of
PPARS protein in the muscle. Though PPARS and PPARa seem to have similar
roles, there are also differences. PPARS can act as a plasma free fatty acid sensor
in liver by positively regulating levels of Ipin2 and st3gal5, whereas PPARa cannot
[51].

PPARy has two isoforms, PPARy1 and PPARy2, the latter having an extra 30 (or 28
in humans) amino acids at the N-terminus [52,53]. Whereas the PPARy1 transcript
is ubiquitously expressed, PPARy2 seems to be exclusively present in AT. In
adipocytes PPARy2 seems to be the more potent activator of adipogenesis.
Experiments have shown that ectopic expression of PPARyl in PPARy knockout
MEFs is capable of inducing adipogenesis, but in comparison PPARy2 specific
knockout animals had less AT and were also more insulin resistant [54,55]. As
stated above, PPARy is essential for adipogenesis and has a broad role in
adipocyte biology. This is traced back to its role in the upregulation of a subset of
genes that have roles in adipogenesis and adipocyte biology.

Target genes of PPARy

Similar to other nuclear receptors, PPARy is also capable of cell-specific gene
regulation. For example, PPARYy is able to induce genes that are involved in growth
regulatory pathways, epithelial cell maturation and immune modulation in
colorectal cancer cells [56]. In adipocytes however, PPARy has a more important
role and is therefore called the master regulator. Moreover, PPARy and C/EBPa
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positively promote gene expression of themselves and of each other [57,58]. This
will result in a strong positive forward loop in which PPARy will directly induce
expression of genes such as fabp4, Lpl, plin2, cd36, pepck, cidec, and others that
have direct roles in lipid storage and accumulation and glucose metabolism (see
table 1). To elaborate on this in more detail, Fabp4 for example is a lipid
transporter, whereas perilipin is a lipid droplet binding protein and cd36 a fatty
acid transporter. On the other hand, some genes are not directly involved in
adipogenesis, but rather have a role in adipocyte biology. These genes are for
example adiponectin and chemerin, which have effects on glucose and lipid
homeostasis. Interestingly, some of the PPARy target genes can sometimes also
be capable of interacting with themselves after being expressed. An example of
this mechanism involves GOS2 and ATGL. Both are PPARy target genes, but in
addition, G0S2 also binds to ATGL blocking the latter from exerting its TAG
hydrolase activities [59,60,61].

PPARy can both repress and activate target genes dependent on the
presence of a ligand; in the case of a ligand it will usually activate genes. This is
the case for the VLDL receptor for example, of which the expression is increased
in 3T3-L1 adipocytes upon addition of rosiglitazone [62]. This is also the case with
another target gene, glycerol kinase (gyk) of which expression is only elevated
upon incubation with an exogenous ligand [63]. The mechanism behind this effect
is that co-repressor complexes are recruited to unliganded PPARy at the gyk
promotor blocking gene transcription until liganded PPARy will recruit co-
activators. This is in contrast with the fabp4 promotor which is constititously
associated with co-activators and consequently results in gene transcription
without an exogenous ligand. These findings tell us that PPARy function can be
modulated in different ways and that these can interact with each other. Some of
these include regulation of PPARy protein levels by transcription factors,
regulation of PPARy activity by co-regulators, post-translational modifications
(PTMs) and ligands.
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Chapter 1

PPARYy ligands

Endogenous ligands of PPARy are supposedly prostaglandin J2 derivatives (15-

5'214.pG)J2), nitro-oleic acidin, hepoxilins and some polyunsaturated fatty

deoxy-
acids [64,65,66]. Synthetic ligands also exist, and members of the class of
thiazolidinediones have been used in the clinic to elevate insulin sensitivity in
patients with type 2 diabetes [67]. The use of ligands is one way to affect PPARYy,
but since it is expressed in multiple tissues such as colon, spleen, skeletal muscle ,
liver and heart, side effects could occur and a different strategy would be
necessary [68]. Rosiglitazone for example, a potent ligand for PPARYy is associated
with increased risk myocardial infarction and death from cardiovascular causes
[69].

In general, ligand binding causes a structural conformational change of
PPARy prompting release of co-repressors such as NCoR and SMRT and giving rise
to binding sites for co-activators such as CBP/p300 and SRC/p160 which further
activate gene transcription. Interestingly, at the present time it is also known that
ligands modulate PPARy activity by PTMs such as phosphorylation, ubiquitilation
and sumoylation [70]. Hence, these factors are somehow connected to each other
which will be discussed further on.

Post-translational modifications of PPARy

Recent work has shown that PPARy activity can be modulated by post
translational modifications such as phosphorylation, ubiquitilation and
sumoylation (Figure 3). Serine 112 phosphorylation by ERK 1/2 or p38/INK after
stimulation by growth factors, exposure to prostaglandin PHF2a or stress,
decreases PPARy activity [71,72,73,74,75,76]. Conversely, cdk7 or cdk9 mediated
phosphorylation of S112 leads to an increase in activity [77,78]. Seemingly, the
cellular context determines whether the effect is inhibition or activation.
Interestingly, Shao et al. have shown that S112 phosphorylation does lower ligand
binding affinity of PPARy [79]. Recently another phosphorylation site for PPARy
has been found. The serine at position 273, targeted by cdk5 seems to have a
repressive effect only on specific genes such as adipsin and adiponectin but not
for the general adipogenic capacity pleading for gene subset specific regulation
[70]. The effect of cdk5 phosphorylation was abolished upon use of PPARy ligands
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such as rosiglitazone and MRL24, which seems to overrule the subtle regulation of
PPARYy. In line with the hypothesis, a novel partial agonist of PPARy called GQ-16
was able to block cdk5 S273 phosphorylation and thereby improve insulin
sensitivity in diabetic mice [80]. This finding also indicates that it is possible for
ligands to subtly finetune PPARy through its PTM status.

K98 511 5273

1 146 234 *

a )) DBD D) LBD )

X oY % KA

K218 K268 K293 K367 K395

K107

Phosphorylation ¢
Sumoylation
Acetylation

Figure 3 Schematic representation of the PTMs for PPARY2. Black stars indicate phosphorylation,
grey stars sumoylation and white stars acetylation.

The use of thiazolidinediones on the other hand can cause PPARy to be degraded
much faster by enhanced ubiquitination at the AF2 domain [81]. This paradox of
simultaneous activation but degradation may be puzzling but is re-enforced by the
physiological finding that heterozygous PPARy knockout mice had elevated insulin
sensitivity when compared to their wild type littermates [82]. The ubiquitin ligase
Siah2 has recently been found to interact with PPARy but the mechanism by
which it controls PPARy and its role in adipogenesis remains poorly understood
[83].

Another post-translational modification is sumoylation and for PPARYy this
can occur at position K107 and leads to lowered activity (Table 2) [84]. This
observation was corroborated by the fact that overexpression of a de-sumoylating
protein SENP2 increased expression of PPARy target genes after de-sumoylating
PPARy in C2C12 myotubes [85]. Sumoylation of PPARy at K365 by Piasl in the
context of inflammation is to transrepress iNos expression by preventing
clearance of co-repressor complexes [86]. Recently, this mechanism could also be
attributed to a novel sumo site; in vascular cells PPARy is sumoylated by Ubc9 at
position K367 which blocks SMRT release and thus leading to transrepression of
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MMP-9, a protein that is involved in the development of atherosclerosis [87]. No
effect for transrepression has been found when PPARy was sumoylated at K77,
even though PPARy target gene expression was diminished [88]. In the previous
cases however, the link between PTMs and co-regulators of PPARy should be
evident.

Table 2: PTMs of PPARYy in various cell lines and effects

Position Cell Factor Notes
K98 2937 CBP?*
K107 2937 CBP?*
Acetyla | K218 2931 CBP?*
tion Deacetylated by Sirt1, which increases both brown
K268 293T,3T3L1 CBP?* and white adipogenic genes
Deacetylated by Sirt1, which increases both brown
K293 293T,3T3L1 CBP?* and white adipogenic genes
PPARy transcriptional activity lowered, but
K107** Adipocytes FGF21 transrepression featremains
Sumoyla inhibition through blockade of SMRT release from
tion K367 Vascular cells Ubc9 PPARy
PPARy transrepresses expression of inflammatory
K395%* Macrophages Piasl genes by inhibiting co-repressor release
S112 NIH-3T3,CHO.T | ERK1/2,INK PPARy transcriptional activity lowered
Phosphory ST3-L1,
lation S112 Adipocytes, SF9 cdk?, cdk9 PPARy transcriptional activity increased
PPARy transcriptional activity lowered for subset of
5273 3T3-L1 cdk5 genes

* CBP was co-transfected in order to recover the acetylatedpeptides. This suggested that CBP
was involved in the acetylation of the peptides.
**K107is K77in PPARg1, K395is K365in PPARg1

Very recently, a study by Qiang et al. showed that PPARy can be acetylated at five
lysines, K98, K107, K218, K268 and K293 [89]. Their research has further
demonstrated that Sirtl is able to deacetylate PPARy at K268 and K293 leading to
the recruitment of PRDM16, which will then bind to PPARy and induce
upregulation of BAT genes and repression of WAT genes. This is an example on
how co-regulators can affect PPARy activity.

Co-regulators of PPARy

Aside from ligands and PTMs, PPARy activity can also be influenced via its co-
regulators. The possible therapeutic advantage here is that PPARy can be affected
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more specifically according to the tissue where the regulator has to be present.
Co-regulators can to bind to PPARy via conserved binding sites, such as the LxxLL
motif for co-activators including CBP/p300 and the LXXXIXXXL motif for co-
repressors such as NCOR/SMRT [90,91]. In the unliganded state, co-repressors
such as the NCoR and SMRT are binding to PPARy which is now unable to promote
gene expression. When a ligand is present this will bind to the AF2 domain, PPARy
changes conformation leading to release of the co-repressor complex and docking
sites are exposed for co-activators such as CBP/p300 and SRC/p160. This switch
from co-repressor to co-activator is mediated by TBL1 and TBLR1 [92].Another
example of a co-activator is TRIP3, which also plays a role in adipogenesis by
binding to PPARYy via the hallmark of co-activators for nuclear receptors, the LxxLL
motif.

Since PPARy comes up late in adipogenesis, it is most likely that it can be
directed by other proteins that come up earlier. PER2, a circadian protein, can
bind to S112 phosphorylated PPARy subsequently blocking PPARy from
transcriptionally activating its target genes leading to an inhibition in
adipogenesis. [93] In this context PER2 determines lipid metabolism by regulating
the master regulator. Another example is the zinc finger protein Zfp423. Zfp423
regulates PPARy expression and both brown and white adipocyte differentiation is
impaired in Zfp423” mouse embryos, indicating the important role of this protein
[94]. With regard to epigenetics there is PTIP, a component of a H3K4 histone
methyltransferase complex, which is also involved in regulating the PPARy and
C/EBPa gene and thus adipogenesis itself [95]. Knockdown of PTIP impairs
enrichment of H3K4 methylation and RNA polymerase Il at the gene promotors of
PPARy and C/EBPa and will also impair differentiation.

In the previous sections it should have become clear that ligands, PTMs
and co-regulators can somehow be related to one another with regard to PPARy
activity. For example, Cdk5 mediated phosphorylation of PPARy at position S273
was reduced in adipocytes devoid of NCOR leading to enhanced PPARy activity
and insulin sensitivity which resembles TZD treatment [96]. To acquire more
insight in these layers of complex regulation, high-throughput screens have been
developed.
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Screening platforms

Screens have been developed for many cellular processes in order to distinguish
crucial factors. The platforms involved techniques such as proteomics, RNAI
lethality, yeast two-hybrid, RNAI loss of function, and microarrays (Table 3). It is
important to differentiate between screens that focus on regulators of (regulators
of) PPARYy (target genes) or adipogenesis, since these do not always coincide.

The important role of adipogenesis in physiology led to the development of
platforms for high-throughput screens in order to discover novel and essential
keyplayers. It has been shown in earlier studies that these types of screens can be
very useful in finding important adipogenic regulators. For example, Guo et al.
used an RNAI screen to identify MAP4K4 as being a negative regulator of PPARy
levels and thus adipogenesis [97]. With a similar system Sohle et al. identified
multiple genes that are involved in adipogenesis and fat storage in primary
adipocytes [98]. Moreover, an RNAI screen in drosophila has led to the discovery
that Hedgehog is a crucial factor in determining adipose cell fate; interestingly, AT
with constant expression of Hedgehog displayed BAT but almost no WAT [99].
RNAIi screens are usually set up for a loss of function phenotype which is absence
of fat droplets in the case of adipocytes. Van Beekum et al. however showed that
RNAI screening by lethality can be a good alternative because differentiation is
usually not homogenous and so a cleaner signal with less background is achieved
[100].
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Table 3 Overview on different types of screens to identify regulators of PPARy function and/or

adipogenesis

Techni
Type que System Gene Notes Reference
Micro (Hung, Chang et al.
Adipogenesis |array | hMSC multiple |- 2004)
Proteo (Lee, Lee et al.
Adipogenesis | mics hMSC PDE9 - 2006)
(Zhao and Ding
Adipogenesis | RNAi | hMSC GNAS - 2007)
Drosophila Lipid droplet (Guo, Walther et al.
Adipogenesis | RNAi | S2 cells Arf-COP1 | formation 2008)
Cholesterol
regulating (Bartz, Kern et al.
Adipogenesis | RNAi | Hela TMEM97 | genes 2009)
Primary (Sohle, Machuy et
Adipogenesis | RNAi | h.adipocytes | multiple |- al. 2012)
Brown versus | (Pospisilik,
Adult white Schramek et al.
Adipogenesis | RNAi | drosophila Hedgehog | adipocyte 2010)
Adipogenesis | Pamch co-activator (Koppen, Houtman
and PPARy ip 3T3-L1 TRIP3 PPARYy et al. 2009)
(Christianson,
Adipogenesis induction Nicoloro et al.
and PPARy RNAI 3T3-L1 SCD2 PPARYy levels 2008)
Adipogenesis represses (Tang, Guilherme et
and PPARy RNAi | 3T3-L1 MAP4K4 | PPARy levels al. 2006)
Adipogenesis induction (van Beekum, Gao
and PPARy RNAI U20s UCHL3 PPARYy levels et al. 2012)
PPARy co- (Albers, Kranz et al.
regulator Y2H in vitro multiple |- 2005)
PPARy co- enhances (Tomaru, Satoh et
regulator Y2H 293T PDIP1 PPARYy activity |al. 2006)
PPARy co- inhibits PPARy | (Dowell, Otto et al.
regulator Y2H 293T FOX01 activity 2003)
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Another type of screen is the yeast two hybrid (Y2H) setup that has been
developed in order to identify protein-protein interactions. PDIP and FOXO1 were
discovered as PPARy regulators this way. A new approach to identify co-regulators
of nuclear receptors is the so-called PamChip assay. In technique, peptides of
many known co-regulators have been spotted on a chip and are subsequently
incubated with recombinant nuclear receptor fused to GST [101]. The binding
affinity can be read out by a fluorescent signal which is conjugated to the
antibody targeting GST. TRIP3 was identified as a co-regulator of PPARy using this
technique.

Aim and outline of this thesis

Understanding adipocyte biology is essential for the development of therapeutic
interventions with regard to obesity and T2D. In this thesis we have mainly
focused on the characterization of metabolic master regulator PPARy and its co-
regulators and target genes. In chapter 2 we discuss our findings on PPM1B, a
phosphatase of PPARy in adipocytes. We show here that PPARy activity and a
subset of specific target genes are affected by the presence of PPM1B. Chapter 3
and 4 describe the results on Baf57 and Phf12 which were identified as essential
players of adipogenesis using an siRNA-based knockdown screen. After validation,
it became clear that Baf57 and Phfl2 control adipogenesis by regulation of
PPARG/Pparg expression. In chapter 5 we focus on Chst11, a novel target gene of
PPARy. Chstll was discovered using Chip-Seq data and this gene plays a role in
intracellular lipid accumulation. Finally, in chapter 6 the findings described in this
thesis are discussed, integrated in current literature and future directions are
suggested.
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PPM1B is a phosphatase of PPARy

Abstract

Reversible phosphorylation is a widespread molecular mechanism to regulate the
function of cellular proteins, including transcription factors. Phosphorylation of
the nuclear receptor Peroxisome Proliferator Activated Receptor y (PPARy) on two
conserved serine residue (5112 and S273) results in altered transcriptional activity
of this transcription factor. So far, only a very limited number of cellular enzymatic
activities has been described which can dephosphorylate nuclear receptors. Here
we used immunoprecipitation assays coupled to tandem mass spectrometry
analysis to identify novel PPARy regulating proteins. We identified the
serine/threonine phosphatase PPM1B (also named PP2CB) as a novel PPARy
interacting protein. Endogenous PPM1B protein is localized in the nucleus of
mature 3T3-L1 adipocytes where it can bind to PPARy. Furthermore we show that
PPM1B can directly dephosphorylate PPARy, both in intact cells and in vitro. In
addition PPM1B increases PPARy-mediated transcription via dephosphorylation of
serine 112. Finally, we show that knockdown of PPM1B in 3T3-L1 adipocytes
blunts the expression of some PPARy target genes while leaving others unaltered.
These findings qualify the phosphatase PPM1B as a novel selective modulator of
PPARYy activity.
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Introduction

The transcription factor Peroxisome Proliferator-Activated Receptor gamma
(PPARy) is a ligand-activated transcription factor of the nuclear receptor
superfamily that regulates genes involved in differentiation, metabolism and
immunity [1]. Like other nuclear receptors, PPARy consists of distinct functional
domains including an N-terminal transactivation domain (AF-1), a highly
conserved DNA-binding domain (DBD), and a C-terminal ligand-binding domain
(LBD) that contains a ligand-dependent transactivation function (AF-2). The LBD of
PPARy can accommodate a wide variety of ligands like prostaglandins, eicosanoids
and fatty acids. Also thiazolidinediones, a class of anti-diabetic drugs including
rosiglitazone, function as ligands for PPARYy. Ligand binding stabilizes the active
conformation of the PPARy LBD, resulting in the release of corepressor proteins
(e.g. NCoR) and the recruitment of coactivator proteins. Ligand binding thereby
serves as a “molecular switch” between activation and repression functions of the
receptor. It has however become increasingly clear that post-translational
modifications (PTM) represent an additional important molecular mechanism to
regulate the activity of nuclear receptors, including PPARy [2,3]. The first PTM
described for PPARy was phosphorylation of serine residue 112 (serine 82 in
PPARy1) by various kinases like ERK1, p38, JNK, cdk7 and cdk9 (reviewed in [2,3]).
Serine 112 phosphorylation can impair PPARy transcriptional activity, and several,
not mutually exclusive, mechanisms have been reported: inhibition of ligand
binding [4], stimulation of a repressive PTM named SUMOylation [5,6] or reduced
DNA binding due to interaction with the PER2 protein [7]. It should be noted that
S$112 phosphorylation can also result in increased PPARy activity [8,9], but the
molecular mechanism(s) underlying this differential output are currently unclear.
Very recently, a second phosphorylation site, serine 273, was identified [10].
Phosphorylation of this residue by cdk5, a kinase which is activated in obesity,
results in reduced expression of specific PPARy target genes that have anti-obesity
effects [10]. Interestingly, treatment with PPARy agonists leads to decreased
phosphorylation at this site, an effect which may be mediated by the corepressor
protein NCoR [10,11,12].

Protein phosphorylation events are generally reversible and many nuclear
receptors are subject to phosphorylation [13]. However, only a very limited
number of cellular enzymatic activities have been described so far which can
dephosphorylate nuclear receptors, including the phosphatase PP5 for PPARy and
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the glucocorticoid receptor (GR) ([14,15]; see also Discussion). Recent studies
using high-throughput siRNA screening have highlighted the importance of
phosphatases in many different cellular processes, including cell survival,
apoptosis and cell-cycle progression (e.g.[16]). Protein phosphatases are defined
by structurally distinct gene families which can be divided into two major classes:
the protein serine/threonine phosphatase family (PP) and the protein tyrosine
phosphatase family (PTP), including both tyrosine-specific and dual-specificity
phosphatases [16]. Protein serine/threonine phosphatases are further classified
into two subfamilies, PPP and PPM, based on substrate specificity, divalent cation
dependency and sensitivity to specific inhibitors. The PPP family includes PP1,
PP2A and PP2B whereas the PPM family consists of the PP2C isozymes and
pyruvate dehydrogenese phosphatase. The PPM family of protein phosphatases
differ from other phosphatases since they (i) depend on Mg** or Mn** ions for
their catalytic activity, (ii) function as monomers, and (iii) are insensitive to the
phosphatase inhibitor okadaic acid. PPM family members have been reported to
function in the regulation of different cellular processes including apoptosis, cell
cycling and differentiation [17,18]. To conform to the nomenclature for the
human Mg** dependent phosphatases, PP2Ca and PP2CB will be further denoted
as PPM1A and PPM1B, respectively. Here we used immunoprecipitation assays
coupled to mass spectrometry analysis to identify novel PPARy associated
proteins. We describe the serine/threonine phosphatase PPM1B as a novel PPARy
interacting protein, which can selectively modulate PPARy-mediated transcription.
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Experimental procedures

Materials-Rosiglitazone was purchased from Alexis. Fugene®6 transfection
reagent and protease inhibitor tablets (11697498001) were purchased from
Roche Applied Biosciences. PEIl (#23966) was purchased from Polysciences Inc.
The following antibodies were used: anti-PPARy (sc-7273) Santa Cruz
Biotechnologies; anti-PPM1B (A300-887A), Bethyl laboratories; anti-FLAG M2 HRP
(A8592), anti-HA (H9658) and anti-Tropomyosin (T2780), Sigma-Aldrich; anti-
rabbit-HRP ~ (111035144) and anti-mouse-HRP  (115035146), Jackson
Immunoresearch Laboratories Inc.; anti-PPARy phosphoserine 112, Euromedex
and anti-PPARy phosphoserine 112 (ab60953), Abcam. Anti-FLAG M2 agarose
beads (A02220), Qil-Red-0 (0-0625) and purified PPM1B (P-1743) were purchased
from Sigma-Aldrich, Lipofectamine 2000 was purchased from Invitrogen.

Plasmids-All recombinant DNA work was performed according to standard
procedures [19]. pCMV Renilla was purchased from Promega. All mutations were
generated by Quickchange mutagenesis (Stratagene) and verified by sequencing.
pSport PPM1B isoform 1 and PPM1A expression vector was puchased from RZPD
(clone: IRAT p970B0984D, clone: IRAT p970A1077D). The pCDNA-Gal4DBD-
PPARYAF1 (amino acids 1-129) was generated by cloning a PCR fragment into the
pCDNA3-Gal4DBD [20]. The reporter plasmid containing the aquaporin promoter
was a kind gift of Dr. N. Maeda [21]. All other plasmids have been described
before [22,23].

Cell culture, transient transfections and reporter assays-The human osteosarcoma
cell line U20S and the human embryonic kidney 293T cell line (HEK293T) were
maintained in DMEM Glutamax (Dulbecco) containing 10% foetal calf serum
(Gibco Life Technologies), 100 ug of penicillin/ml and 100 ug streptomycin/ml
(Gibco Life Technologies). The murine 3T3-L1 cells were cultured in the same
media but now with 10% bovine serum (Gibco Life Technologies), 100 pg of
penicillin/ml and 100 pg streptomycin/ml (Gibco Life Technologies). For
differentiation, 3T3-L1 cells were grown to confluency and after 2 days incubated
with culture medium containing dexamethasone (250 nM), 3-isobutyl-1-
methylxanthine (500 uM) and insulin (170 nM) for 2 days. On day 3, medium was
changed for culture medium supplemented with insulin (170 nM) and left for 2-5
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days. Subsequently, cells were stained with Qil-red-O, or lysed and subjected to
Western blot analysis as described before [22,23].

Reporter assays were performed in 24-well plates with 1 pg 3xPPRE-tk-Luc
reporter construct or AQP7-Luc reporter construct, 2 ng PPAR expression
construct, 100 ng PPM1B expression construct (or empty vector) and 2 ng pCMV-
Renilla (Promega) as described before [22]. For immunoprecipitation experiments,
U20S cells or 293T cells were grown in 15 cm dishes and transiently transfected
with PPARy2 or PPM1B expression vectors (10 pg) using either Fugene®6 or PEI
transfection reagent, as described before [23].

Tandem Mass Spectrometry-Overexpressed FLAG-PPARy2 was isolated from 20
dishes (15 cm) of 293T cells. Proteolytic digestion of proteins and LC-tandem MS
were performed exactly as described [23,24], except that proteins were not only
subjected to trypsin, but also chymotrypsin and Arg-C digestion. Moreover, raw
data files were processed by Mascot Distiller (version 2.4.2.0, Matrix Science,
London, UK) and searched against the Swiss-Prot database (release 2012_07)
using Mascot Search Engine (version 2.3.01).

Western blot analysis-For detection of phosphorylated PPARYy in intact cells, FLAG-
PPARy2 was overexpressed in 293T cells. The next day, cells were incubated with
or without rosiglitazone (2 uM) for 24 hours prior to lysis in RIPA buffer (200Mm
Tris-HCI pH 8.0, 1% Triton X-100, 1% NaDOC, 0.1% SDS, 10mM EDTA, 150mM
NaCl, containing protease inhibitors). After immunoprecipitation with anti-FLAG
M2 Sepaharose beads for at least 4 hours at 4°C, samples were analysed by
Western blotting. Blots were probed with various primary antibodies and
immunoreactive complexes were visualised by enhanced chemiluminescence as
described [23].

In vitro dephosphorylation assay-FLAG tagged PPARy2 was immuno-purified from
transiently transfected HEK 293T cells. Purified PPM1B was incubated in
phosphatase buffer (20mM Tris pH 7.4, 150mM NaCl, 5mM MgCl, 1mM DTT,
1mg/ml BSA, 0.1% Tween and complete protease inhibitors) together with FLAG
PPARy2 coupled to 25ul FLAG beads for 30 to 45 minutes at 302C. Phosphorylated
PPARy2 was detected by Western blot analysis using phospho-serine 112 specific
antibody labeling.
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Immunofluorescence  microscopy and proximity ligation assay (PLA)-
Immunofluorescence staining was performed as described [25], using primary
antibodies against PPM1B (A300-887A) and PPARy (sc-7273).

PLA detection was performed using the Duolink Il kit (Olink bioscience, Uppsala,
Sweden) according to the manufacturer's protocol. In short, differentiated 3T3-L1
cells were enabled to adhere to coverslips and subsequently washed with PBS and
fixed with 4% formaldehyde for 20 minutes. Afterwards, the samples were
permeabilized with 0.2% triton X-100 for 5 minutes and then incubated for 30
minutes with blocking buffer (10% normal human serum in PBS). After blocking,
cells were incubated O/N at 4°C with anti- PPM1B antibody (A300-887A) and anti-
PPARYy antibody (sc-7273) in blocking buffer containing 10% normal human serum.
Cells were washed three times with PBS, followed by PLA according to
manufacturer’s protocol. Coverslips were mounted and analysed as for
immunofluorescence microscopy.

RNA isolation and QPCR - 3T3-L1 fibroblasts were differentiated as described
above. Three independent samples of total RNA were extracted at different time
points using TRIzol reagent (Invitrogen). cDNA was synthesized using the
superscript first strand synthesis system (Invitrogen) according to manufacturer's
protocol. Gene expression levels were determined by quantitative real time PCR
with the Mylq cycler (Bio-Rad) using SYBR-green (Bio-Rad) and normalized to TFIlb
expression.

The primers used were as follows:

murine TFllb forward primer,

5'-TCCTCCTCAGACCGCTTTT-3’, and reverse primer,
5'-CCTGGTTCATCATCGCTAATC-3’; murine PPARy forward primer,
5’- CGCTGATGCACTGCCTATGA-3’ and reverse primer,
5’-AGAGGTCCACAGAGCTGATTCC-3’; murine PPM1B forward primer,
5’- TCAGAGTTGGATAAGCACTTGG-3’, and reverse primer,

5’- CATCACATGGGCAAGATCAG -3’; murine Fapb4 forward primer,
5'-CGCAGACGACAGGAAGGT-3’, and reverse primer,
5'-TTCCATCCCACTTCTGCAC-3’; murine Adipoq forward primer,
5’- GGAACTTGTGCAGGTTGGAT-3’, and reverse primer,

5’- TCTCCAGGCTCTCCTTTCCT-3’; murine Lpl forward primer,

5’- TTTGTGAAATGCCATGACAAG-3’ and reverse primer,

5’- TCAAACACCCAAACAAGGGTA-3’; murine Cd36 forward primer,
5’- TTGTACCTATACTGTGGCTAAATGAGA -3’ and reverse primer,
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5’- TCTACCATGCCAAGGAGCTT -3’. murine Lipin forward primer,
5’- CGCCAAAGAATAACCTGGAA -3’ and reverse primer,
5’- TGAAGACTCGCTGTGAATGG -3’

SiRNA transfection - 3T3-L1 cells were transfected with siRNA oligonucleotides as
described before [23] using Lipofectamine RNAiIMax (Invitrogen) according to the
manufacturer’s protocol. The siRNA oligonucleotides used were siControl (D-
001810-10-20, Dharmacon), siPPARy (L-040712-00-0010, Dharmacon), siPPM1B
#6 (J-040053-06-0005, Dharmacon), siPPM1B #5 (J-040053-05-0005, Dharmacon).
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Results

PPARy interacts with the phosphatase PPM1B (PP2C6)
In order to identify novel PPARy interacting proteins, ectopically expressed FLAG-

tagged human PPARy2 was immunopurified from HEK 293T cells and associated
proteins were identified by mass spectrometry analysis [23]. Several peptides
corresponding to the serine/threonine phosphatase PPM1B (also named PP2CRB)
were repeatedly identified in independent experiments (Fig. 1A and B and
Supplementary Table 1). At least five different splice variants of PPM1B have been
reported in humans and four in mice (Fig. 1A and 2A and Supplementary Table 2),
all identical in their catalytic domains but differing in the N- and C-terminal
domains, which are thought to be involved in localisation and substrate specificity
[26,27].
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Figure 1 The phosphatase PPM1B is a novel PPARy interacting protein

A. Schematic representation of human PPM1B isoforms. Indicated are the conserved N-terminus
and the non-conserved C-termini, including the isoforms-specific regions (in grey). Also indicated are
the peptides identified by mass spectromic analyisis. B. Amino acid sequence of human PPM1B
isoform 1. Indicated in grey is the catalytic domain conserved between different PPM1B isoforms.
The peptides identified by mass spectromic analyisis are shown in bold. The R179 residue that was
mutated to inactivate the PPM1B protein is underlined. C. FLAG-PPARy and HA-PPM1B were
overexpressed in HEK 293T cells. Cells were lysed and PPARy was precipitated using anti-FLAG
beads. Immunoreactive proteins were detected on Western blots by anti-HA and anti-FLAG
antibodies
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Three peptides (e.g. SGSTAVGVMISPK)) corresponded to the N-terminal region
not present in isoform 3, while one of the peptides detected (QLLEEMLTSYR)
corresponded to a region only present in human PPM1B isoforms 1 and 3. While
we cannot formally exclude that PPARy may interact with isoform 3, PPM1B
isoform 1 is more likely to represent a genuine PPARYy interacting protein, as (i)
expression of human isoform 3 on the protein level has never been reported,
while human isoform 1 is expressed ubiquitously on the mRNA and protein level
[28], and (ii) no mRNA corresponding to human isoform 3 has been described in
other species (e.g. mouse; Fig. 2A), while isoform 1 is highly conserved
(Supplementary Fig. 1). We therefore focused on the interaction between PPARy
and PPM1B isoform 1 in our subsequent experiments. To confirm the interaction
between these two proteins by independent means, 293T cells were
cotransfected with HA-tagged PPM1B and FLAG-tagged PPARy, followed by
immunoprecipitation. As shown in Fig. 1C, PPM1B co-immunoprecipitated with
FLAG-tagged PPARy. As controls, immunoprecipitations were performed on
lysates of cells expressing either PPM1B or PPARYy alone, or neither protein. No co-
immunoprecipitations were detected in these lysates (Fig. 1C). Taken together,
these findings indicate that PPM1B isoform 1 is a novel PPARYy interacting protein.

Nuclear PPM1B interacts with PPARy in adipocytes

Given the key role of PPARy in adipocyte differentiation, function and
maintenance [1], we examined the expression and subcellular localization of the
PPARy-interacting phosphatase PPM1B in mouse 3T3-L1 adipocytes. To address
which PPM1B isoform(s) are expressed in these cells, expression of the different
mouse PPM1B isoforms was analyzed by RT-PCR. While expression of isoforms 2-4
could not be detected, mouse PPM1B isoform1-which encodes a protein highly
homologous to the human PPM1B isoform 1 protein (Supplementary Fig. 1) - was
clearly expressed in 3T3-L1 adipocytes (Fig. 2A). Next, we examined PPM1B
protein expression during differentiation of 3T3-L1 cells into mature adipocytes.
Expression levels of PPM1B isoform 1 increased up to day 4, while PPARy
expression was detectable from day 3 onwards (Fig. 2B). As both cytoplasmic and
nuclear localizations of PPM1B have been reported [27,29,30,31], we investigated
the localization of the endogenous PPM1B protein in differentiated 3T3-L1 cells.
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Figure 2 PPARy and PPM1B interact in 3T3-L1 adipocytes. Expression of mouse PPM1B isoforms in
mature 3T3-L1 adipocytes. PPM1B isoforms were detected by RT-PCR, using primer pairs common to
all isoforms (PPM1B), or primers that specifically recognize isoform 1-4. B. PPM1B expression is
regulated during 3T3L1 differentiation. Mouse 3T3L1 pre-adipocytes were differentiated into
mature adipocytes and samples were taken at different time points. Protein expression levels of
PPM1B were determined by Western blot analysis. As a control for differentiation PPARy protein
levels were analysed. C. Representative confocal microscopy images of 3T3-L1 adipocytes.
Endogenous PPM1B (green) and PPARYy (red) were visualized utilizing specific antibodies, Hoechst
was used to visualize the nuclei (blue). D. PPARy-PPM1B was visualized in 3T3-L1 adipocytes using an
in situ proximity ligation assay (PLA). Cells were fixed and protein-protein interactions were
visualized utilizing anti-PPARy and anti-PPM1B antibodies as described in the Methods section.

Punctate staining (red) indicates a PPARy-PPM1B interaction as detected by the assay, differentiated
cells were identified by staining for FABP4 (green), Hoechst was used to visualize the nuclei (blue).
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For this immunofluorescence staining of PPM1B was combined with PPARy
staining to mark differentiating cells. PPM1B and PPARy both displayed nuclear
localization in mature 3T3-L1 adipocytes (Fig. 2c). Finally, we validated the
PPM1B-PPARYy interaction by performing an in situ proximity ligation assay (PLA)
on the endogenous proteins in undifferentiated and differentiated 3T3-L1
adipocytes (see Methods). Since a PLA signal can only be obtained when the
proteins of interest are in extremely close proximity, this technique enables the
detection of direct protein-protein interactions in cells. Association of PPM1B and
PPARy was observed specifically in differentiated cells, and localized in the
nucleus (Fig. 2d). Taken together, these data indicate that PPM1B is expressed in
the nuclei of mature 3T3-L1 adipocytes, where it can interact with PPARy.

PPM1B directly dephosphorylates PPARy

Given the interaction between the phosphatase PPM1B and PPARy (Fig. 1 and 2d),
and since PPM1B is expressed in mature adipocytes (Fig. 2), we investigated
whether PPARy may be a direct PPM1B dephosphorylation substrate. First, FLAG-
PPARy and HA-PPM1B were transiently co-expressed in HEK 293T cells followed
by FLAG immunoprecipitation. To detect PPARy phosphorylation, a phosphoserine
112-specific antibody was used. Phosphorylated PPARy was readily detected
either in absence or presence of the synthetic PPARy ligand rosiglitazone (Figure
3A, lane 3 and 4). Coexpression of PPM1B resulted in a significant decrease of
PPARy phosphorylation, both in the absence and presence of ligand (Figure 3A,
lane 5 and 6). As a control, a PPM1B catalytic mutant was used in which a
conserved arginine residue at position 179 was changed into glycine (R179G;
[27]). This mutant displayed reduced dephosphorylation ability towards PPARy
(Figure 3A, lanes 5 and 6). Remarkably, coexpression of either wild type or mutant
PPM1B led to increased PPARy levels (Figure 3A, lanes 5 to 8). In order to
determine whether PPM1B can directly dephosphorylate PPARy in vitro assays
were performed. FLAG-PPARy was immunoprecipitated from transiently
transfected HEK 293T cells and incubated with purified PPM1B. Phosphospecific
antibodies were used to detect PPARy dephosphorylation and as is shown in
figure 3B lane 3 PPM1B functions as a direct PPARy phosphatase. Taken together,
these data indicate that PPM1B functions as a PPARy phosphatase both in intact
cells and in vitro.
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Figure 3 PPM1B functions as a direct phosphatase for PPARy, dephosphorylating serine 112 within
the AF1 region A. In HEK 293T cells PPM1B and FLAG PPARy were overexpressed in presence or
absence of 2uM rosiglitazone. PPARy was immunoprecipitated in RIPA buffer using FLAG beads.
Dephosphorylation of PPARy S112 was detected with Western blot labeling using phospho S112-
specific antibodies. B. In vitro dephosphorylation was assesed using PPARy bound FLAG beads
precipitated form transiently transfected HEK 293T cells. Beads were incubated with 1 unit of
purified PPM1B and incubated at 30°C for 45 minutes in phosphobuffer. Phosphorylation was
detected by Western blot analysis as described above. An aspecific band is indicated (*).

PPM1B stimulates PPARy activity

Finally, we examined whether PPM1B affected PPARYy activity. For this the human
osteosarcoma cell line U20S was used, which lacks endogenous PPARy expression
and displays a robust transcriptional response upon introduction of PPARy (e.g
[22,23]). To investigate whether PPM1B predominantly affects the N-terminal AF1
region or the C-terminal AF2 region, the two activation functions were fused
individually to a heterologous DNA binding domain (Gal4DBD). Cotransfection of
PPM1B isoform 1 clearly enhanced the ligand-independent activity of the
Gal4DBD-AF1 protein, while the activity of AF2, either in the presence or absence

46



PPM1B is a phosphatase of PPARy

of ligand, was unaffected (Figure 4A). These experiments therefore indicate that
PPM1B specifically targeted the AF1 region (including S112), and not the AF2
region (including S273).
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Figure 4 PPM1B is a specific activator of PPARy
A. U20S cells were transfected with 5xGal4-AdMLTATA-Luc reporter, empty vector or Gal4DBD-
PPARYAF1 or -PPARYLBD(AF2), in the absence or presence of PPM1B and incubated with
rosiglitazone (1uM) as indicated. Activation of the luciferase reporter is expressed as fold induction
over that with empty vector in absence of ligand and normalized for Renilla luciferase activity.
Results are averages of three independent experiments performed in duplo * stand error of the
means. Significant differences are indicated by an asterisk (p<0.05). B. U20S cells were transfected
with expression vectors encoding wt PPARy, mutant PPARy (S112A phosphorylation site mutant), wt
PPM1B, mutant PPM1B (R179G catalytic inactive mutant), PPM1A and 3xPPRE-tk-Luc reporter.
Activation of the luciferase reporter in absence or presence of 1uM rosiglitazone is expressed as fold
induction over that with empty vector in absence of ligand and normalized for Renilla luciferase
activity. Results are averages of three independent experiments performed in duplo + stand error of
the means. Significant differences are indicated by an asterisk (p<0.05).
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Next, the effect of PPM1B on the transcriptional activity of the full-length PPARy
protein was assessed. As is shown in Figure 4B, co-transfection of PPARy together
with PPM1B increased PPARy activity on a synthetic 3xPPRE reporter
approximately 2-fold, either in the absence or the presence of the synthetic ligand
rosiglitazone. Importantly, the catalytically inactive R179G mutant of PPM1B
failed to activate PPARy. Furthermore, the phosphatase PPM1A, which is 70%
identical to PPM1B, did not affect PPARy mediated reporter activation. Mutating
the phosphorylation site at serine serine 112 into alanine resulted in increased
activity as described earlier (e.g. [32]). PPM1B was not able to further increase
transcriptional activity of this S112A mutant, indicating that PPM1B specifically
targets S112 in the AF1 region. PPARy-mediated activation of a more “natural”
promoter (human adipose aquaporin gene; AQP7) was also potentiated by
PPM1B, but not by its catalytically inactive R179G mutant (Supplementary Fig. 2).
From these findings we conclude that the phosphatase PPM1B can specifically
modulate PPARYy transcriptional activity, most likely through dephosphorylation of
serine residue 112 in the N-terminal AF1 region.

PP1MB knock down selectively impairs endogenous PPARy target gene expression

Having established that PPM1B is able to stimulate PPARy (Fig. 4), we wished to
address the role of this phosphatase in regulating endogenous PPARy target
genes. For this siRNA-mediated knock down experiments were performed. Two
independent oligonucleotides were used, with oligonucleotide #6 being the most
efficient while oligonucleotide #5 only marginally reduced PPM1B expression on
the protein and mRNA level (Fig. 5A and C, respectively). Knockdown of PPM1B
increased PPARy phosphorylation at serine 112 (Fig. 5B), in line with a direct role
for PPM1B in regulating the phosphorylation status of PPARy (Fig. 3). When the
expression of a number of PPARy target genes was examined, knock down of
PPM1B expression with oligonucleotide #6 was found to blunt the expression of a
number of PPARy target genes including Ipinl, Ipl, adipoq, fabp4, but not cd36
(Fig. 5C). Introduction of oligonucleotide #5, which reduced PPM1B expression
poorly, had no appreciable effect on PPARy target gene expression (Fig. 5C). In
contrast, knock down of PPARYy itself efficiently reduced the expression of all
genes examined (Fig. 5C). Importantly, the decrease in PPARy target gene
expression observed upon PPM1B knock down is not caused by downregulation of
PPARy protein or mRNA (Fig. 5A and C, respectively). In agreement with a
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selective role for PPM1B in regulating PPARy activity, knock down of PPM1B did
not significantly impair the differentiation of 3T3-L1 cells into adipocytes, as
assessed by PPARYy protein expression and Oil-red-O staining (Fig. 5B and D), while
knock down of PPARy efficiently blocked adipogenesis (Fig. 5D). These findings
indicate that the phosphatase PPM1B functions a selective modulator of PPARy
activity in adipocytes.
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Figure 5 PPM1B knock down selectively impairs PPARy target gene expression

A, 3T3-L1 cells were transfected with two oligonucleotides targeting PPM1B (#5 and #6), PPARy and
scrambled siRNA 2 days prior to differentiation. Five days after the start of differentiation cells were
lyzed and subjected to Western Blot analysis, using antibodies against PPM1B and [-actin. B. Cell
lysates prepared as described under A were subjected to Western Blot analysis, using antibodies
against S112 phposphorylated PPARy total PPARy and B-actin. C. PPARy target gene expression in
cells treated as described under A was analyzed by quantitative PCR. As a control expression of
Pparg and Pom1b was included. Results are depicted relative to the housekeeping gene TFllb and
normalized for the siControl. Error bars represent SEM and significant differences between specific
knock downs and siControl are indicated by an asterisk (p<0.05). D. 3T3-L1 cells treated as described
under A were fixed and stained for triglycerides using Oil-red-O.
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Discussion

In the present study we show that the phosphatase PPM1B is a novel PPARy
interacting protein, mediating direct dephosphorylation of serine 112, and
thereby stimulating its transcriptional activity. Knockdown of PPM1B reduced the
expression of a number of PPARy target genes (e.g. Lpinl, Lpl and Adipoq) while
leaving others unaltered (e.g. Cd36). In agreement with this, PPM1B knock down
did not abolish adipogenesis. As such, the phosphatase PPM1B qualifies as a novel
selective modulator of PPARy activity. The finding that phosphorylation of $112
does not dictate but rather fine-tunes the transcriptional and adipogenic activity
of PPARYy (e.g. [4,33]) supports this view.

Recently disruption of PPM1B in mice was shown to lead to early pre-
implantation lethality [34]. Although PPM1B knock-out ES cells were viable,
embryos died between two and eight-cell stage. Also knock-down of PPM1B in
wild-type ES cells did not affect proliferation suggesting that PPM1B expression is
specifically required during the early stages of embryogenesis and does not affect
cell cycle progression [34]. So far, only a limited number of substrates for PPM1B
have been identified, including the kinases IKKB [35] and TAK1 [36], the pro-
apoptotic protein Bad [37], the cyclin dependent kinases cdk2 and cdk6 [38], the
transcription factor p53 [39] and the cdk9 subunit of the positive transcription
elongation factor b (P-TEFb) [40]. Interestingly, lankova et al. showed that cdk9-
mediated phosphorylation of PPARy on S112 results in enhanced transcriptional
activity [9]. PPM1B may therefore potentially affect PPARy activity indirectly, by
stimulating cdk9 activity. In general, dephosphorylation of T186 in the T-loop of
cdk9 can result in either activation of this enzyme by enabling its release from an
inhibitory complex, or subsequent inhibition of its activity as phosphorylated T186
is required for substrate binding [40,41]. As PPM1B can only efficiently
dephosphorylate cdk9 in the absence of the inhibitory complex [40], PPM1B-
mediated dephosphorylation is most likely to result in reduced cdk9 activity and
ultimately reduced gene expression. As we found PPM1B to stimulate rather than
inhibit reporter activity, it is most likely that PPM1B regulates PPARy-mediated
transcription directly, and not indirectly via cdk9.

While not identified as a bona fide dephosphorylation substrate yet, the
transcription factor EKLF/KLF1 was recently reported to interact with PPM1B [42].
Interestingly, both wt and catalytically inactive PPM1B stabilized the EKLF protein,
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reminiscent of our findings with PPARy (Fig. 3A). Future experiments should clarify
whether PPM1B can also stabilize other proteins, and unravel the molecular
mechanism underlying this phenomenon.

Very recently Hinds et al. reported the serine/threonine protein
phosphatase 5 (PP5), an enzyme mainly implicated in the response to stress and
hormones [43], to interact with and dephosphorylate PPARy [15]. It should be
noted that PP5 also interacts with and dephosphorylates GR [15], which also plays
an important role in adipocyte differentiation and function [44]. Interestingly, PP5
knock out (PP5-KO) MEFs display reduced capacity for adipocyte differentiation
(lipid accumulation and lipogenesis, adipogenic genes), and introduction of PPARy
S112 mutant, but not wt, rescued the adipogenesis defect in PP5-KO cells [15].
Despite being both identified as phosphatases targeting S112 of PPARy, PPM1B
and PP5 seem to differ in their exact mode of action. First, we found PPM1B to
interact with PPARy in the absence of ligand (Fig. 2), while the PP5-PPARy
interaction was induced by ligand (1h rosiglitazone treatment) and lost again at
longer time points [15]. Furthermore, in contrast to PPM1B, which co-localized
with PPARy in the nuclei of 3T3-L1 adipocytes (Fig. 2B), PP5 predominantly
displayed perinuclear localization [15]. Additional studies are therefore required
to establish the relative importance of PP5 and PPM1B in regulating PPARy
phosphorylation and activity.

While activation of PPARy by strong agonists of the TZD class clearly
inhibits insulin resistance, their use has been linked to adverse side effects such as
undesired weight gain, fluid retention, peripheral edema, and potential increased
risk of cardiac failure [45]. Modulation of PPARy PTM could offer the possibility of
more subtle therapeutic intervention and provide new ways of improving insulin
sensitivity. A clear example of this is the recently identified phosphorylation site at
serine 273 in PPARy [10]. CDK5-mediated phosphorylation of this residue is
induced by various cytokines, the levels of which are commonly increased in
obesity, and leads to dysregulation of a subset of genes whose expression is
altered in obesity including the insulin-sensitizing adipokine, adiponectin.
Interestingly, S273 phosphorylation is blocked in vivo and in vitro by TZDs, but also
by certain antidiabetic drugs that are weak PPARy agonists or non-agonists
[10,12]. These findings indicate that future PPARy-based antidiabetic drugs should
be selected based on inhibition of S$273 phosphorylation rather than
transcriptional agonism.
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Alternatively, PPARy-based antidiabetic drugs could be based on S112
phosphorylation. Indeed, in vivo evidence suggests that inhibition of S112
phosphorylation can contribute to metabolic health: PPARy S112A knock-in mice
display unaltered fat content and weight compared to wt animals, but are
protected against diet-induced insulin resistance [46]. Activation of the PPARQ
S112 phosphatases PPM1B and PP5 might therefore potentially improve
metabolic health. Although not much is known about upstream signalling
cascades, the catalytic activity of both PPM1B and PP5 can be activated by
unsaturated fatty acids [47,48,49]. More research is needed to explore the
potential of modulators of PPARy PTM, like the phosphatases PPM1B and PP5 as
future targets for the development of insulin sensitizing drugs.
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Supplementary Figures

Sequence AA Score | Charge
SGSALELSVENVK 91-103 88 2+
HIYFINCGDSR 143-153 | 50 2+
NGQVCFSTQDHKPCNPR 159-175 |42 2+
IQNAGGSVMIQR 180-191 | 95 2+
VNGSLAVSR 192-200 | 65 2+
ILSAENIPNLPPGGGLAGK 341-359 | 64 2+
NVIEAVYSR 361-369 | 29 2+
IQNAGGSVMIQR 180-191 | 64 2+
IQNAGGSVMIQR 180-191 | 85 2+
VANYCSTHLLEHITTNEDFR 67-86 38 3+
SGSTAVGVMISPKHIYFINCGDSR | 130-153 | 96 3+
IQNAGGSVMIQR 180-191 | 38 2+
SGSALELSVENVK 91-103 46 2+
SGSTAVGVMISPK 130-142 |71 2+
IQNAGGSVMIQR 180-191 | 85 2+
IQNAGGSVMIQR 180-191 | 44 2+
ILSAENIPNLPPGGGLAGK 341-359 | 37 3+
QLLEEMLTSYR 409-419 | 69 2+

Supplementary Table S1 PPM1B peptides identified in the present study. Indicated are the peptide
sequence, the amino acid (AA) positions, the ionscore and the charge of the peptides.

Mouse Human

Isoform | Acc. No. Isoform | Acc. No.

1 NP_001152968.1 | 1 NP_002697.1

2 NP _035281.1 2 NP_808907.1

3 NP_001152969.1 | 3 NP_808908.1

4 NP_001152970.1 | 4 NP_001028728.1
5 NP 001028729.1

Supplementary Table S2 NCBI accession numbers for isoforms of the mouse and human PPM1B
protein
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Supplementary Figure S1 Alignment of the isoform 1 PPM1B proteins

Aligment of human (NP_002697.1), chimp (XP_525747.1), Macaca (NP_001253131.1), horse
(XP_001499388.1), dog (XP_851683.1), pig (XP_003125227.1), sheep (XP_004006035.1), cow,
(062830) and mouse (NP_001152968.1) proteins was generated with MultiAlin software
(http://multalin.toulouse.inra.fr/multalin/multalin.html).
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PPM1B is a phosphatase of PPARy
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Supplementary Figure S2 PPM1B is a specific activator of PPARy.

U20S cells were transfected with expression vectors encoding PPARy, wt PPM1B1, mutant PPM1B
(R179G catalytic inactive mutant) and an AQP7-Luc reporter. Activation of the luciferase reporter in
absence or presence of 1uM rosiglitazone is expressed as fold induction over that with empty vector
in absence of ligand and normalized for Renilla luciferase activity. Results are averages of three
independent experiments performed in duplo * stand error of the means.
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Chapter 3

Abstract

Adipocyte differentiation is a tightly regulated process controlled by a cascade of
transcriptional events, ultimately leading to up-regulation of the transcription
factor PPARy and the induction of multiple adipocyte-specific genes. These
transcription factors operate in concert with chromatin remodelling factors and
histone modifying enzymes in the epigenetic regulation of adipogenesis. Here we
developed an siRNA-based knockdown platform to screen for novel epigenetic
regulators in adipogenesis. We identified the Baf57 subunit of the SWI/SNF
complex to be essential for adipogenesis. Knockdown of this SWI/SNF subunit led
to impaired adipocyte differentiation, and reduced expression of PPARy and
several of its target genes. Baf57 was present at the PPARG/Pparg promoter at all
stages of differentiation in both SGBS and 3T3-L1 cells. Collectively, these data
provide evidence that Baf57 is a crucial player in adipogenesis through its
regulation of PPARG/Pparg expression.
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Introduction

Adipogenesis is a complex process defined by the morphological change of
fibroblast-like pre-adipocytes into lipid-loaded adipocytes [1]. Many genes are
involved at different stages and are under tight regulation by multiple
transcription factors [2]. In this context, the nuclear receptor Peroxisome
Proliferator-Activated Receptor gamma (PPARy) is known to be a crucial key
player. PPARy is essential for adipogenesis because it drives expression of many
genes that are directly involved in glucose and lipid metabolism and storage [3,4].
Moreover, PPARy”" mice are severely lipodystrophic, while PPARy”" mice have
reduced amounts of adipose tissue [5,6,7,8]. PPARy is also essential for the
maintenance of adipose tissue, since conditional knockout of the Pparg gene
resulted in reduced in vivo survival of mature adipocytes [9]. In general,
unliganded PPARy interacts with repressor proteins such as TAZ, RIP140, NCoR
and SMRT, of which the latter two are associated with HDAC3-mediated gene
inhibition. Upon ligand binding, PPARy changes its structural conformation,
dissociating the repressor complexes and subsequently allowing binding of co-
activators, such as SRC/p160 and CBP/p300, HATs that acetylate histone tails and
promote gene transcription [10,11].

Gene expression is subject to a complex interplay in which transcription
factors (TF), transcriptional co-factors, histone modifying enzymes, chromatin
remodelers, RNAs and RNA polymerase machinery play important roles [12].
Generally, TFs bind to enhancers in a concerted manner and -depending on the
distance of the core promoter- chromatin looping may occur, and thereby allow
regulation of gene transcription in a chromatin-wide context. In some cases the TF
can also bind close to the TSS and attract RNA polymerase after recruitment of co-
activators. In order to provide accessibility to compact chromatin, the so-called
chromatin remodelers and histone modifying enzymes play important roles.
Chromatin remodelers are generally large protein complexes that contain an
ATPase subunit, which physically mobilize nucleosomes at the expense of ATP in
order to provide access for the transcription apparatus and its regulators to DNA
[12]. Histone-modifying enzymes on the other hand, which are recruited by
transcription factors, either chemically tag histones at specific sites (“writers”) or
erase such tags (“erasers”), thereby regulating DNA-histones interactions and also
creating interaction surfaces for protein complexes that contribute to
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transcriptional control (“readers”)[12]. Collectively, all these factors play a role in
gene regulation and expression.

One of the chromatin remodeling complexes is named SWI/SNF
(switch/sucrose nonfermentable, originally identified in Saccharomyces
cerevisiae), a large multi-protein complex capable of ATP-dependent chromatin
remodeling leading to either gene activation or repression [10,13]. The SWI/SNF
complex has many subunits; the core-subunit, BRG1 or BRM, harbours ATPase
activity that drives chromatin remodeling at the expense of ATP. The amount and
type of subunits representing the SWI/SNF complex depend on the organism and
the cell type, but there are some proteins that are absolutely vital for the integrity
of the complex; these are the ATPase, SNF5/Baf47, Baf155 and Baf170 [14]. In
general, it is thought that the role of the additional subunits is to add specificity to
the complex and thus it is possible to mediate different transcription cascades
based on the cell-type it is present in. Baf250a for example is necessary for
embryonic stemcell pluripotency and germ-layer formation [15], while Baf200 is
involved in regulating expression of interferon responsive genes [16]. Research on
the SWI/SNF complex has predominantly been carried out in the context of cancer
development, in which SWI/SNF subunits appear to have intrinsic tumour
suppressor activity [14].

Using an siRNA-based knockdown platform to screen for novel epigenetic
regulators in adipogenesis in human SGBS pre-adipocytes, we have now identified
the Baf57 subunit of the SWI/SNF complex to be essential for adipogenesis.
Knockdown of this SWI/SNF subunit led to impaired adipocyte differentiation, and
reduced expression of PPARy and several of its target genes. Baf57 was present at
the PPARG/Pparg promoter at all stages of differentiation in both SGBS and 3T3-
L1 cells. Collectively, these data provide evidence that Baf57 is a crucial player in
adipogenesis because it can regulate PPARG/Pparg expression.
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Materials & Methods

Materials - Dharmacon siRNA oligonucleotides against PPARy (L-003436-00),
Baf57 (LU-017522-00-0002) and non-targeting siRNA (D-001810-10) were
purchased from Thermo Scientific. For Western blotting primary antibodies
against Baf57 (A300-810A, Bethyl), FABP4 (sc-18661, Santa-Cruz,) and B-actin
(Ab8224, Abcam) were used. Qil-red-O (00625) and Nile red (N3013) were from
Sigma-Aldrich.

Cell culture, differentiation, siRNA transfection - The human pre-adipocyte cell line
SGBS was cultured and differentiated as previously described [17,18]. For siRNA
transfection, 4000 SGBS cells were plated in a single well of a 96-well plate five
days prior to differentiation. Subsequently, differentiation cocktail was added
before addition of the siRNA oligonucleotide containing mixture. siRNA
transfection with lipofectamine RNAiMax (Life technologies) was carried out
according to the manufacturer’s instructions in which 0.3 pl of RNAIMax and a
final concentration of 10 nM siRNA oligonucleotides was used.

Oil-red-O and Nile red staining - For Oil-red-O staining, SGBS cells were fixed for
10 minutes with 4% formaldehyde at room temperature. Afterwards cells were
briefly washed once with 60% iso-propanol after which the Qil-red-O solution
(3mg/ml in 60% isopropanol) was added for 10 minutes. Subsequently, the cells
were washed twice with 60% isopropanol and then twice with water.

For Nile red staining, cells were fixed with 4% formaldehyde and
permeabilized with 0.2% Triton-X for 2 minutes. Afterwards they were incubated
with a Nile-red containing buffer (1mg Nile red in PBS) for 5 minutes, followed by
washing twice with PBS.

SiRNA library and screen - The siRNA screen was performed at the UMCU Cell
Screening Center. The siRNA library, targeting expression of 529 chromatin
associated genes, was purchased from Thermo Fischer Scientific Dharmacon
(Lafayette, CO, custom made library, order numbers 245120-245146, 245170,
246203)[19]. The screen was performed in 96-well plates. SGBS cells were plated
and treated for differentiation and transfection as described above. Each gene
was targeted with a pool of four individual siRNA’s and was tested in triplicates in
adjacent wells. After seven days, the cells were washed and fixed with PFA for Nile
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red and Hoechst staining and the plates were made ready for the automated
microscope. The plates were imaged using a Thermo ArrayScan VTi automated
microscope. The Cellomics Target Activation image analysis bioapplication was
used to quantitate adipocytic differentiation. First, the algorithm identifies nuclei
in the Hoechst channel. A mask is then generated around the nucleus and the
intensity of Qil-Red-0 staining in this mask is calculated. Based on the analysis of
negative controls in pilot experiments and cutoff for the average pixel intensity in
the Nile red channel was used to determine the percentage of Nile Red positive
cells. This percentage of positive cells was normalized to the average of the
samples in the plate. Afterwards, these outcomes are normalized to the average
of each plate and each well would be given a score. If a particular well would
deviate more than once than the standard deviation, it would get a score of 0.5.
Should this be twice or three fold, the scores would be 1 and 2 respectively. The
scores of the three replicates were added up. The genes that would have a total
score of 3 or higher were selected for further analysis.

RNA isolation and QPCR - At the time of harvesting, cells were taken up in 1ml of
Trizol reagent (Life technologies) and were subjected to RNA isolation and cDNA
synthesis according to the manufacturer’s instructions (Life technologies). Gene
expression levels were determined by quantitative real time PCR with the Mylq
cycler (Bio-Rad) using SYBR-green (Bio-Rad) and normalized to 36B4 expression.
The primers used were as followed: human 36B4 forward primer,

5'- CGGGAAGGCTGTGGTGCTG-3’, and reverse primer,

5'- GTGAACACAAAGCCCACATTCC-3’; human PPARy forward primer,

5’- CCTATTGACCCAGAAAGCGATT-3’ and reverse primer,

5’- CATTACGGAGAGATCCACGGA-3’; human BAF57 forward primer,

5’- CGACGAGAACATTCCGATG-3’, and reverse primer,

5’- CCTTCTTCACCATTCTGTTGG-3’; human C/EBPa forward primer,

5’- CAACACTTGTATCTGGCCTCTG-3’, and reverse primer,

5’- CCGAGCAAAACCAAAACAAA-3’; human KLF5 forward primer,

5’- CCACCACCCTGCCAGTTAAC-3’, and reverse primer,

5’- TAAACTTTTGTGCAACCAGGGTAA-3’; human KROX20 forward primer,

5’- TTGACCAGATGAACGGAGTG-3’ and reverse primer,

5 - TGGTTTCTAGGTGCAGAGACG-3’; human C/EBPB forward primer,

5’- GCGACGAGTACAAGATCC-3’ and reverse primer,
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5’- AGCTGCTTGAACAAGTTCC-3’; human FABP4 forward primer,

5’- CCTTTAAAAATACTGAGATTTCCTTCA-3’ and reverse primer,

5’- GGACACCCCCATCTAAGGTT-3’; human LPL forward primer,

5’- ATGTGGCCCGGTTTATCA-3’ and reverse primer,

5’- CTGTATCCCAAGAGATGGACATT-3’; human ADIPOQ forward primer,
5’- CCTGGTGAGAAGGGTGAGAA-3’ and reverse primer,

5’- CACCGATGTCTCCCTTAGGA-3'.

Microarray - SGBS cells were differentiated and transfected with siRNA as
described above. The non-targeting siRNA and siPPARy were performed in
duplicate whereas siBaf57 in quadruplicate. Five days after transfection cells were
washed twice with PBS twice and lysed in 1.0ml Trizol (Invitrogen). Samples were
treated similar to the RNA isolation procedure. DNAse treatment and purification
was performed with RNeasy kit (Qiagen, Venlo, The Netherlands).

Microarrays used were Human Whole Genome Gene Expression Microarrays V1
(Agilent Technologies, Belgium) representing 41000 H. sapiens 60-mer probes in a
4x44K layout. RNA amplifications and labelling were performed on an automated
system (Caliper Life Sciences NV/SA, Belgium) with 3 pg total RNA from each
sample. Hybridizations were done on a hybridization station (HS4800PRO system
with QuadChambers; Tecan Benelux B.V.B.A.) using 800 ng labelled cRNA per
channel according to van Wageningen [20]. Hybridized slides were scanned on an
Agilent scanner (G2565BA) at 100% laser power, 30% PMT. After automated data
extraction using Imagene 8.0 (BioDiscovery), Loess normalization was performed
[21] on mean spot-intensities. Gene-specific dye bias was corrected based on a
within-set estimate as described in Margaritis et al.[22].

Data were analysed using MAANOVA [23]. In a fixed effect analysis, sample, array
and dye effects were modelled. P-values were determined by a permutation F2-
test, in which residuals were shuffled 5000 times globally. Genes (based on unique
ENSG gene IDs) with p < 0.05 after family wise error correction (FWER) were
considered significantly changed. A fold change cut-off > 2.0 was used.

Chromatin immunoprecipitations assays (ChIP) - ChIP experiments were
performed according to standard protocols [3]. Lysed cells were sonicated using a
Bioruptor (Diagenode) according to the manufacturer’s protocol, and chromatin
was immunoprecipitated with Baf57 antibody. DNA enrichment was quantified by
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real-time PCR (MX-3000, Stratagene) using SYBR green Master Mix (Sigma-
Aldrich). Primer sequences are available upon request.
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Results

Development of an siRNA screen to identify novel epigenetic requlators of
adipogenesis

In order to identify novel epigenetic regulators in adipogenesis, a loss-of-function
screening platform was developed using an siRNA oligonucleotide library targeting
529 chromatin associated genes [19]. The siRNA library and screen were
optimized using human SGBS cells, a pre-adipocyte cell line [17]. Importantly,
4000 cells were incubated 5 days prior to differentiation in a single well of 96-well
plates (Fig. 1A). After incubation, the cells were differentiated and transfected
with pooled siRNA oligonucleotides (four oligonucleotides per gene). At the end of
differentiation the cells were stained for lipid loading using Nile red and an
algorithm on the automated microscope was used to measure the amount of lipid
loaded adipocytes. After the initial run, the hits were re-tested in order to filter
out false positives. The remaining hits were analyzed and validated using single
oligonucleotides, re-tested and subjected to statistical analysis (see Materials and
Methods). Several genes previously implicated in adipogenesis, including Nipbl
[24], Ogt [25], and Baf47 [26], were identified, thereby validating the screening
procedure. In addition, the SWI/SNF subunit Baf57, also known as SMARCE1, was
identified as a positive hit in our screen for epigenetic regulators of adipogenesis
(Fig. 1B). Importantly, Baf57 knockdown does not impair the integrity of the
SWI/SNF complex, despite co-depletion of Baf180 [27].

Baf57 is a valid hit of the screen and knockdown lowers PPARy mRNA levels

To characterize the role of Baf57 in adipogenesis in more detail, we first examined
its expression during adipogenesis. As shown in Fig. 2A, Baf57 protein was stably
expressed during differentiation of SGBS cells into mature adipocytes. Next we
identified the most potent oligonucleotide for Baf57 knockdown. For this, SGBS
cells were transfected with four different siRNA oligonucleotides and incubated
with differentiation cocktail. At the end of differentiation, the cells were fixed and
the percentage of adipocytes was measured with the automated microscope (Fig.
2B). Baf57 oligonucleotide #7 was the most potent in impairing adipogenesis. This
impairment was visualized by means of an Qil-red-O staining (Fig. 2D) and
knockdown of PPARy was done in parallel to demonstrate that the scope of
adipogenic disruption was similar.
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Figure 1 Schematic representation of an siRNA-based screen for epigenetic regulators of
adipogenesis. A) The screen was setup as described in materials & methods. In short, SGBS cells
were seeded in 96-well plates prior to differentiation and siRNA transfection. After a period of
incubation time, they were washed, fixed and stained with a fluorescent dye binding to lipids.
Afterwards, the plates were analyzed in an automated microscope for analysis of the adipocyte
population per well. B) The algorithm as described in materials & methods assigned points to each
hit in the screen. The higher the score, the stronger the adipogenic disruption. The top of the list is

shown, in which Baf57 scored amongst the highest.
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Western Blot analysis revealed that oligonucleotide #7 specifically targeted Baf57
as its protein levels were reduced whereas no differences were seen in B-actin
levels. To ascribe the abrogation of adipogenesis to the reduction of Baf57 levels,
knockdown of Baf57 with all four oligonucleotides was performed (Fig. 2B). As
expected, oligonucleotide #7 was most potent in lowering Baf57 mRNA. Since
PPARy is crucial for adipogenesis, we also wondered whether Baf57 knockdown
affected PPARYy levels. Interestingly, this seemed to be the case since PPARYy levels
were also lowered in cells with reduced Baf57 levels (Fig. 2B). These data indicate
that Baf57 is necessary for adipogenesis and that knockdown of Baf57 leads to
diminished PPARYy levels.
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Figure 2 siRNA-mediated knockdown of Baf57 inhibits adipogenesis in SGBS cells.

A) Human SGBS pre-adipocytes were differentiated into mature adipocytes and samples were taken
at different time points during differentiation. Protein expression of Baf57 and Fabp4 was
determined by Western blot analysis. B) SGBS cells were transfected with 4 individiual siRNA
oligonucleotides targeting Baf57 and differentiated. At day 7 cells were stained for lipid content
(Nile red) and analysed by automated microscopy. Knockdown of PPARy was included as a positive
control. C) SGBS cells were treated as under B), except RNA was isolated at day 5 of differentiation
and relative mRNA expression for Baf57 and PPARy was assessed by qRT-PCR. D) SGBS cells were
treated as under B), except that the cells were washed, fixed and stained with Qil-red-O dye. E) SGBS
cells were treated as under B), except that cells were lysed at day 5 and subjected to Western Blot
analysis.

Baf57 knockdown impairs adipogenic gene transcription similar to PPARy
knockdown

Having established that Baf57 is affecting PPARy levels which are crucial for
proper differentiation (Fig. 2), we decided to perform microarray analysis to
analyze changes in gene transcription in more detail. In order to do this, we used
SGBS cells that had undergone siRNA-mediated knockdown for Baf57, PPARy and
control siRNA. Microarray analysis revealed that the expression of 375 and 628
genes were altered after knock down of Baf57 or PPARYy, respectively (Fig. 3A). A
significant overlap was found between the data sets, consisting of 153 genes that
are altered upon Baf57 and PPARy knock down. Importantly, knock down of Baf57
or PPARYy altered the expression of these commonly affected genes in the same
direction (Fig. 3B). The gene set that is most significantly lowered by both PPARy
and Baf57 knockdown displays a clear overrepresentation of genes involved in
lipid metabolism (GEO analysis; Supplemental Fig. 1) and encompasses many well-
established PPARy target genes that are normally upregulated during
adipogenesis, including LPL, ADIPOQ (encoding adiponectin), PLIN1(encoding
perilipin) and PCK1 (encoding PEPCK). Please note that in contrast to the data
represented in Fig. 2, the PPARG gene was not affected, which was due to
technical issues. In contrast to the genes downregulated by both PPARy and Baf57
knockdown, genes that were upregulated upon knock down of either gene did not
reveal a clear role in adipogenesis or metabolism (Fig. 3B). Also genes that were
altered (either up- or downregulated) upon knockdown of only Baf57 did not have
known functional roles in adipogenesis (Supplemental Fig. 2). Taken together,
these findings suggest that the main role of Baf57 as an epigenetic regulator of
adipogenesis lies in the PPARy signalling pathway, either by reducing PPARG
expression and/or by reducing the transcriptional activity of the PPARy protein.
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Figure 3 Gene regulation by Baf57 and PPARy in human SGBS adipocytes.

A, Human SGBS pre-adipocytes were subjected to RNAi-mediated knock down with control, Baf57
and PPARy-specific oligonucleotides. mRNA expression was assessed by microarray analysis. Shown
are the number of genes with a p<0.05 after FWER correction and 5000 permutations which were
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more then 2.0-fold changed after knock down of Baf57 or PPARy compared to control cells. Data
were obtained from experiments performed in quadruplicate (Baf57) or duplicate (PPARy. B, Heat
maps showing log2 fold change in gene expression after knockdown of Baf57 or PPARy in human
SGBS adipocytes. Red indicates increased gene expression compared to the control siRNA
treatment, whereas green indicates decreased expression.

Baf57 regulates PPARy expression

Since adipogenesis is a multistep process in which early and late factors play
distinctive roles [2], we analyzed the expression of several genes in time to obtain
more insight into the mechanisms by which Baf57 affects PPARy signaling in
adipogenesis. Three classes of genes were examined: i) early pro-adipogenic
factors KIf5, Krox20 and C/EBP that play a role in activating PPARy expression, ii)
PPARy itself and C/EBPa, late stage adipogenic transcription factors that regulate
each others expression, and iii) the PPARy target genes FABP4, LPL and ADIPOQ,
that are induced during the final stages of differentiation. As shown in Figure 4,
expression of KIf5, Krox20 and C/EBPB was not significantly altered by either
Baf57 or PPARy knockdown. Baf57 knockdown leads to decreased mRNA levels of
both PPARy and C/EBPa at day 2 of differentiation already. As a possible
consequence of that, expression of the PPARy target genes FABP4, LPL and
ADIPOQ was also blunted from day 2 onwards. Both of these latter effects were
also observed upon PPARy knockdown (Fig. 4). These data suggest a role for Baf57
in the regulation of the PPARG gene.

To support this view, we performed ChIP assays where we analyzed Baf57
recruitment to the PPARG/Pparg promoter in both human SGBS pre-adipocytes
and 3T3-L1 cells. Baf57 was specifically detected at the PPARG/Pparg promoter
already from day 0 onwards, with a slight increase observed in 3T3-L1 cells during
differentiation (Fig. 5). As controls, C/EBPa and C/EBPB were used in SGBS and
3T3-L1 cells respectively, as these proteins have previously been shown to be
recruited to the PPARG/Pparg promoter in differentiation [28]. These data
indicate that Baf57 is present at the PPARG/Pparg promoter and may therefore
be directly involved in regulating its mRNA expression.
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Figure 4 Expression of selected genes upon siRNA-mediated knockdown of Baf57 or PPARy

SGBS cells were transfected with siRNA oligonucleotides targeting Baf57 (oligonucleotide #7),
PPARy, or non-targeting siRNA oligonucleotides after which they were differentiated. RNA was
isolated at day O (non-transfected), day 2, 4 and 7 of differentiation and relative mRNA expression
was assessed by gRT-PCR. Data are represented as mean + SEM values normalized to a house
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Figure 5 ChIP analysis for Baf57 on the PPARG/Pparg promoter in SGBS and 3T3-L1 cells.

Cells were differentiated and harvested at timepoints. The cells were IP'ed for Baf57 and subjected
for PCR analysis. As a positive control, C/EBPa and C/EBPB was used in SGBS and 3T3-L1 cells,
respectively. For SGBS cells a region 700 bp upstream of the TSS was amplified, while a region 300
bp upstream of the TSS was amplified in 3T3-L1 cells. As a negative control an intergenic region on
chromosome 15 was used
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Discussion

Chromatin remodelers and histone modifying enzymes play important roles in
many cellular processes because they are involved in transcriptional regulation.
Adipogenesis is a complex process in which the transcriptome changes drastically.
In this study we aimed to identify novel epigenetic regulators of adipogenesis by
developing an siRNA based screening platform. We identified Baf57, a non-core
subunit of the SWI/SNF chromatin remodeling complex, to be important for
proper adipocyte differentiation. Knockdown of Baf57 leads to lower expression
of PPARy and PPARy target genes, and Baf57 is present at the PPARG/Pparg
promoter, suggesting that this SWI/SNF subunit plays a critical role in regulation
of the PPARG gene.

Up to date several different epigenetic factors, including chromatin
remodeling factors and histone modifying enzymes, have been implicated in
adipogenesis [11,29,30]. The library used in the present study targeted 529
different chromatin-associated genes, including the majority of these genes.
Several of these previously identified epigenetic factors scored as positive hits in
our screen (e.g. SNF5; Fig. 1B), thereby validating the screening procedure.
However, many other previously identified epigenetic factors were not identified
in our screen. One possible reason for this is insufficient reduction of the target
gene by RNAi-mediated knockdown; several of the epigenetic regulators in
adipogenesis were identified through genetic inactivation, which is more
effective. In addition, it should be noted that epigenetic regulators of
adipogenesis have previously been identified in the murine 3T3-L1 cellular model
system, which may differ is some aspects from the human SGBS adipocytes
employed here [31].

A limited number of studies have indicated a role for SWI/SNF in
adipogenesis. The Baf60c subunit for example was found to interact and enhance
activity of PPARy even though depletion did not seem to impair adipogenesis [32].
Similarly, SNF5, also referred to as Baf47, cooperates with C/EBPa and PPARy
elevating the transcriptional activity of the latter and thus leading to upregulation
of adipocyte specific genes [26]. In contrast to Baf60c, knockdown of SNF5
abrogates differentiation [26]. In line with these observations, SNF5 was also
identified as a positive regulator of SGBS adipogenesis in the current study (Fig. 1).
In addition, SWI/SNF ATPase activity (BRG1 or hBRM) is necessary for
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adipogenesis since it is capable of regulating PPARy expression [33]. The complex
appears to facilitate the preinitiation complex at the PPARy promotor. Moreover,
C/EBPa also requires recruitment of the SWI/SNF complex to adipocyte gene
promotors in 3T3-L1 adipogenesis. This interaction is mediated via the
transactivation element Il (TE-1II) of C/EBPa and the BRM subunit of the SWI/SNF
complex. Take together, these findings indicate that the SWI/SNF complex as a
whole is essential for adipogenesis- as exemplified by the essential role of the
core subunits BRG1/hBRM and SNF5- and that more peripheral proteins like
Baf60c and Baf57 may play essential roles through directly contacting specific
transcription factors. In support of this view, Baf60a, but not BRG1, SNF5 or Baf57,
interacts specifically with p53 leading to the upregulation of tumour suppressive
genes [34]. Our current model would therefore be that the SWI/SNF complex is
recruited to PPARG promoter through the interaction between its Baf57 subunit
and sequence-specific transcription factors. A candidate for this might be GR, an
early pro-adipogenic factor that is known to interact with Baf57 [35]. In order to
address the role and recruitment of the SWI/SNF complex through Baf57 more
extensively, Chip-Seq profiling of Baf57 during differentiation may be a useful
approach. The Chip-Seq should also be performed when Baf57 is knocked down so
that specific effects will be identified. Euskirchen et al. has investigated the
genomic localization of the core SWI/SNF members (Bafl55, Baf170, SNF5 and
Brgl) in Hela cells [36]. As expected, the genomic locations of the SWI/SNF
members co-localize and have a preference of targeting chromatin near expressed
geness together with RNA polymerase Il. Interestingly, in some cases the core
SWI/SNF members were present at different loci individually or as an
“incomplete” SWI/SNF complex, in which several members were not present. This
might suggests that even the core subunits of the complex can have different
roles when they are not in the SWI/SNF complex or that different types of
SWI/SNF complexes may exist simultaneously in the same cell.

Besides being implicated in PPARy mediated adipogenesis here, the
SWI/SNF complex is also associated with several other nuclear receptors including
ER, GR, RXR and AR (reviewed in [32]). Baf57 is known to stimulate AR and ERa
activity, by directly binding to them [37,38]. Moreover, Baf57 is also capable of
binding to GR yet it is not known how this impacts GR activity [35]. In the case of
TR, Baf57 enhances activity indirectly through BRG1 [39]. While our data suggest a
critical role for BAF57 in regulation of PPARG expression, Baf57 may also affect
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the transcriptional activity of PPARy and can interact with PPARy in vitro and
overexpression of Baf57 in Baf57-negative BT-549 breast cancer cells results in
increased PPARy reporter activity (unpublished observations). Future studies are
required to establish whether Baf57 plays a dual role in the regulation of
adipogenesis: as a critical regulator of PPARG expression as well as a cofactor for
the PPARE protein.
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Figure S1. GO analysis on the transcriptome of Baf57 knockdown SGBS cells. The table indicates in
which processes the clustered genes are involved.

83



Chapter 3

&

.00(\

Y
SMARCE1 IGFBP3
SLC25A22 ATP2C1
SAA1 CRISPLD2
PSMD10 S100P
PPP2R5A PHLDA1
CTDSP2 MLLT11
HLTF GDNF
SAA2 AKR1B10
GOLGA4 SERPINE1
CAMLG AREGB
PTP4A1 NIPAL3
PRNP LRRC17
MARCKS LOX
SERINCS ELN
FAMS55C MATNZ2
NUDCD2 OXTR
CHST2
GNG2
ANKS1A
CDK14
STAR
PREPL
TNFSF4
CLEC3B
ZNF506
MTR
LTvV1
PDHA1
HP
PTEN
Figure S2 Heat map of genes that are affected by Baf57 knockdown only. Green indicates
downregulation, whereas red indicates an increase in mRNA expression.
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Phf12 regulates PPARy

Abstract

Adipogenesis is regulated through a cascade of transcriptional events, ultimately
resulting in induction of the adipogenic master regulator PPARy. While several
transcription factor, including STAT5A/B, SREBP1c and C/EBPa have been
implicated in the regulation of the PPARG promoter, the role of epigenetic factors
is not well-studied. Using an siRNA-based knockdown screen we identified PHD
finger protein 12 (Phfl12), a protein previously mainly associated with
transcriptional repression, as a positive regulator of adipogenesis. The main role
of Phfl2 in the differentiation process may be through the transcriptional
regulation of PPARy expression: knockdown of Phf12 led to reduced expression of
PPARy and several of its target genes, and hence impaired adipocyte
differentiation. Phfl2 was present at the PPARG promoter, with increased
occupancy in the course of differentiation, indicating that it may be directly
involved in regulating PPARy expression. These findings qualify Phfl2 as a
potential new regulator of adipocyte differentiation with gene activating rather
than repressing activity.
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Introduction

Adipogenesis is the conversion of pre-adipocytes into fully mature adipocytes, a
complex differentiation process involving tightly regulated interplay between
proteins at different subcellular levels. This process is vital for healthy metabolic
homeostasis, since adipose tissue is known to function as an endocrine organ in
addition to being a mere fat depot [1]. Adipose tissue dysfunction can lead to
health problems such as diabetes type Il and cardiovascular disorders [2,3]. It is
therefore important to understand the molecular mechanisms underlying the
process of adipogenesis and adipocyte biology. In the past decade, it has become
clear that the nuclear receptor Peroxisome Proliferator Activated Receptor y
(PPARy) is critical player in these processes. Experiments have shown that
adipogenesis cannot take place without PPARy, and overexpression of this protein
in the fibroblast-like NIH-3T3 cell line is sufficient for adipocyte differentiation
[4,5]. In addition, PPARy is necessary for the maintenance of differentiated
adipocytes and for upregulation of many adipocyte-specific genes. Examples of
these genes are Fabp4, an intracellular lipid transporter, perilipin, a lipid droplet
binding protein, and cd36, a membrane based fatty acid transporter [6,7,8].
However, the target gene repertoire of PPARy also includes adipose-tissue specific
hormones such as adiponectin and chemerin, which do not have a direct role in
lipid accumulation but play a role in communication of adipose tissue and other
organs [9,10]. These properties make PPARy crucial for the proper function of
adipose tissue.

In order to find novel regulators of adipogenesis we developed an siRNA-
based library screen in which we tested 529 genes involved in epigenetic gene
regulation. We report here the identification of the PHD finger 12 (PHF12) protein
as a regulator of adipogenesis. Remarkably, Phfl2 has mainly been linked to
transcriptional repression and can be found associated with repressor proteins
such as SIN3A/SIN3B, MRG15 and TLE [11,12,13]. So far, no link has been reported
between Phf12 and any aspect of adipogenesis. In our study however, we found
that knockdown of Phf12 and PPARy resulted in similar transcriptome changes,
suggesting that Phf12 may regulate PPARy expression. Indeed, Phfl2 is present at
the PPARG locus throughout differentiation and knockdown of Phf12 lowers
expression of PPARy and PPARy target genes. Taken together, these data indicate
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that Phf12, an epigenetic regulator of gene expression that is mainly associated
with transcriptional repression, is a novel positive regulator of adipogenesis.
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Materials & Methods

Materials - siRNA against PPARy (L-003436-00), Phf12 (LU-009736-00-0002) and
non-coding siRNA (D-001810-10) were purchased from Dharmacon. For Western
blot analysis, primary antibodies against Phf12 (A301-647A, Bethyl), FABP4 (Santa-
Cruz, sc-18661) and B-actin (Ab8224, Abcam) were used. Qil-red-O (00625) and
Nile red (N3013) were from Sigma-Aldrich.

Cell culture, differentiation, siRNA transfection - The human pre-adipocyte cellline
SGBS was cultured and differentiated as previously described (9,10). For siRNA
transfection, 4000 SGBS cells were plated in a single well of a 96-well plate five
days prior to differentiation. After incubation, the differentiation cocktail was
added before the siRNA containing mixture. siRNA transfection with lipofectamine
RNAiMax was performed according to the manufacturer’s instructions in which
0.3 ul of RNAiMax and a final concentration of 10 nM siRNA was used.

Oil-red-O and Nile red staining - An Qil-red-O staining of SGBS cells was done as
followed. The cells were fixed for 10 minutes with 4% formaldehyde at room
temperature. Afterwards they were briefly washed once with 60% iso-propanol
after which the Oil-red-O solution (3mg/ml in 60% isopropanol) was added for 10
minutes. Subsequently, the cells were washed twice in 60% isopropanol and then
twice in water to remove all traces. For Nile red staining, the cells were fixed with
4% formaldehyde and permeabilized with 0.2% Triton-X for 2 minutes. Afterwards
they were incubated with a Nile-red containing substance (1mg Nile red in PBS)
for 5 minutes subsequently followed by washing twice with PBS.

SiRNA library screening - The siRNA screen was performed at the UMCU Cell
Screening Center. The siRNA library, targeting expression of 529 chromatin
associated genes, was purchased from Thermo Fischer Scientific Dharmacon
(Lafayette, CO, custom made library, order numbers 245120-245146, 245170,
246203)[19]. The screen was performed in 96-well plates. SGBS cells were plated
and treated for differentiation and transfection as described above. Each gene
was targeted with a pool of four individual siRNA’s and was tested in triplicates in
adjacent wells. After seven days, the cells were washed and fixed with PFA for Nile
red and Hoechst staining and the plates were made ready for the automated
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microscope. The plates were imaged using a Thermo ArrayScan VTi automated
microscope. The Cellomics Target Activation image analysis bioapplication was
used to quantitate adipocytic differentiation. First, the algorithm identifies nuclei
in the Hoechst channel. A mask is then generated around the nucleus and the
intensity of Qil-Red-0O staining in this mask is calculated. Based on the analysis of
negative controls in pilot experiments and cutoff for the average pixel intensity in
the Nile red channel was used to determine the percentage of Nile Red positive
cells. This percentage of positive cells was normalized to the average of the
samples in the plate. Afterwards, these outcomes would be normalized to the
average of each plate and each well would be given a score. If a particular well
would deviate more than once than the standard deviation, it would get a score of
0.5. Should this be twice or three fold, the scores would be 1 and 2 respectively.
The scores of the three replicates were added up. The genes that would have a
total score of 3 or higher were selected for further analysis.

RNA isolation and QPCR - At the time of harvesting, cells were taken up in 1ml of
Trizol reagent (Life technologies) and were subjected to RNA isolation and cDNA
synthesis according to the manufacturer’s instructions (Life technologies). Gene
expression levels were determined by quantitative real time PCR with the Mylq
cycler (Bio-Rad) using SYBR-green (Bio-Rad) and normalized to 36B4 expression.
The primers used were as followed:

human 36B4 forward primer,

5'- CGGGAAGGCTGTGGTGCTG-3’, and reverse primer,

5'- GTGAACACAAAGCCCACATTCC-3’; human PPARy forward primer,

5’- CCTATTGACCCAGAAAGCGATT-3’ and reverse primer,

5’- CATTACGGAGAGATCCACGGA-3’; human Phf12 forward primer,

5’- CCCGTCAAAGTCTGCTTCAC -3’, and reverse primer,

5’- GTGAAACAGGAGAGGGCAAT-3’; human C/EBPa forward primer,

5’- CAACACTTGTATCTGGCCTCTG-3’, and reverse primer,

5’- CCGAGCAAAACCAAAACAAA-3’; human KLF5 forward primer,

5’- CCACCACCCTGCCAGTTAAC-3’, and reverse primer,

5’- TAAACTTTTGTGCAACCAGGGTAA-3’; human KROX20 forward primer,

5’- TTGACCAGATGAACGGAGTG-3’ and reverse primer,

5 - TGGTTTCTAGGTGCAGAGACG-3’; human C/EBPB forward primer,

5’- GCGACGAGTACAAGATCC-3’ and reverse primer,
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5’- AGCTGCTTGAACAAGTTCC-3’; human FABP4 forward primer,

5’- CCTTTAAAAATACTGAGATTTCCTTCA-3’ and reverse primer,

5’- GGACACCCCCATCTAAGGTT-3’; human LPL forward primer,

5’- ATGTGGCCCGGTTTATCA-3’ and reverse primer,

5’- CTGTATCCCAAGAGATGGACATT-3’; human ADIPOQ forward primer,
5’- CCTGGTGAGAAGGGTGAGAA-3’ and reverse primer,

5’- CACCGATGTCTCCCTTAGGA-3'.

Microarray - SGBS cells were differentiated and transfected with siRNA as
described above. The non-targeting siRNA and siPPARy were performed in
duplicate whereas siBaf57 in quadruplicate. Five days after transfection cells were
washed twice with PBS twice and lysed in 1.0ml Trizol (Invitrogen). Samples were
treated similar to the RNA isolation procedure. DNAse treatment and purification
was performed with RNeasy kit (Qiagen, Venlo, The Netherlands).

Microarrays used were Human Whole Genome Gene Expression Microarrays V1
(Agilent Technologies, Belgium) representing 41000 H. sapiens 60-mer probes in a
4x44K layout. RNA amplifications and labelling were performed on an automated
system (Caliper Life Sciences NV/SA, Belgium) with 3 pg total RNA from each
sample. Hybridizations were done on a hybridization station (HS4800PRO system
with QuadChambers; Tecan Benelux B.V.B.A.) using 800 ng labelled cRNA per
channel according to van Wageningen et al. [15]. Hybridized slides were scanned
on an Agilent scanner (G2565BA) at 100% laser power, 30% PMT. After automated
data extraction using Imagene 8.0 (BioDiscovery), Loess normalization was
performed [16] on mean spot-intensities. Gene-specific dye bias was corrected
based on a within-set estimate as described in Margaritis et al.[17].

Data were analysed using MAANOVA [18]. In a fixed effect analysis, sample, array
and dye effects were modelled. P-values were determined by a permutation F2-
test, in which residuals were shuffled 5000 times globally. Genes (based on unique
ENSG gene IDs) with p < 0.05 after family wise error correction (FWER) were
considered significantly changed. A fold change cut-off > 2.0 was used.

Chromatin immunoprecipitations assays (ChIP) - ChIP experiments were
performed according to standard protocols [19]. Lysed cells were sonicated using
a Bioruptor (Diagenode) according to the manufacturer’s protocol, and chromatin
was immunoprecipitated with Baf57 antibody. DNA enrichment was quantified by
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real-time PCR (MX-3000, Stratagene) using SYBR green Master Mix (Sigma-
Aldrich). Primer sequences are available upon request.
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Results

Knockdown of Phf12 inhibits adipogenesis and PPARy mRNA levels

In the same siRNA-based screening platform in which we identified Baf57 as a
positive regulator of adipogenesis, we also found knockdown of Phf12, a protein
that is predominantly associated with gene repression (see also Discussion), to
result in impaired adipogenesis. As no link has been reported between Phf12 and
any aspect of adipogenesis so far, we first examined its expression during
adipogenesis. Phf12 protein levels were unaltered during differentiation of SGBS
pre-adipocytes into mature adipocytes (Fig. 1A).

Since the screen was performed with pooled siRNA oligonucleotides, we
wished to verify the knockdown of Phfl12 using single oligonucleotides. For this,
SGBS cells were transfected with 3 different individual oligonucleotides against
Phfl2 (#5, 6 and 7) and incubated with differentiation cocktail. Automated
microscopical analysis revealed that siRNA oligonucleotide #7 was the most
potent in impairing adipogenesis (Fig. 1B) and reducing Phf12 mRNA levels (Fig.
1C). These findings were verified by Oil-red-O staining (Fig. 1D). Knockdown of
PPARy was performed in parallel as a positive control. Western Blot analysis
revealed that siRNA oligonucleotide #7 also effectively reduced Phfl2 protein
levels (Fig. 1E). Since PPARYy is essential for adipogenesis, we also investigated
whether Phfl2 knockdown affected PPARy mRNA levels. Interestingly, this
seemed to be the case: knockdown of Phf12 by siRNA oligonucleotide #7 lowered
PPARYy levels, with the other two siRNA oligonucleotide being less effective (Fig.
1C). These data indicate that Phf12 is crucial for adipogenesis and that knockdown
of Phf12 leads to diminished PPARYy levels.
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Figure 1 siRNA-mediated knockdown of Phf12 inhibits adipogenesis in SGBS cells.

A) Human SGBS pre-adipocytes were differentiated into mature adipocytes and samples were taken
at different time points during differentiation. Protein expression of Phfl2 and Fabp4 was
determined by Western blot analysis. B) SGBS cells were transfected with 3 individual siRNA
oligonucleotides targeting Phfl2 and differentiated. At day 7 cells were stained for lipid content
(Nile red) and analysed by automated microscopy. Knockdown of PPARy was included as a positive
control. C) SGBS cells were treated as under B), except RNA was isolated at day 5 of differentiation
and relative mRNA expression for Phfl2 and PPARy was assessed by qRT-PCR. D) SGBS cells were
treated as under B), except that the cells were washed, fixed and stained with Qil-red-O dye. E) SGBS
cells were treated as under B), except that they were lysed at day 5 and subjected to Western Blot
analysis.
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Knockdown of Phfl2 and PPARy results in similar transcriptome changes
Having observed that Phfl12 is affecting PPARYy levels, a protein that is crucial for
proper differentiation, we decided to perform microarray analysis to analyze gene
transcription changes in more detail. In order to do this, we compared the
transcriptome of SGBS cells after knockdown of Phf12, or PPARy to cells treated
with control siRNA oligonucleotides. Microarray analysis revealed that the
expression of 39 and 628 genes were altered after knock down of Phf12 or PPARYy,
respectively (Fig. 2A). A significant overlap was found between the data sets,
consisting of 30 genes that are altered upon Phfl2 and PPARy knock down.
Importantly, knock down of Phfl2 or PPARy altered the expression of these
commonly affected genes in the same direction (Fig. 2B). Figure 2b shows the top
list of genes that were affected by both PPARy and Phf12 knockdown. Most of
these genes are well-established PPARy target genes that are upregulated during
adipogenesis (e.g. LPL, PCK1 (encoding PEPCK), ADIPOQ (encoding adiponectin)
and PLIN1 (encoding perilipin)). Please note that in contrast to the data
represented in Fig. 1C, the PPARG gene was not affected, which was due to
technical issues. Interestingly, Phfl12 knockdown only resulted in significant
upregulation of 3 genes, two of which are shared by PPARy (Figure 2A and B). This
is a striking finding, since Phf12 is known to be a repressor in many other cellular
systems, and knockdown would therefore be expected to result in upregulation of
genes. The genes that are upregulated by both Phf12 and PPARy knock down do
not show a clear signature, which may be due to the small gene set. Genes that
were affected only by Phf12 knockdown did not show a clear signature either
(Supplemental Figure 1), indicating that Phfl12 is essential for activation of the
adipogenic gene program possible through regulation of PPARy expression.

Phf12 affects PPARy expression but not early adipogenic gene regulators

Since adipogenesis is a multistep process in which early and late factors play
distinctive roles [20], we analyzed the expression of several genes in time to
obtain more insight into the mechanisms by which Phf12 affects PPARy signaling
an adipogenesis. Three classes of genes were examined: i) early pro-adipogenic
factors KIf5, Krox20 and C/EBP that play a role in activating PPARy expression, ii)
PPARy itself and C/EBPa which are late stage adipogenic transcription factors that
regulate each other’s expression, and iii) the PPARy target genes FABP4, LPL and
ADIPOQ, that are induced during the final stages of differentiation.
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Figure 2 Gene regulation by Phf12 and PPARy in human SGBS adipocytes.

A, Human SGBS pre-adipocytes were subjected to RNAi-mediated knock down with control, Phf12
and PPARy-specific oligonucleotides. mRNA expression was assessed by microarray analysis. Shown
are the number of genes with a p<0.05 after FWER correction and 5000 permutations which were
more then 2.0-fold changed after knock down of Phfl2 or PPARy compared to control cells. Data
were obtained from experiments performed in quadruplicate (Phf12) or duplicate (PPARY). B, Heat
maps showing log2 fold change in gene expression after knockdown of Phf12 or PPARy in human
SGBS adipocytes. Red indicates increased gene expression compared to the control siRNA
treatment, whereas green indicates decreased expression.
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As shown in Figure 3, expression of KIf5, Krox20 and C/EBPB was not significantly
altered by either Phf12 or PPARy knockdown. Phf12 knockdown led to decreased
MRNA levels of both PPARy and C/EBPa at day 2 of differentiation already. As a
possible consequence of that, expression of the PPARy target genes FABP4, LPL
and ADIPOQ was also blunted from day 2 onwards. Both of these latter effects
were also observed upon PPARy knockdown (Fig. 3). These data suggest a role for
Phf12 in the regulation of the PPARG gene.
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Figure 3 Expression of selected genes upon siRNA-mediated knockdown of Phf12 or PPARYy.

SGBS cells were transfected with siRNA oligonucleotides targeting Phfl2 (oligonucleotide #7),
PPARy, or non-targeting siRNA oligonucleotides after which they were differentiated. RNA was
isolated at day 0 (non-transfected), day 2, 4 and 7 of differentiation and relative mRNA expression
was assessed by qRT-PCR. Data are represented as mean + SEM values normalized to a house
keeping gene.

Phf12 is present at the PPARy promoter

Having established that Phf12 affects PPARy levels but not early factors, we
sought out to find a more direct link in regulation of the PPARG gene. To do this
we performed ChIP assays where we analyzed the presence of Phfl2 at the
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PPARG promoter. We found that Phf12 was present at the promoter already from
day 0 onwards (Fig. 4). This occupancy increased over the course of adipogenesis,
despite the fact that overall Phf12 protein levels do not change in differentiation
(Fig. 1A). As a control, C/EBPB was used as it is known that this protein is present
at the PPARy promoter in differentiation [21]. These data indicate that Phf12 is
present at the PPARG promoter and may therefore be involved in directly
regulating its mRNA levels.
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Figure 5 ChIP analysis for Phf12 on the PPARG promoter in SGBS cells.

Cells were differentiated and harvested at timepoints. The cells were IP'ed for Phf12 and subjected
for PCR analysis. A region 700 bp upstream of the TSS was amplified, using C/EBPa. as a positive
control.
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Discussion

Using an siRNA-based knockdown screen we identified Phfl2 as an important
regulator of adipogenesis, possibly through its regulation of PPARy expression.
Knockdown of Phfl2 impaired adipogenesis and inhibited expression of PPARy
and PPARy target genes. Moreover, Phfl2 was present at the PPARG promoter,
with increased occupancy in the course of differentiation, indicating that it may
be directly involved in regulating PPARy expression.

So far Phf12 had not been implicated in adipogenesis and little is known
about the role of this protein in other biological systems. Phf12 can bind specific
types of phosphoinoside with its polybasic region, suggesting that Phf12 is
involved in phosphoinositide signalling cascades [22]. Importantly, Phfl2 is mainly
known for its association with different repressor proteins and complexes. It was
shown in 2001 that Phf12 could bind to the TLE corepressor and the Sin3A-histone
deacetylase complex in one system [12]. In this study it became clear that Phf12
would function as a transcriptional repressor when it was targeted to DNA.
Remarkably, the authors reasoned that Phfl2 might interact with other co-
repressors because mutations in the Phfl2 domain binding to Sin3A resulted in
minimal transcriptional impairment. Support for this view came from studies in
Drosophila, where Phf12 was found in a histone chaperone complex that was
involved in the silencing of selective Notch genes in a H3K4 demethylating and H3
deacetylating manner [23]. While the exact role of Phfl12 in this system was not
established, it was shown that Phfl2 was not directly responsible for
demethylation and deacetylation activities. This complex was composed of other
members such as such as Sin3A, EMSY and Mrgl5 that associate with Phfl12 in
other biological systems. In contrast, Jelinic et al. showed that Phf12 was not
binding to Sin3A, but rather to Sin3B [11]. Additionally Sin3B, Phf12, Mrgl5 and
HDAC1 form a complex that can bind to transcriptional active
H3K4me3/H3K36me3 enriched promoters [13]. Upon knockdown of either Sin3B
or Phfl2, transcriptional inhibition of constitutively active genes such as GAPDH
and RPL13a was relieved demonstrating the repressing nature of Phfl2 in this
biological context.

Phf12 is found to be overexpressed in certain types of breast cancer [24].
Interestingly, EMSY, a binding partner of Phfl2 has also been found to be
amplified in certain breast cancer lineages [25]. It is known that BRCA2 mutations
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are often found in inherited ovarian and breast cancer, but this was not the case
in sporadic (i.e. non-herited) breast cancer. It appears that in these types of
cancer, EMSY is overexpressed and this leads to mass inhibition of the
transcriptional activities of BRCA2 via exon 3 [25]. It is not clear whether EMSY
performs this action by itself or in a complex, which would most likely be the case.
Since EMSY (and Phf12) is also associated with HDAC1 and HDAC2, this is probably
via histone deacetylation and possibly via H3K4me3 demethylation [26].
Vermeulen et al. investigated the associated proteins of Gatad1l and found Phf12,
EMSY, Morf4lL1l, Jaridla and Sin3B to be in a complex in Hela cells [26]. It was
revealed that Gatadl localizes to H3K4me3 marks on the chromatin in this
complex. Since Jaridla is a H3K4me3-specific demethylase, this might be an
additional mechanism by which the complex that Phf12 is part of, is capable of
silencing genes.

It seems contradictory that Phf12 is necessary at the PPARy promoter for
its expression since Phfl2 has mainly been linked to transcriptional repression.
This role however might be locus-dependent. Interestingly, in a GAL4 setting using
MRG15 as the repressor, Phfl12 alleviated the repressing effects of MRG15 [12].
This demonstrates that Phfl2 can have both a repressing and anti-repressing
properties, which is also the case for its associated repressor protein EMSY.
Similar to Phf12, EMSY is generally associated with basal promoter suppression
function. Yet RARa activity was enhanced and HoxAl and Sox genes were more
expressed in the presence of EMSY [27]. This suggests that proteins like Phf12 and
EMSY may perform dual and opposing roles, maybe related to the complex in
which they are located. In agreement with this idea was our finding that Phf12
knockdown resulted in the induction of only 3 genes (Fig. 2). Whether Phf12
indeed can positively regulate transcription and whether this is a unique
phenomenon in adipocytes requires further investigation.
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Figure S1 heat map of genes that have been affected by knockdown of Phfl2 only.
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PPARYy regulates Chst11 expression

Abstract

The transcription factor PPARy is the key regulator of adipocyte differentiation,
function and maintenance, and the cellular target of the insulin-sensitizing
thiazolidinediones. Identification and functional characterization of genes
regulated by PPARy will therefore lead to a better understanding of adipocyte
biology and may also contribute to the development of new anti-diabetic drugs.
Here, we report carbohydrate sulfotransferase 11 (Chst11/C4stl) as a novel
PPARy target gene. Chstll can sulphate chondroitin, a major glycosaminoglycan
involved in development and disease. The Chstll gene contains two functional
intronic PPARy binding sites, and is up-regulated at the mRNA and protein level
during 3T3-L1 adipogenesis. Chstll knockdown reduced intracellular lipid
accumulation in mature adipocytes, which is due to a lowered activity of
lipoprotein lipase, which may associate with the adipocyte cell surface through
Chstll-mediated sulfation of chondroitin, rather than impaired adipogenesis.
Besides directly inducing Lpl expression, PPARy may therefore control lipid
accumulation by elevating the levels of Chstl1l-mediated proteoglycan sulfation
and thereby increasing the binding capacity for Lpl on the adipocyte cell surface.
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Introduction

The close connections between obesity and its complications, such as type 2
diabetes and cardiovascular diseases, has firmly established white adipose tissue
as a key regulator of whole body glucose and lipid metabolism [1]. White adipose
tissue mainly regulates metabolism through storage of lipids (as triglycerides) and
the secretion of so-called adipokines, which function in an endocrine or paracrine
fashion. Several independent lines of research have firmly established the
transcription factor peroxisome proliferator activator y (PPARy) as the master
regulator of adipocyte differentiation, maintenance and function. For example, in
vitro differentiation of fibroblasts into mature white adipocytes can be induced by
introduction of PPARy [2]. In addition, this protein directly regulates a large set of
“adipocyte genes” involved in lipid and glucose metabolism [3,4]. Furthermore,
PPARy” mice are severely lipodystrophic, while PPAR y*" mice have reduced
amounts of adipose tissue [5,6,7,8]. PPARy is also essential for the maintenance of
adipose tissue, since conditional knockout of the Pparg gene resulted in reduced
in vivo survival of mature adipocytes [9]. Finally, human Familial partial
lipodystrophy subtype 3 (FPLD3, MIM 604367) patients, harbouring heterozygous
mutations in the PPARG gene, are characterized by aberrant fat distribution and
metabolic disturbances, including insulin resistance and dyslipidaemia [10].

PPARYy activity can be stimulated by thiazolidinediones (TZDs), a class of
anti-diabetic drugs that includes rosiglitazone [11]. Since elevated levels of serum
free fatty acids promote insulin resistance [12], an important potential
mechanism for the beneficial effects of TZDs is therefore the net partitioning of
lipids in adipose tissue. This may partly be explained by the PPARy-mediated
stimulatory effect of TZDs on adipocyte differentiation, resulting in increased lipid
storage capacity in adipose tissue. In addition, PPARy also directly regulates genes
involved in all different aspects of lipid handling, such as lipid uptake (e.g.
lipoprotein lipase (Lpl) [13]), intracellular lipid transport (e.g. fatty acid binding
protein 4 (Fabp4)[14]) and lipid storage (e.g. perilipin [15]), as well as anti-lipolytic
genes (e.g. GPR81 [16]). While PPARYy is clearly a suitable pharmacological target,
TZD use has unfortunately been linked to adverse side effects such as undesired
weight gain, fluid retention, peripheral oedema, and potential increased risk of
cardiac failure [11,17]. Interestingly, recent findings indicate that a more
restricted modulation of PPARy activity may provide a new way of improving
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insulin sensitivity. A clear example of this is the recently identified
phosphorylation site at serine 273 in PPARy. CDK5-mediated phosphorylation of
serine 273 in PPARYy leads to deregulation of a subset of genes whose expression
is altered in obesity including the insulin-sensitizing adipokine, adiponectin [18].
Interestingly, S273 phosphorylation is blocked in vivo and in vitro by TZDs, but also
by certain antidiabetic drugs that are weak PPARy agonists or non-agonists
[18,19]. These findings indicate that a comprehensive view on the mechanisms
regulating PPARy activity as well as its downstream target genes is required to
develop the next generation of PPARy-based antidiabetic drugs.

In the past few years, several genome wide PPARy binding profiles have
been generated in adipocytes, using either ChIP-ChIP [4,20,21], ChlPseq [3,22]} or
ChIP-PET technology [23]. These global approaches have provided important new
concepts, like the extensive crosstalk between PPARy and C/EBPa as deduced
from the overlap in their cistromes [3,4]. The binding profiles have also given
important information on the single gene level, i.e. the identification of novel
PPARy target genes involved in lipid and glucose metabolism (e.g. Agpat2 and
Hk2, respectively; [3]). Furthermore, genome wide binding profiles have helped to
elucidate complex gene regulatory mechanisms, as exemplified by the genomic
GPR81-GPR109A and UCP3-UCP2 regions, where single PPREs regulate multiple
genes [16,24].

Using the PPARy-RXR ChlPseq profile by Nielsen et al. [3] as a starting
point, we identified the mouse chrondroitin-4-sulfotransferase 1 gene
(C4ST1/Chst11) as a novel target of PPARy. Chst11 is a Golgi-bound enzyme that
catalyses the transfer of sulphate groups to the 4-O position of chondroitin
sulphate (CS) and dermatan sulphate (DS). Membrane-bound sulphated
proteoglycans are necessary for lipid accumulation in adipocytes, possibly
because of their ability to interact with lipases like Lpl [25,26]. We found Chst11
mRNA and protein expression to be upregulated by PPARy during 3T3-L1
adipogenesis and identified two functional intronic PPARy binding sites in the
Chst11 gene. In common with disruption of Lpl function [27], siRNA-mediated
knock down of Chstll resulted in reduced intracellular lipid accumulation in
mature 3T3-L1 adipocytes. This effect is probably not due to inhibition of
adipogenesis, as the expression of typical adipogenic genes such as C/EBPa,
Fabp4, Lpl and adiponectin (Adipoq) was unaffected. Rather, knockdown of
Chst11 inhibited the activity of Lpl. These findings suggest that PPARy may
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regulate Lpl-mediated lipid accumulation by two different mechanisms: it
increases Lpl transcription directly [13], but can also indirectly regulate activity of
the Lpl protein by elevating Chst11 expression and thereby increasing the number
of docking sites for Lpl on the adipocyte cell surface.
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Materials & Methods

Materials - Rosiglitazone and GW9662 were purchased from Alexis Biochemicals
and Cayman Chemical, respectively. Heparin was purchased from LEO Pharma.
Oil-red-o, dexamethasone and IBMX were from Sigma Aldrich. The Lpl activity kit
was from Roar Biomedical. Anti-PPARy (sc-7196) from Santa Cruz Biotechnology
was used for ChIP assays. Anti-PPARy (sc-7273) antibody from Santa Cruz
Biotechnology and anti-Chstll (ab57225) antibody from Abcam were used for
immunofluorescence.

Plasmids - The regions surrounding peak 1 and 2 in the intron of the Chst11 gene
were subcloned using the following primers. Peak 1, forward: 5’'-
CGGGGTACCCCGTGAAGACTAAGATAACATAG-3’ and reverse: 5-
CCGCTCGAGCGGACACACACACACATTCAGCTC-3’; Peak 2, forward: 5-
CGGGGTACCCCG TTCCCGCTCTGGGAAAAAAAG-3’ and reverse: 5’-
CCGCTCGAGCGGGACCTGGTCTTCCCTGTCTTGATG-3'. The products were cut with
Kpnl and Xhol and ligated into the TK-Pgl3 vector [28]. All other plasmids have
been described before [29,30].

Cell culture, differentiation and reporter assays - The human osteosarcoma cell
line U20S (ATCC, Manassas, VA) was maintained in DMEM Glutamax (Dulbecco)
containing 10% foetal calf serum (Life Technologies, Inc., Rockville, MD), penicillin
and streptomycin (both 100 pg/ml; Life Technologies). The murine 3T3-L1 cell line
(ATCC, Manassas, VA) was cultured in the same media but with 10% bovine serum
(Life Technologies) and penicillin and streptomycin (both 100ug/ml; Life
Technologies). For differentiation, 3T3-L1 cells were grown to confluence and
after 2 days incubated with culture medium containing dexamethasone (250 nM),
3-isobutyl-1-methylxanthine (500 uM) and insulin (170 nM) for 2 days. On day 3,
medium was changed for culture medium supplemented with insulin (170 nM)
and left for a week. Subsequently, cells were stained with Qil-red-0, or lysed and
subjected to Western blot analysis as described before at day 5 after
differentiation [16,29,30]. For Western blot analyses, differentiated 3T3-L1 cells
were lysed in RIPA lysis buffer (200 mm Tris-HCI, pH 8.0; 0,1% SDS, 1% Triton X-
100; 10 mm EDTA; 150 mm NaCl; 1% sodium deoxycholate containing protease
inhibitors). Cell lysates were subjected to SDS-PAGE, and transferred to
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Immobilon membranes (Millipore). ECL Plus (PerkinElmer Life Sciences) was used
for detection on an ImageQuant LAS 4000 (GE Lifesciences).

Reporter assays were performed essentially as described before [29,30]. In short,
cells were transfected in 24-well plates with 1ug reporter plasmid, 10ng PPARy
expression construct, and 2ng pCMV-Renilla reporter plasmid (Promega). The next
day, cells were washed twice with PBS and subsequently maintained in medium in
absence or presence of rosiglitazone for 24 h. After incubation, cells were washed
twice with PBS and harvested in passive lysisbuffer (Promega) and assayed for
luciferase activity according to the manufacturer’s protocol (Promega Dual-
Luciferase Reporter Assay System) and for Renilla luciferase activity to correct for
transfection efficiency. The relative light units were measured by a CentrolLB 960
luminometer (Berthold Technologies, Bad Wildbad, Germany).

Chromatin immunoprecipitation (ChIP) - Chromatin immunoprecipitation (ChIP)
was performed exactly as decribed before_[30]. Quantitative PCR was performed
with primers against mouse Fabp4 PPRE (5'-GAGAGCAAATGGAGTTCCCAGA-3’; 5'-
TTGGGCTGTGACACTTCCAC-3’), Chstll peak 1 (5-ACAGGCTTGCTTTGGCAC-3'; 5'-
ACACTCACTACTCACAATCTGT-3'), Chstll peak 2 (5-CTCATCCAACCTGGGTTTTGG-
3’; 5'-GAGTTCCTAGACTTGAAGAACTATG-3') and the mouse beta globin gene as
control (5'-CCTGCCCTCTCTATCCTGTG-3’; 5'- GCAAATGTGTTGCCAAAAAG-3').

SiRNA transfection - 3T3-L1 cells were transfected with siRNA oligonucleotides as
described before [30] using Lipofectamine RNAiMax (Invitrogen) according to the
manufacturer’s protocol. The siRNA oligonucleotides used were siControl (D-
001810-10-20, Dharmacon), siPPARy (L-040712-00-0010, Dharmacon), siChst11 (J-
040396-11-0020, Dharmacon), siLpl (L-042649-01-0005, Dharmacon).

RNA isolation and QPCR - 3T3-L1 fibroblasts were differentiated as described
above. Four independent samples of total RNA were extracted at different time
points using TRIzol reagent (Invitrogen). cDNA was synthesized using the
superscript first strand synthesis system (Invitrogen) according to manufacturer's
protocol. Gene expression levels were determined by quantitative real time PCR
with the Mylq cycler (Bio-Rad) using SYBR-green (Bio-Rad) and normalized to TFIib
expression.
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The primers used were as follows: murine TFllb forward primer, 5'-
TCCTCCTCAGACCGCTTTT-3’, and reverse primer, 5-CCTGGTTCATCATCGCTAATC-
3’; murine PPARy forward primer, 5- CGCTGATGCACTGCCTATGA-3’ and reverse
primer, 5’-AGAGGTCCACAGAGCTGATTCC-3’; murine Chstll forward primer, 5’-
GTCCCCTGCAGGAGCTCTA-3’, and reverse primer, 5’-CTCATCTGGTGCAGGATGG-3’;
murine Fapb4 forward primer, 5-CGCAGACGACAGGAAGGT-3/, and reverse
primer, 5'-TTCCATCCCACTTCTGCAC-3’; murine Adipoq forward primer, 5’-
GGAACTTGTGCAGGTTGGAT-3’, and reverse primer, 5'- TCTCCAGGCTCTCCTTTCCT-
3’; murine Lpl forward primer, 5'- TTTGTGAAATGCCATGACAAG-3’ and reverse
primer, 5’- TCAAACACCCAAACAAGGGTA-3’; murine C/EBPa forward primer, 5'-
AAACAACGCAACGTGGAGA-3’ and reverse primer, 5'-GCGGTCATTGTCACTGGTC-3'.

Immunofluorescence - For immunofluorescence staining, 3T3-L1 cells were plated
on glass coverslips and differentiated for 5 days. Subsequently, cells were fixed
with 4% paraformaldehyde (20’, RT) and permeabilized in PBS supplemented with
0.2% Triton for 5 minutes. After 30’ incubation in blocking buffer (2% BSA in PBS),
cells were stained with primary antibodies for 2h at room temperature, and then
incubated with secondary fluorochrome-conjugated antibodies. After several
washes, coverslips were incubated Nile-Red and Hoechst, washed with PBS,
mounted in Mowiol and analysed with an LSM710 Met confocal microscope (Carl
Zeiss, Jena, Germany).

Lpl activity assays - Lpl activity was measured according to the manufacturers
instructions. In short, cells were grown and differentiated in 6-well plates. Media
were removed and cells were incubated with 50 units of heparin in 500ul of PBS
(30’, 37° C). Supernatants were collected and debris was removed by
centrifugation (12.000 rpm, 10’). Supernatants (25 ul) were incubated with assay
buffer mix (175 ul) for 45’ and analysed on a Victor3 (Perkin Elmer) at
wavelengths 355/460.
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Results

Chst11 is a novel PPARy target gene
To identify novel PPARy target genes we thoroughly analysed ChIPseq data
generated by Nielsen et al. [3]. We focused on loci that displayed PPARy/RXRa
binding at day 6 with little or no binding of these transcription factors at day 0 of
3T3-L1 adipogenesis. Using these criteria we identified the carbohydrate
sulfotransferase 11 Chst11, also known as C4stl, as a potential direct PPARy
target gene. Chstll can sulphate chondroitin sulphate-proteoglycans (CSPG),
which plays an important role in development and disease ([31,32]; see also
Discussion). Two intronic binding sites for PPARy were observed on day 2 of
adipogenesis, with increased binding during later stages of adipogenesis (day 4
and 6; Fig. 1A). These binding sites were also present in the binding profiles of
RXRa, which is required for PPARy to bind to DNA. Please note that these sites do
not overlap with the regulatory elements previously identified in the Chst11 locus,
some of which confer regulation by TGFB [33].

The recruitment of PPARy to the two intronic binding sites in the Chst11
gene in mature adipocytes (day 6) was confirmed by ChIP-PCR (Fig. 1B). As a
positive control the well-characterized PPARy/RXRa enhancer bindingsite in the
Fabp4 gene was used. In addition, the recruitment in preadipocytes (day 0), in
which PPARy expression is low, was negligible and PPARy was not detected on an
arbitrary region of the beta-globin gene, which served as a negative control (Fig.
1B). Having established that PPARYy is recruited to site 1 and 2 upon differentiation
(Fig. 1A and B), we wished to investigate whether these intronic binding sites
could act as functional enhancers. Therefore, both regions were cloned in a
promoter-containing reporter plasmid (TK-pGL3). The activity of these reporters
was determined in human osteosarcoma (U20S) cells, which express negligible
levels of endogenous PPARy protein, but display a robust response upon
overexpression of the protein [29]. As shown in Figure 1C and D, transfection of
cells with an expression vector encoding PPARy2 activated the reporter genes
containing PPARy/RXRa binding sites of the Chstll gene compared to empty
vector control (pCDNA), most markedly for binding site 1. Activation of PPARy by
the synthetic ligand rosiglitazone further enhanced the PPARy-mediated
activation of both reporters (Fig. 1C and D), indicating that the two intronic
PPARy/RXRa binding sites in the Chst11 gene can act as functional enhancers.
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Figure 1: Chst11 is a novel PPARy target gene (A) Chip-Seq data of PPARy and RXRa occupancy on
the Chst11 gene according to Nielssen et al. [3]. UCSC Genome Browser tracks at day 0, 1,2 4 and 6
of differentiation are shown. Please note differences in y-axes. Two intronic PPARy-RXRa binding
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sites were designated site 1 and 2. (B) ChIP-PCR on 3T3-L1 preadipocytes and adipocytes. Chromatin
was prepared on day 0 and day 6 of differentiation and subjected to immunoprecipitation using
antibodies against PPARy. Enriched DNA was analysed using quantitative PCR with primers located
at site 1 and 2 in the Chstl1 gene (dark gray and blacks bars, respectively). As a positive control,
primers located at the Fabp4 PPREs (~5500 bp from transcription start site; light gray bars) were
used, primers located in the globin locus were used as a negative control (white bars). Results are
shown relative to normalized ChIP recovery data of day 0 and results are representative of at least 3
independent experiments. (C and D) U20S cells were cotransfected with a reporter construct
(TKpGL3) containing Chst11 site 1 or site 2 sequences, or the parental reporter construct, together
with empty (pCDNA) or PPARy encoding expression vectors. Activation of the luciferase reporter in
the absence or presence of 1uM rosiglitazone is expressed as fold induction over that with empty
reporter cotransfected with pCDNA in the absence of rosiglitazone after normalisation for Renilla
luciferase activity. The error bars display SEM and significance is shown by the asterisks (p<0.05),
n=3 (E) Chst11 mRNA expression in 3T3-L1 adipocytes that had been treated with control or PPARy
siRNA from the start of differentiation and analyzed at day 5. Relative mRNA expression levels were
related to control siRNA treated cells and normalized for the TFllb reference gene. The error bars
display SEM and significance is shown by the asterisks (p<0.05), n=3 (F) Chst11 mRNA expression in
3T3-L1 adipocytes and the effect of rosiglitazone treatment (1uM, 24h). Relative mRNA expression
levels were normalized for the TFllb reference gene. (G) As in panel F, but after treatment with the
PPARy antagonist GW9662 (10 uM, 24h).

To corroborate these findings, we investigated whether modulation of
endogenous PPARy protein affected Chstll expression. First, siRNA-mediated
knock down of PPARy was performed. PPARy knock down resulted in a significant
reduction of Chstll mRNA expression in mature adipocytes (Fig. 1E).
Furthermore, treatment of mature adipocytes with the PPARy agonist
rosiglitazone resulted in increased Chstl1 levels (Fig. 1F), while incubation with
the antagonist GW9662 lowered Chstll expression (Fig. 1G). Taken together,
these data classify Chst11 as a novel direct PPARy target gene.

Chst11 is expressed in mature adipocytes

Next, we examined Chst11l mRNA and protein expression in adipogenesis. Using
guantitative RT-PCR, Chstll mRNA levels were found to increase 8 fold and
reached its climax at day 2 of differentiation after which the levels were stable
(Fig. 2A). As a control, expression of PPARy was analysed, which increased steadily
over the course of differentiation (Fig. 2B). To investigate Chstll protein
expression and localization, immunofluorescent staining of Chstl1l was combined
with fluorescent staining for intracellular lipid droplets (Nile red) to mark
differentiated cells. As shown in Fig. 2C, mature adipocytes (Nile Red positive) also
stained positive for Chstll protein, while Chstll could not be detected in
preadipocytes (Nile Red negative). Chstll displayed cytoplasmic localization in
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mature adipocytes, in agreement with other cell types [31]. In summary, these
data indicate that Chst11 is induced during adipogenesis, both at the mRNA and
protein level.
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Figure 2: Chstl11 is expressed in mature 3T3-L1 adipocytes (A) and (B): mRNA expression profiles of
Chst11 and PPARy in adipogenesis of 3T3-L1 cells during different days. Data are represented as
described in Figure 1E. (C) Representative confocal microscopy images of 3T3-L1 (pre)adipocytes.
Endogenous Chstll (red) was visualized utilizing specific antibodies, differentiated cells were
identified with Nile Red (green), Hoechst was used to visualize the nuclei (blue).
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Knockdown of Chst11 leads to decreased intracellular lipid accumulation, but not
adipogenesis

Having established that PPARy regulates Chst11 levels (Fig. 1) and that Chst11 is
expressed on the mRNA and protein level in mature adipocytes (Fig. 2), we wished
to investigate the role of Chstl1l in adipocytes. To address this, siRNA-mediated
knockdown was performed in 3T3-L1 cells, and cells were subsequently subjected
to adipogenic culture conditions. siRNA-mediated knockdown reduced Chstl11l
MmRNA and protein (Fig 3A). Chstll knock down led to decreased lipid
accumulation, as assessed by OQil-red-O staining of intracellular lipids, a
phenomenon also observed upon Lpl knock down (Fig. 3B) [27]. Reduced lipid
staining may be the result of reduced adipogenesis or only reduced lipid
accumulation. To distinguish between these possibilities the effect of Chstll
knock down on the expression of C/EBPa and PPARy, two key regulators of
adipogenesis, was examined. Only marginal differences were observed between
cells that had been treated with Chstll siRNA oligonucleotides or scrambled
siRNA oligonucleotides (Fig 3C). PPARy protein levels were also not affected
dramatically by Chstll knockdown. Expression of the genes encoding Lpl,
adiponectin (Adipoq) and FABP4, which are all up-regulated in adipogenesis, was
also unaffected by Chstll knock down. Knock down of PPARy, which has
repeatedly been reported to block adipogenesis (e.g. [8] [34]), however
significantly inhibited the expression of all these genes. These findings therefore
indicate that Chstll specifically regulates lipid accumulation rather than
adipogenesis.

Figure 3: Knockdown of Chst11 leads to decreased lipid accumulation but not adipogenesis

(A) 3T3-L1 cells were treated with siRNA oligonucleotides targeting Chst11 or control (scrambled)
oligonucleotides and Chst1l mRNA and protein expression levels were determined at day 5 after
differentiation by gqPCR (upper panel) and Western blotting (lower panel), respectively. The error
bars display SEM and significance is shown by the asterisks (p<0.05), n=3 (B) 3T3-L1 cells were
treated with siRNA oligonucleotides targeting PPARy, Chstll, Lpl, or control (scrambled)
oligonucleotides, fixed and stained for lipid accumulation using Oil-red-O. Pictures are
representative of 3 independent experiments. (C) 3T3-L1 cells were treated with siRNA
oligonucleotides targeting Chst1l, PPARy or control (scrambled) oligonucleotides and mRNA
expression levels of PPARy, C/EBPa, Lpl, adiponectin (adipoq) and Fabp4 were determined after 5
days of differentiation. Relative mRNA expression levels were related to control siRNA treated cells
and normalized for the TFllb reference gene. Samples were also generated for a western blot in
which PPARy expression was shown upon Chst11 and PPARy knockdown. The error bars display SEM
and significance is shown by the asterisks (p<0.05), n=3.
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Knockdown of Chst11 leads to decreased Lpl activity

Since Chst11 knock down reduced lipid accumulation (Fig. 3B) and given that Lpl
is required for lipid accumulation in 3T3-L1 adipocytes (Fig. 3B) [27] we
hypothesized that Chstl1 activity may regulate Lpl activity in mature adipocytes.
In favour of this hypothesis is the finding that Lpl requires a stable negatively
charged docking site on HSPGs for binding to the cell surface of endothelial cells
[35], which can be provided by Chstl1l-mediated sulfation of CS in adipocytes. To
test this possibility, 3T3-L1 cells were differentiated and subjected to scrambled,
PPARy and Chstll siRNA-mediated knock down, after which Lpl was released
from the adipocyte cell surface by heparin treatment [36], and enzymatic activity
was determined as a measure for cell-surface-associated Lpl. Upon knock down of
Chst11 a significant reduction in Lpl activity was observed (Fig. 4; p<0.05). As a
control, knock down of PPARy, which regulates the expression of both Chstl1
(current study) and Lpl [13], was performed. As expected, reduced PPARy
expression also resulted in impaired Lpl activity (Fig. 4). These data support a
model in which PPARy regulates Chstll expression, leading to increased
sulphated CS chains which can then form docking sites for Lpl, ultimately
contributing to lipid accumulation in mature adipocytes.

Lpl activity (A.U.)

siControl siPPARy siChst11
Figure 4: Knockdown of Chst11 leads to decreased Lpl activity
3T3-L1 cells were treated with siRNA oligonucleotides targeting Chstll, PPARy or control
(scrambled) oligonucleotides and Lpl activity was analysed. The error bars display SEM and
significance is shown by the asterisks (p<0.05), n=3
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Discussion

Multiple extracellular signalling pathways have been implicated in adipogenesis,
ultimately leading to upregulation of the transcription factor PPARy, the master
regulator of adipogenesis [37]. PPARy directly regulates the expression of genes
involved in various aspects of lipid handling, including Lpl [38]. Here we have
identified the enzyme Chst11, which harbours sulfotransferase activity, as a novel
PPARy target gene. Knockdown of Chstll does not affect the adipogenic gene
program, but rather inhibits lipid accumulation, possibly through inhibition of the
cell surface binding of Lpl. These findings suggest that the central role of PPARYy in
lipid metabolism in adipocytes extends beyond the regulation of genes directly
involved in lipid handling, and includes genes like Chstll, which play a more
indirect role. Chstll can sulphate the 4-O position of GalNac residues in
chondroitin sulphate (CS), one of the major classes of glycosaminoglycans (GAG)
[39,40]. GAGs are sulphated repeating disaccharide units, which together with
core proteins can form proteoglycans like heparan- and chondroitin sulphate
proteoglycan (HSPG/CSPG), and function in cell-cell communication, adhesion,
and protein presentation [41]. In addition, CSPG/HSPG are necessary for lipid
accumulation in adipocytes [25]. Sulfation of GAGs by sulfotranferases like Chst11
adds negative charge to proteoglycans, which is important for interactions with
various other proteins like growth factors, apolipoproteins, extracellular matrix,
and plasma proteins [41]. Importantly, sulphated and thus negatively charged
HSPG can function as a docking site for Lpl in endothelial cells [35,42].
Furthermore, macrophages produce an oversulfated CSPG that can also bind Lpl
[43], and CSPG is the dominant proteoglycan on the adipocyte cell surface [25,44].
When combined with our current data, these findings suggest that the main role
of Chstll in adipocytes may be to increase the amount of sulphated, negatively
charged CS chains that could then act as binding sites for Lpl activity on the
adipocyte cell surface. Additional experiments are required to establish the
sulphation status of CSPG, and its role in Lpl binding in adipocytes.

Lpl is best known for its role in endothelium, where secreted Lpl travels
through the capillary walls towards the luminal space of the endothelium, and
binds to the proteoglycans that are anchored into vascular endothelial cells
[42,45,46,47]. The transport of Lpl from adipocytes and myocytes, which produce
high Lpl levels, to the capillary walls has just recently been unravelled. The
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GPIHBP1 protein, which is present on both apical and basolateral surface of
endothelial cells, is capable of transporting Lpl from basolateral to the apical
surface of the cells [48]. At the luminal side, Lpl can help to cleave lipids off
chylomicrons and VLDL particles, so that the fatty acids can enter through the
capillaries towards the adipocytes where it can be stored. Lpl molecules that are
internalized by endothelial cells are recycled back to the cell surface [26].
Although Lpl binds to the surface of adipocytes with 5-10 fold higher efficiency
compared to endothelial cells [49], its role in adipocytes is less well-defined.
Multiple studies have provided evidence that lipolysis of lipoproteins at the
endothelium by Lpl can loosen the junctions between endothelial cells so that
large lipid enriched lipoproteins can pass through them [45,50,51]. In this event,
Lpl should also be present at the cell surface of adipocytes to deplete the
lipoproteins of their lipids. Surface-bound Lpl activity, which may be positively
regulated by sulfotransferases like Chst11, can therefore be regarded as a back-up
system for efficient take-up of lipids from lipoproteins. As genetic inactivation of
Chst11 is associated with severe developmental abnormalities [31], adipose
tissue-specific Chst11 knock-out mice will need to be generated to establish the
precise role for Chst11 in lipid accumulation in adipocytes in vivo.
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PPARy based interventions

In this thesis we have investigated different aspects of the function of PPARy in
adipogenesis. PPARYy is a central player in adipogenesis as we have discussed in
Chapter 1. In the past, PPARy ligands were used in the clinic for treatment of
T2DM. The mechanism of action revolves around the so called “lipid steal”
hypothesis. T2DM is associated with increased levels of TG and FFA in the plasma
consequently leading to deposition of lipids in tissues other than AT such as liver
and skeletal muscle. The storage of lipids in muscle is associated with insulin
resistance and lowers systemic glucose disposal. Activation of PPARy and its target
genes would lead to higher fat-storage capacity of adipose tissue, so the plasma
FFA would decrease and sequestered away from tissues in which TG accumulation
would cause insulin resistance [1]. Importantly, this is not the only cause of insulin
resistance. Lipid overload in AT itself leads to an altered profile of AT-resident
immune cells -e.g. macrophage infiltration and skewing towards a pro-
inflammatory M1 phenotype- which results in a pro-inflammatory cytokine profile
[2]. Crosstalk between immune cells and adipocytes also alters the secretome of
the adipocytes leading to lower amounts of adiponectin among others, which has
deleterious effects on the metabolic homeostasis and insulin resistance.
Activation of PPARy can counteract many of these phenomena as it results in
increased adipogenesis, it endows adipocytes with lipid loading capacities and it is
responsible for the expression of adipokines such as adiponectin and chemerin.
However, while indeed being effective in patients with metabolic disorders,
PPARy has lost as a lot of its attractiveness as a drug target in recent years. The
reason for this is that serious life-threatening side effects occur when full agonists
of PPARy such as TZDs are used. Since PPARy1 is expressed in many tissues, side
effects may occur in various tissues through this receptor instead of solely
through PPARy2 in adipose tissue. TZD-associated side effects include increased
risk of congestive heart failure, myocardial infarction, cardiovascular disease,
bladder cancer, weight gain, fluid retention, bone fractures and edema [3,4,5].
There are some side effects that are shared by all TZDs, including weight gain,
fluid retention, bone fractures and oedema [4]. However, rosiglitazone increases
the risk of congestive heart failure, myocardial infarction, cardiovascular disease
and all-cause mortality [3], while pioglitazone, another full agonist, does not share
the cardiovascular risks of rosiglitazone. However, pioglitazone has been linked
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with congestive heart failure and bladder cancer [3]. The mechanisms behind the
different and overlapping effects of these compounds is not completely
understood (Table 1).

Some of the side effects can be explained through our current knowledge
on the role of PPARy in cellular functions and in whole body physiology. For
example, weight gain can be explained by the fact that PPARYy is activated leading
to increased adipocyte differentiation [1]. The increase in bone fractures is most
likely due to a simultaneous increase in osteoclast differentiation and decrease in
osteoblast differentiation [4]. Some side effects seem to be connected to one
another. For example, it is thought that the negative impact of TZDs on the heart
is an indirect effect mainly caused by fluid retention in the kidney rather than a
direct activation of heart endogenous PPARYy [3]. Still, explaining this side effect is
complex since increased PPARy expression in the heart has been observed in
patients with metabolic syndrome [3].

While full PPARy agonists may thereby not be the best way to fight
metabolic diseases, studies with TZDs have clearly indicated that i) insulin
resistance can be ameliorated by improving adipose tissue function, ii) activation
of the PPARy pathway results in improved adipose tissue function. This makes
PPARYy still an interesting drug target, but partial agonists that have a weaker,
subtler effect in specific tissues, may be a better way to treat T2DM patients [6].
Alternatively, one could think of modulating the PPARy pathway on different
levels, including 1) PPARG gene regulation, 2) post translational modifications of
PPARy, which can for example affect PPARy activity or protein turnover, 3) direct
regulation of specific PPARy target genes (Figure 1). In addition, while studies
have mainly focused on the function and therapeutic effects of PPARy in WAT, it
should be noted that this transcription factor is also required for the formation of
BAT. This is of special interest as recent studies indicate that the formation of BAT
will have positive effects for metabolic health [7]. Importantly, many of these
features are inherently connected to each other. These aspects will be discussed
below based on the findings presented in this thesis, with the aim to highlight
different possibilities of PPARy-based intervention strategies.
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Figure 1 Schematic representation of different levels of therapeutic intervention in the PPARy
pathway. Indicated are 1) PPARG gene regulation, 2) post translational modifications of PPARYy,
which can for example affect PPARy activity or protein turnover, 3) direct regulation of specific
PPARYy target genes.

Regulation of PPARG expression

Regulation of the PPARG gene itself in specific tissues can in principle be an
effective method to treat metabolic disorders. A number of transcription factors
have been implicated in the regulation of the PPARG gene including SREBP1c [8],
C/EBPa [9,10], STATS5 [11] and Zfp423 [12]. It should be noted that direct binding
to the PPARG locus has not been formally proven for all factors (e.g Zfp423). More
importantly, these transcription factors all play multiple roles in various different
biological processes: SREBP1c for example is a key regulator of cholesterol
biosynthesis and uptake and synthesis of fatty acids [13], while C/EBPa is not only
a key factor in adipogenesis but also in hematopoiesis [14]. Their complex roles in
multiple biological processes makes the transcription factors that regulate PPARG
expression unattractive drug targets.
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Besides transcription factors that bind directly to the DNA in the PPARG
locus, a number of non-DNA binding proteins have been identified as regulators of
PPARG expression, including PTIP [15]. PTIP is a component of a histone
methyltransferase (HMT) complex that contains two H3K4 methyltransferases
(MLL3 and -4) and one H3K27 demethylase (UTX) [16,17,18]. Since both
methylation of H3K4 and demethylation of H3K27 associate with gene activation,
this complex is probably involved in gene activation. Deletion of PTIP impairs the
enrichment of H3K4 methylation and RNA polymerase Il on the promotors of
PPARy and also C/EBPa, resulting in impaired adipogenesis in MEFs [15].
Furthermore, in Chapters 2 and 3 we show that Baf57, which is part of the
SWI/SNF chromatin remodeling complex, and Phfl12 (also called Pf1), which is
implicated in HDAC-mediated gene repression [19], are able to regulate PPARy
expression. As the PTIP-, Baf57- and Phfl2-containing complexes all harbor
enzymatic activities, pharmacological manipulation is in principle feasible as a
means to increase PPARG expression. However, the biological role of these 3
complexes is obviously not limited to the regulation of PPARG expression, and
altering their activities will result in many undesirable effects. Taken together,
both transcription factors (e.g. SREBP1c, C/EBPa, STATS5, Zfp423) and
transcriptional coregulators (e.g. PTIP, Baf57, Phfl2) that have currently been
implicated in the regulation of PPARG expression are unattractive drug targets,
given the plethora of biological processes in which they function. Strategies to
increase PPARG expression as a means to fight metabolic diseases may only
become interesting again when very specific regulators of PPARG expression are
identified.

Modulation of PPARy PTM

In this thesis we have shown that PPARy activity can be modulated on different
levels. In general, the activity of a given transcription factor may differ between
cell types and tissues through PTMs that can for example affect the stability of the
protein, change its subcellular localization or alter its affinity for specific
transcriptional co-activators or co-repressors. Differences in the expression
and/or activity of the enzymes responsible for the PTM, including kinases,
phosphatases, (de)acetyltransferases and E3-ligases, can therefore be responsible
for the net transcriptional output of a given transcription factor. Interfering with
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the PTM pathways may therefore present a way to subtly modulate PPARy activity
in the target tissue(s) while undesired effects can be minimized [20].

The effect of PTMs on PPARy was already evident in 1998, when Shao et
al. demonstrated that overexpression of the PPARy S112A mutant, which can no
longer be phosphorylated on residue serine 112, in pre-adipocytes induced
spontaneous differentiation in the absence of any ligand [21]. In that same set of
experiments the PPARy S112D mutant, which mimicks PPARy phosphorylated on
S112, displayed less adipogenic capabilities compared to wild-type PPARy.
Surprisingly, while these data suggest that S112 phosphorylation impairs PPARy
activity, other reports suggest a stimulatory effect (reviewed in [20]). Multiple
kinases for S112 phosphorylation have been identified, and the kinase involved
plus the cellular background may determine the net outcome of S$112
phosphorylation [20]). Targeting S112 kinases is therefore currently a difficult
strategy to modulate PPARy activity. Recently two new players have been
identified that are linked to S112 phoshorylation, the phosphatase PPM1B and the
circadian protein PER2.

Serine 112 phosphorylation and PPM1B

In chapter 2 we showed that PPM1B, a phosphatase of PPARYy, is able to stimulate
PPARy activity by dephosphorylating serine 112. Interestingly, loss of PPM1B
abbrogated mRNA transcription of specific PPARy target genes such as
adiponectin, Ipl and lipin but not cd36. Stimulation of PPM1B activity might
therefore ameliorate certain aspects of the metabolic syndrome. Especially since
the effect of PPM1B is quite subtle and selective, side effects might be limited.
The catalytic activity of PPM1B can be induced by unsaturated fatty acids [22,23],
but at the moment no small molecule agonist for PPM1B has been identified.
However, synthetic inhibitors for PPM1D, a member of the same family as PPM1B,
have been developed and can be used to slow down growth of breast cancer cells
and reduce tumour growth in mice [24]. Furthermore, diabetic rats treated with
d-chiro-inositol-galactosamine, an allosteric activator of PPMI1A, displayed
improved insulin signaling and decreased blood sugar levels [24]. More recently
another study showed that activation of PPM1A by a chemical compound in rats
prevented liver fibrosis [25]. Together these findings suggest that, like PPM1A and
PPM1D, the phosphatase PPM1B can in principle be targeted by a small molecule

132



General Discussion

activator. As soon as one is available, it would be interesting to see the effect of
PPM1B agonists on PPARYy activity both in vitro and in vivo.

It should be noted that besides PPARy, PPM1B can also dephosphorylate a
number of other proteins, including Cdk9, TAK1, IKKB, cdk2, cdké ([26] and
references therein). In a complex with Gas41, PPM1B is also able to stabilize p53
by dephosphorylation [27]. While this raises a potential problem of specificity
when considering PPM1B as a potential drug target, it may also be an advantage.
Interestingly, TAK1 is part of a complex that is downstream of IL-1 and TNFa
signaling which subsequently leads to NFkB-mediated suppression of PPARy
activation. This pathway occurs in pluripotent mescenchymal stem cells and
favours the formation of osteoblasts rather than adipocytes [28]. In line with the
PPARy-activating property of PPM1B, this phosphatase is known to
dephosphorylate and thereby inhibit TAK1, thereby possibly inhibiting its PPARy
suppressive action. While it remains to be investigated whether the same
pathway is operational in adipocytes, PPM1B-mediated inhibition of TAK1 may
also help to maintain high PPARy activity in these cells. In addition, IKKB, an
activator of NFkB, is also a target of PPM1B [29]. NFkB inhibits PPARy expression
and it was found that IKKB inhibitors blocked TNFa mediated downregulation of
adiponectin secretion while increasing the phosphorylation of AKT necessary for
insulin signaling [30]. It was shown in HEK293T cells that PPM1B and PPM1A were
capable of dephosphorylating IKKB, leading to an abbrogation of TNFa-induced
IKKB-NFkB activation [29]. In adipocytes PPM1B could clearly favour PPARy
expression and activation in this manner, but no research has been done on the
inhibiting activities of PPM1B in the TNFa/IKKPB signaling pathways in these cells
so far. Based on the role of PPM1B in the NFkB inflammatory pathway, activating
this phosphatase by means of a small molecule drug may not only ameliorate
insulin resistance by modulating PPARy activity, but may also lower the
inflammatory pathways in adipose tissue that result from TNFa/NFkB signaling.

Serine 112 phosphorylation and PER2

The PER2 gene is a member of the Period family of genes and is expressed in a
circadian pattern in several cell types, including adipocytes [31]. PER2 inhibits
PPARy through blocking of PPARy recruitment to target promoters [32]. This
inhibitory action of PER2 depeends on S112 phosphorylation, but PER2 does not
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directly affect the phosphorylated status of PPARy. Importantly, PER2-mediated
inhibition of PPARYy activity is at least partly tissue specific: PER2 deletion induces
expression of BAT-specific genes in WAT, but not in WAT or the liver. Moreover,
PER2-/- mice display an altered lipid profile and increased oxidative capacity in
WAT. Presumably the phosphorylated state of PPARy is at the base of these
differences since PPARYy is less phosphorylated in BAT [32]. It is unclear if and how
the inhibitory action of PER2 is related to the sumoylation of lysine 107, which is
also controlled by serine 112 phosphorylation and associated with reduced PPARy
activity (reviewed in [20]).

Serine 273 phosphorylation, Cdk5 and PPARy ligands

Recently, a second phosphorylation site on PPARy was identified, serine 273,
which can be phosphorylated by CDK5. Serine 273 phosphorylation by CDK5
dysregulated expression of a selective subset of PPARy genes, which included
adipsin and adiponectin, but not LPL, FABP4 or Glut4 [33,34]. While both HFD and
TNFa can activate CDK5, which leads to increased S273 phosphorylation,
rosiglitazone treatment leads to decreased S273 phosphorylation,

and increased transcriptional activity [33,34].
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Interestingly, MRL24, a weak PPARy agonist with little adipogenic potential, was
able to block S273 phosphorylation as efficiently as rosiglitazone, and selectively
induce increased adipsin and adiponectin expression. The mechanisms underlying
this specificity in target gene regulation remain unclear at this moment. Most
likely, the phosphorylation at serine 273 together with other PTMs is associated
with different co-activators and repressors. Interestingly, mice with an adipose
tissue specific deletion of NCoR have enhanced PPARy activity and insulin
sensitivity. The authors state that NCoR enhances the ability of PPARy to associate
with CDK5 [35]. Adipose specific NCoR depleted mice are not affected by TZD
treatment suggesting that TZDs main role of action within the adipose tissue is by
dissociating PPARy from NCor leading to less S273 phosphorylation [35]. Whether
the same mechanism is also operational for weaker, partial agonists like MRL24
needs to be determined. Interestingly, compounds other than MRL24 have been
reported that may operate through similar yet slightly different mechanisms
(Table 1). For example, GQ-16 is reported to be a novel ligand for PPARy which
promotes insulin sensitization by inhibition of CDK5-mediated phosphorylation
[36]. Moreover, side effects such as weight gain and edema were absent when
diabetic mice were treated with this compound. Very recently, another PPARy
ligand that inhibits S273 phosphorylation was identified, the antibiotic ionomycin,
which effectively improved hyperglycaemia in diabetic mice with minimal side
effects [37]. It should be noted that, similar to GQ -16, this molecule has very little
adipogenic capacity, so the sequestration of lipids in adipose tissue should be
investigated as well. There are structural differences and mode of operation
between these compounds. Whereas TZDs mainly act on helix 7 and 12, weak
agonist such as MRL24, GQ-16 and nTZDpa act on helix 3 and the beta sheet;
ionomycin seems to affect helix 7 and 10, which may explain the different
features in vitro and in vivo ([33,36,37], see also below). In case of all these new
compounds it remains to be investigated in humans whether their therapeutic
effects are still potent enough: the “lipid steal” effect (i.e. sequestering of lipids) is
probably reduced compared to TZDs.

Regulation of specific PPARy target genes

As discussed above, certain PPARy PTMs will affect PPARy in such a manner that
this nuclear receptor will only alter the expression of a subset of genes. If such an
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intervention, e.g. through compounds like MRL24, is still associated with side
effects, a third level of intervention can be considered: direct modulation of
specific PPARy target genes rather than targeting PPARy itself. A very good
candidate for this is the ADIPOQ gene, which encodes adiponectin [38]. This
adipokine, which is a well-etablished direct target gene of PPARy [39], is known to
decrease the degree of insulin resistance. The hormone is present in high,
medium, and low molecular weight forms (HMW, MMW, and LMW) in plasma of
which the HMW form has the most potent insulin-sensitizing activity [38]. An
important part of the antidiabetic effect of adiponectin occurs through AMPK and
PPARa pathways in the liver [38]. Two compounds have been found to increase
endogenous adiponectin levels and/or its multimerization: resveratrol and
emodin. Resveratrol, a natural compound that is present in grapes, is found to
promote adiponectin multimerization via a Sirtl-dependent mechanism [40]. In
addition emodin, an active ingredient of Chinese herbs, is reported to activate
AMPK, PPARy and increases the ratio of HMW adiponectin to total adiponectin in
3T1-L1 adipocytes [41]. These products may therefore have beneficial effects on
patients suffering from T2DM or other metabolic disorders. On the other hand, a
synthetic ligand for the adiponectin receptors may have similar effects.
Interestingly, a small-molecule adiponection receptor agonist was recently
developed which ameliorates insulin resistance and glucose intolerance in mice
[42]. In addition, this compound, named AdipoRon, also enhances lifespan in
genetically obese db/db mice.

It should be noted however that increased expression of PPARy target
genes does not necessarily lead to beneficial effects. For example, mice that had
mutations in the fabp4 gene did not develop insulin resistance or diabetes in
contrast to control mice, suggesting that inactivation of this classical PPARy target
genes protects against metabolic disorders [43].The mechanism behind this
surprising effect is that obese fabp4-/- animals failed to express TNFa in adipose
tissue, which is linked to insulin resistance. To go even further, a small molecule
inhibitor of fabp4 was shown to be an effective therapeutic agent against severe
atherosclerosis and T2DM in mouse models [44]. In conclusion, small molecule
activators (e.g AdipoRon) or inhibitors (e.g. Fabp4) that are directed against
PPARYy target genes might be able to ameliorate the effects of metabolic disorders
in humans.
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In chapter 5, we have identified Chst11 as a novel PPARy target gene and
shown that depletion of Chstl1 in adipocytes leads to reduced intracellular lipid
accumulation. Therefore, stimulation of Chst11 expression or activity might be an
interesting target in diabetic patients: increased Chst11 activity in adipocytes may
result in increased lipid storage in adipose tissue and net partitioning away from
liver and muscle (“lipid steal hypothesis”). Although no specific agonist has been
reported for Chstll, other strategies to increase Chstll expression or activity
might exist. Chst11 appears to be a downstream target of BMP signaling pathway
in embryoid bodies [45]]. In addition, TGFB was also demonstrated to regulate
Chst11 expression in the human context [46]. While stimulating these pathways in
adipocytes may be a way to increase Chst11 expression, both growth factors have
multiple roles in other biological processes and targeting them specifically to
adipose tissue may not be feasible. Alternatively, the activity of Chst11l may be
altered by focusing on its glycosylation status, as Chst11 is a protein that is heavily
glycosylated, a modification that is necessary for the protein to be functionally
active [47]. Treatment of recombinant Chst11 with N-glycosidase F caused a firm
decrease in activity. This means that maintaining the glycosylated state of Chst11
will keep the protein from turning inactive. Chst11 from the culture medium of rat
chondrosarcoma cells was glycosylated for approximately 35%. For intracellular
Chstll in human adipocytes this is yet to be determined. However, while
targeting Chst11 in adipose tissue may be possible, its expression is highest in the
lung, placenta, spleen, thymus and peripheral leukocytes [48]. Therefore, it is
realistic to assume that many side effects will be reported when Chst11 is a target
of pharmacological intervention.

Browning of WAT

Formation of brown or beige/brite fat is associated with anti-obesity and anti-
diabetic effects in several mouse models (reviewed in [7]). It is known that Fgf21
and TZDs are insulin sensitizers with browning properties that also promote
PPARy sumoylation [49,50]. Strikingly, full agonism of PPARy is required to
activate a thermogenic brown fat gene program in subcutaneous white fat [51].
This observation was made when the effects of rosiglitazone were compared with
weaker agonists such as MRL24, nTZDpa, Mbx-102 and BVT.13 of which the latter
four did not strongly induce brown genes such as Ucpl and Cidea [51]. An
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essential protein in this process is the transcriptional regulator PRDM16, since
depletion of PRMD16 abbrogated the effects of rosiglitazone. More specifically,
rosiglitazone stabilizes PRDM16 and increases its half-life 3-fold [51]. PRMD16 is
both sufficient and essential for brown fat differentiation since it drives the
expression of brown-fat genes while PRDM16 knockdown impairs BAT
differentiation [52,53,54]. Furthermore, recently it has been shown that it is
necessary for PPARy to be deacetylated at Lys268 and Lys293 for PRDM16 to bind
[49]. The deacetylation of Lys268 and Lys293 occurs via Sirtl and leads to
selective induction of BAT genes and repression of visceral WAT genes associated
with insulin resistance [49]. Interestingly, Villanueava et al. have recently
identified the groucho family member TLE3 as a white adipose-selective co-factor
that acts reciprocally with the brown-selective PRDM16 for induction of the
brown fat gene program [55,56]. TLE3 counters PRDM16 by blocking its
interaction with PPARy, an thereby supressing brown-selective genes while
inducing white adipogenic genes. Mice deficient in TLE3 show enhanced
thermogenesis in inguinal white adipose depots and are protected from age-
dependent loss of BAT function. Together these findings indicate that perhaps
compounds that could raise PRMD16 and/or Sirtl or lower TLE3 levels in in pre-
adipocytes would promote the formation of BAT leading to an improved
metabolic state.

Final remarks

While activation of PPARy has clear anti-diabetic effects, its use is accompanied by
undesired and even harmful side effects, probably due to the full agonistic action
of the TZD class of ligands. Partial agonists may overcome some of these issues,
but their efficacy in humans remains to be established. Alternative pathways to
alter PPARy activity include interventions on the level of 1) PPARG gene
regulation, 2) post translational modifications of PPARy, which can for example
affect PPARy activity or protein turnover, 3) direct regulation of specific PPARy
target genes. Altering the expression of a subset of PPARy target genes by
manipulation of PPARy PTMs may be the best way of using PPARy as an anti-
diabetic drug target. A full activation of PPARy should be avoided due to the side
effects described in the introduction. However, modulating PPARy in the right
tissue and cell type through the desired and specific PTM should be the goal we
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should strive for. This way, only a select set of target genes that have beneficial
effects on the metabolic state will be expressed. It should be noted that there will
always be variation in PPARy treatment because this gene is prone to sequence
variation. Wolford et al. identified sequence variation in PPARG that may
contribute to different insulin-sensitizing responses to troglitazone therapy in
women with previous gestational diabetes [57].

Finally, it should be noted that, while targeting PPARy and adipose tissue
has proven anti-diabetic effects, alternative interventions may be developed that
originate from other tissues, but still improve adipose function. PGCla, a co-
activator of PPARYy, is responsible for the secretion of a peptide that drives brown-
fat-like development of white fat and thermogenesis [58]. This peptide, irisin, is
secreted by the muscle and acts on white adipose cells to stimulate UCP1 and
other brown fat gene expression. The authors show that short treatment of obese
mice with irisin improves glucose homeostasis and causes a small weight loss.
However, the exact mode of action of this myokine in adipocytes is unknown and
more research is necessary.
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Chapter 7

Summary

Obesity is regarded as a major public health problem by the World Health
Organization. Obesity is characterized by an increase in adipose tissue, both
through an increase in the amount of fat stored per adipocyte, and the generation
of new adipocytes through differentiation of pre-adipocyte (adipogenesis), a
process in which the transcription factor PPARy plays a significant role. In Chapter
1, we described different aspects of PPARy, adipose tissue and adipogenesis.
PPARYy is necessary for adipogenesis, maintenance of adipose tissue and is able to
regulate many “adipocyte genes” that are necessary for lipid and glucose
metabolism. Many aspects of PPARy are under intense study, here we focused on
the modulation of the expression and activity this factor.

It is known that PPARYy is subject to post-translational modifications (PTM)
such as phosphorylation, ubiquitination, acetylation and sumoylation. All of these
marks have an effect on the activity of PPARy. However, not much was known
about the opposite process: de-modification. In Chapter 2, we identify PPM1B to
be a phosphatase for PPARy. PPM1B was capable of directly binding to PPARy and
dephosphorylating a serine residue at position 112. In general, S112
phosphorylation lowers PPARy activity, subsequently leading to decreased target
gene expression. Knocking down PPM1B indicated that this was indeed the case
for a subset of genes. This led to the conclusion that PPARy (de)phosphorylation
at S112 had subtle effects which could be seen in terms of specific target gene
expression, but not on adipogenesis as a whole. Interestingly, a second
phosphorylation site was recently identified on PPARy, but no link has been made
between S273 phosphorylation and PPM1B.

Adipogenesis occurs in at least two waves; genes such as C/EBPB, C/EBPS,
KLF5, CREB, SREBP-1c and Krox20 come up early in adipogenesis and ultimately
lead to the expression of PPARy and C/EBPa, which can than regulate genes that
have a direct role in glucose and lipid metabolism. We investigated which other
proteins would be capable of regulating the PPARG gene and thus adipogenesis. In
Chapter 3 we developed an siRNA based knockdown screen and subsequently
found Baf57, a subunit of the SWI/SNF chromatin remodeling complex, to
regulate PPARG expression and adipogenesis. Knockdown of Baf57 impairs
adipogenesis; transcriptome analysis reveals that the genes that are inhibited are
to a large extent the same as the genes that are inhibited by PPARy knockdown.
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The genes that are affected are the so-called late adipocyte genes, rather than the
early genes mentioned above. Further analysis indicated that Baf57 directly binds
to the PPARG promotor to induce its expression in both human and murine
adipocyte cell lines. A similar case is Phf12, a “chromatin-associated” factor that
has mainly been implicated in transcriptional repression, which is investigated in
Chapter 4. Phf12 was also discovered in the siRNA based knockdown screen from
Chapter 3, and is also necessary for adipogenesis. Phf12 is also capable of binding
to the PPARG promotor to induce expression of this protein and knockdown of
Phf12 shows that it only affects the expression of late adipocyte genes.

Regulation of a large set of “adipocyte genes” is an important role of
PPARYy in adipogenesis. In Chapter 5, we show that Chstl11 is a novel target gene
of PPARy. We identified two loci on the Chstll promotor that are PPARy
responsive and show that PPARYy inhibition or knockdown also leads to decreased
Chst11 levels. Chstl1l is expressed early in differentiation and is only present in
mature adipocytes. Knockdown of this protein leads to lower intracellular
triglyceride accumulation in differentiating adipocytes. This does not appear to be
due to an impairment of adipogenesis itself, since hallmark genes such as LPL,
adiponectin (Adipoq), C/EBPa and PPARy are not altered in expression. The
mechanism by which Chstll regulates triglyceride regulation is probably by
increasing the amount of negatively charged sulphated CS chains on the adipocyte
cell surface that can form docking sites for Lpl, which can then facilitate the
uptake of fatty acids in adipocytes.

In Chapter 6 we discuss PPARy as a potential target for clinical
intervention. Modulation of PPARy may be used in order to ameliorate obesity if
done properly. Full agonists of PPARy lead to many severe side effects in humans,
but subtle modulation through post translational modifications (PTM) or PPARy
associated proteins may provide an alternative answer for treatment of obesity.
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Samenvatting

Obesitas is een steeds groter wordend gezondheidsprobleem in de westerse
maatschappij. Door verscheidene (leefstijl) factoren begint deze ziekte meer
mensen te overkomen. Obesitas is een verhoging van het percentage lichaamsvet
dat komt door een toename in het aantal vetcellen (adipocyten) en het groter
worden van adipocyten. Het proces dat ervoor zorgt dat voorloper cellen zich
ontwikkelen tot volwaardige adipocyten die in staat zijn vet op te slaan, heet
adipogenese. Er zijn erg veel eiwitten die een rol spelen in dit proces, maar voor
PPARy is duidelijk een centrale rol weggelegd. PPARy is belangrijk vanwege een
aantal redenen, waaronder het reguleren van genen die een directe rol hebben in
vet- en suiker metabolisme. Adipocyten die geen PPARy meer hebben sterven af
en zonder PPARy kunnen de pre-adipocyten sowieso niet differentieren tot
adipocyten. Door deze belangrijke functies van PPARy wordt er veel onderzoek
gedaan naar dit eiwit. Deze worden onder andere in Hoofdstuk 1 besproken.

Net zoals vele andere eiwitten, kan er een fosfaat groep op PPARy
geplaatst worden door een eiwit dat een kinase heet. De positie van deze fosfaat
groep (een post translationele modificatie, PTM) is van belang voor de activiteit
en werking van het eiwit. Dit geldt ook voor PPARy. Hoewel al vele kinases bekend
waren voor PPARy, waren er nog bijna geen eiwitten bekend dat deze fosfaat
groep konden verwijderen (phosphatase). In Hoofdsstuk 2 laten we zien dat
PPM1B een dergelijke phosphatase van PPARy is; PPM1B is in staat om een
fosfaat groep op een serine op positie 112 (S112) te verwijderen. Een fosfaat
groep op S112 leidt er vaak toe dat PPARy minder actief wordt, dus verwijdering
van dit label zou er voor moeten zorgen dat die inactiviteit ongedaan gemaakt
wordt. De activiteit van PPARy kan worden gemeten door te bepalen hoe dit eiwit
(target) genen kan reguleren. Verwijdering van PPM1B uit de adipocyt zorgt er
inderdaad voor dat PPARy target genen minder tot expressie komen. Het
opmerkelijke hieraan is dat deze reductie niet voor alle target genen van PPARy
geldt en er dus sprake is van selectie. Deze selectieve aanpak van PPARy kan
mogelijk gebruikt worden voor therapeutische doeleinden. PPARy heeft vele
target genen die allerlei functies hebben in vet en glucose metabolisme.

Behalve dat PPARy zelf geactiveerd kan worden en target genen kan
induceren, hebben we ook onderzoek gedaan naar eiwitten die PPARy expressie
kunnen reguleren. PPARy heeft een relatief late rol in adipogenese. Dit begint met
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de inductie van andere genen zoals c/ebpp en c/ebpd die uiteindelijk leiden tot de
expressie van PPARYy. Via een screen die heel selectief meer dan 500 verschillende
genen inactiveert met behulp van siRNA’s hebben we de eiwitten Baf57 en Phfl12
kunnen identificeren als nieuwe spelers in adipogenese. Deze 2 factoren worden
in Hoofdstuk 3 en 4 respectievelijk besproken. Beide eiwitten komen voor in
adipocyten en zijn nodig voor adipogenese. Het verwijderen van deze eiwitten
zorgt voor een veranderd genen patroon dat erg vergelijkbaar is met het
verwijderen van PPARy zelf. Daarom vermoedden we dat Baf57 en Phf12 in staat
waren om PPARYy zelf direct te kunnen reguleren. Dit bleek inderdaad het geval te
zijn; vroege adipocyt genen zoals c/ebpB en c/ebpd werden niet aangetast door
het verwijderen van Baf57 en Phf12, maar PPARy en haar target genen wel. Beide
eiwitten waren in staat om te binden aan het gebied rondom het PPARy gen en
spelen dus waarschijnlijk een directe rol in de regulatie van deze “adipogene
hoofdregulator”.

In Hoofdstuk 5 laten we zien dat we een nieuw target gen van PPARy
gevonden hebben. Rondom het gen Chstll blijken gebieden in het DNA te zijn
waar PPARy aan kan binden en ervoor kan zorgen dat Chst11 tot expressie komt.
Dit eiwit is alleen aanwezig in volwassen adipocyten en het inactiveren van PPARy
leidt ook tot verminderde expressie van Chstll. Het verwijderen van Chstl1 uit
adipocyten leidt er toe dat adipocyten minder in staat zijn om vetten op te slaan.
Dit komt hoogstwaarschijnlijik omdat Chstll ervoor zorgt dat bepaalde
suikermoleculen een sulfaat groep krijgen. Door deze sulfaat groep krijgen ze een
negatieve lading en dat vormt een soort anker van een ander eiwit, LPL. LPL is in
staat om vetzuren af te knippen van eiwitten dat aan vetten binden, waardoor
een cel in staat kan zijn om deze vetzuren te importeren.

Zoals blijkt uit dit proefschrift is de rol van PPARy in adipogenese and
adipocyt biologie complex en kan deze op verschillende niveau’s gestuurd
worden. In Hoofdstuk 6, bediscussiéren we verschillende mogelijkheden om
PPARy als aangrijpingspunt van klinische interventie te gebruiken. Dit was tot voor
kort een aantrekkelijk concept, maar therapeutische liganden zoals rosiglitazone,
die PPARy tot maximale activiteit stimuleerden werden verboden omdat ze
zorgden voor vele gevaarlijke bijwerkingen zoals hartproblemen en
vochtophoping. In hoofdstuk 6 laten we zien dat PPARy activiteit beter
gemoduleerd kan worden met behulp van partiéle liganden (dat wil zeggen
liganden die niet voor maximale activiteit zorgen), PTMs of co-regulatoren. Met
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behulp van deze strategieén kan het subtiel sturen van PPARy een alternatieve
methode zijn om obesitas en obesitas gerelateerde ziektes te behandelen.
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