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1. Introduction

1.1 Adipose tissue biology and metabolism

1.1.1 Adipose tissue and disease

Dysfunctions of adipose tissue constitute the fundament of the occurrence of obesity and
associated increased risk for diabetes mellitus type II and cardiovascular disease. Adipose
tissue plays important roles in energy homeostasis by storing excess nutrients in the form
of intracellular lipids. Upon starvation, adipose tissue is stimulated to release fatty acids
and triglycerides into circulation, providing energy to peripheral tissues. In addition to its
role in intermediary metabolism, adipose tissue is an endocrine organ, secreting various
proteins called adipokines into circulation, affecting various tissues and organs.
Adipokines include hormones such as leptin and adiponectin, with important roles in
appetite regulation [1, 2], and inflammatory mediators such as tumor necrosis factor o
(TNFa), interleukin 6 (IL6) and monocyte chemotactic protein 1 (MCP1) [2]. Adipose
tissue of obese individuals secretes increased levels of pro-inflammatory cytokines that
are believed to contribute to disease development [3, 4]. This chronic low grade systemic
inflammation is believed to be involved in development of insulin resistance in peripheral
tissues, partly by nuclear factor k-light-chain-enhancer of activated B cells (NF«B)-
mediated impairment of insulin signaling [5].

Adipose tissue is distributed into distinct depots and can be divided into visceral
and subcutaneous adipose tissue (Fig. 1A). The different adipose depots have different
properties, and the location of fat accumulation is correlated with disease risk [6].
Accumulation of visceral and deep abdominal subcutaneous adipose tissue is associated
with increased risk of diabetes type II, cardiovascular disease and morbidity [7, 8]. In
contrast, accumulation of gluteofemoral (lower body) subcutaneous fat is protective
against diabetes [9]. The difference between these fat depots is presumably due to

differences in their metabolic and secretory profiles [9].
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Figure 1 Adipose tissue depots and cellular composition. (A) Adipose tissue is mainly found in
subcutaneous and visceral depots. Under conditions of obesity, adipose tissue expands in these and other
depots throughout the body. Differential adipokine secretion by various adipose tissue depots may
selectively affect organ function and systemic metabolism. From [2] (B) Cellular composition of adipose
tissue. The main cell type in adipose tissue is the adipocytes, but adipose tissue also contain other cell types
including immune cells (T-cells, macrophages), fibroblasts, progenitor cells (ASCs), fibroblasts, and
endothelial cells covering blood vessel walls. All these cell types are important for adipose tissue function.
Modified from [2].

The major cell type of adipose tissue is the adipocyte, which stores lipids in the
cytoplasm (Fig. 1B). Adipocytes can be classified into white and brown adipocytes.
White adipocytes are the classical adipocytes of white color due to high lipid contents.
Brown adipocytes are also lipid-filled, but have a brown color due to high mitochondria
content. Brown adipocytes have a high metabolic rate and express uncoupling protein 1
(UCP1), which plays a key role in thermogenesis [10]. In small rodents, brown adipocytes
are responsible for maintaining body temperature. The existence of brown adipocytes in
humans has been debated, and until recently it was believed that these cells were only
present in infants. It has however been shown that adults have metabolically active
adipose tissue expressing UCP1 [11, 12]. White and brown adipocytes are believed to
derive from distinct developmental origins [13]. White adipocytes originate from adipose
progenitor cells whereas brown adipocytes are derived from myogenic precursors, due to
expression of the myogenic factor MYFS5 [14]. Another class of adipocytes was recently
discovered in mice models in which white adipocytes can acquire a brown phenotype in
vivo. These so-called beige cells can express high levels of UCP1 upon cold exposure or
activation of cyclic AMP (cAMP)-dependent pathways [15, 16].

Adipose tissue harbors a large fraction of immune cells including neutrophils,

macrophages and T cells (Fig. 1B). In line with the increased inflammatory state of
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adipose tissue, adipose tissue of obese individuals contains an elevated number of
immune cells compared to lean individuals; this includes local accumulations of
macrophages in crown-like structures surrounding necrotic adipocytes [17]. These
macrophages secrete high amounts of pro-inflammatory mediators, including the central
inflammatory regulators TNFa and interleukin 1 beta (IL1B) [18] and are believed to
contribute in large extent to increased levels of circulating inflammatory molecules in

obese individuals [19].

1.1.2 Adipose stem cells

Adipose tissue also contains progenitor cells/stem cells. A stem cell is an unspecialized
cell with the capacity to self-renew and differentiate [20]. Stem cells can be classified
based on their differentiation potential. Pluripotent stem cells, such as embryonic stem
cells (ESCs) derived from the inner cell mass of the blastocyst [21], can differentiate into
cells of all three germ layers (endoderm, ectoderm, mesoderm). Multipotent cells harbor a
more restricted differentiation capacity; these include tissue-specific progenitor cells such
as neural progenitor cells (NPCs), hematopoietic stem cells (HSCs) and mesenchymal
stem cells (MSCs).

MSC:s are stromal cells found in various stromal tissues but were first identified
among cells isolated from bone marrow [22]. MSCs have also been identified in adipose
tissue and can be isolated from the stromal vascular fraction (SVF) of liposuction
aspirates [23, 24]. Adipose tissue MSCs are also commonly referred to as adipocyte
progenitor cells, adipose stromal cells or adipose stem cells, these terms are used
somewhat arbitrarily in the literature. In this thesis, these cells are referred to as adipose
stem cells (ASCs). Isolation of ASCs from adipose tissue involves enzymatic digestion of
the tissue to break down the extracellular matrix, sedimentation of SVF, and removal of
leukocytes and endothelial cells by negative selection against CD45 (a hematopoietic cell
surface marker) and CD31 (an endothelial cell surface marker). The remaining cells are
seeded and expanded in culture [25]. Of note, while the CD45CD31" plated SVF contains
ASCs [24], plating of the SVF leads to a ‘positive selection” of ASCs because standard
ASC culture conditions do not support attachment of hematopoietic and endothelial
progenitors. Thus within 1-2 days, remaining cells have gene and surface marker
expression profiles virtually undistinguishable from CD45" and CD31" sorted cultured
cells (Boquest, Collas, unpublished). ASCs used in our work were derived from cultured

SVF. ASCs share many common properties with MSCs from bone marrow [26]. A



definition of MSCs has been proposed by the International Society for Cellular Therapy
[27]: (i) MSCs have potential for differentiation toward the mesodermal lineages
including adipogenic, osteogenic and chondrogenic lineages [28]; (ii) cells must grow
adherent in culture; (iii) cells must express a defined set of surface markers including
CD105, CD73, CD90 and lack expression of CD45, CD34, CD14 or CD11b, CD79a or
CD19 and HLADR [27].

1.1.3 Immunomodulatory properties of MSCs

MSCs show unique immunomodulatory properties [29]. MSCs are immuno-privileged
due to low expression of MHC class II [30], which may be linked to their beneficial effect
dampening a graft vs. host disease response [31] and in treating type I diabetes [32].
MSCs modulate the function of a wide range of immune cells in vitro [33]. MSCs inhibit
proliferation of T lymphocytes and natural killer cells, impair antibody production by B
cells, inhibit maturation and function of dendritic cells and affect macrophage
polarization [33]. These effects are mediated partly through interaction with immune cells,
and through secretion of soluble immunomodulatory factors such as indoleamine 2,3-
dioxygenase (IDO), tumor necrosis factor-induced protein 6 (TSG6), prostaglandin E2
(PGE2), IL6 and nitric oxide (NO) [34].

MSCs act both in a pro- and anti-inflammatory manner depending on the
microenvironment [35]. Upon stimulation of toll-like receptor (TLR) 2 or 4 by bacterial
products or other stimuli, MSCs act pro-inflammatory, attracting and promoting
differentiation of monocytes into the pro-inflammatory M1 phenotype [36]. MSCs can
also secrete chemokines promoting neutrophil infiltration [37]. On the other hand, co-
culture of native MSCs with monocytes promotes differentiation of monocytes to the anti-
inflammatory M2 subset of macrophages [38]. Unlike classically activated MI-
macrophages, M2 macrophages are anti-inflammatory, promoting tissue repair [38, 39].

MSCs secrete chemokines, which attracts immune cells and facilitates MSC-
immune cell interactions [40]. Infiltration of innate immune cells, including monocytes
and neutrophils, into adipose tissue may contribute to adipose tissue inflammation [41].
Chemokines relevant to the work presented in this thesis are the monocyte attracting
proteins chemerin (encoded by the RARRES2 gene) and MCP1 (encoded by the CCL2
gene). Chemerin attracts monocytes and dendritic cells, and its serum levels increase in
obese individuals [42, 43]. Chemerin also plays roles in adipogenic differentiation [44].

MCP1 is involved in monocyte attraction and in increased monocyte infiltration



associated with obesity [45, 46]. MCP1 also promotes monocyte proliferation within
adipose tissue, exacerbating the inflammatory state [47]. The neutrophil attracting
chemokines interleukin 8 (IL8), growth regulated oncogene alpha (GROa; encoded by
CXCLI) and chemokine (C-X-C motif) ligand 5 (CXCLS) are involved in neutrophil
attraction and angiogenesis, and generally act in a pro-inflammatory manner. MSCs
promote neutrophil infiltration in the initial stages of inflammation [48]. IL1p is a central
initiator of inflammation that acts by activating NFkB in target cells, leading to
expression of pro-inflammatory mediators [49]. IL1P is involved in induction of insulin

resistance in adipocytes [50].

1.1.4 Stem cell metabolism

Adipose tissue is a metabolically active organ, and it is likely that ASCs are influenced by
the surrounding metabolic state. Metabolism plays important roles in determining stem
cell fate. Similar to cancer cells [51], proliferating stem cells rely highly on anaerobic
glycolysis for energy, rather than glycolysis linked to the Krebs cycle and oxidative
phosphorylation [52]. ESCs show high levels of glycolytic metabolism [53]. Similarly
when somatic cells are reprogrammed into induced pluripotent stem cells, a shift from
oxidative to glycolytic metabolism is observed [54]. Multipotent adult stem cells rely on
different combinations of glycolysis and oxidative phosphorylation in their proliferative
state [55].

It has been hypothesized that stem cells use glycolysis even in the presence of
oxygen to prevent oxidative damage, which may accelerate cell senescence [55]. Also,
many stem cells reside in a hypoxic environment in vivo, thus glycolysis may be an
adaptive mechanism to this environment. Differentiation of MSCs is affected by cellular
metabolic states. Chondrogenic differentiation of MSCs typically increases glycolytic
metabolism, while osteogenic and adipogenic differentiation is accompanied by increased
mitochondrial metabolism [56-58]. Increased mitochondrial metabolism during
adipogenic differentiation is partly due to the increased demand for energy for synthesis
of fatty acids, and reactive oxygen species (ROS) produced during oxidative
phosphorylation is indeed required for activation of the adipogenic transcription program
[57].

A major regulator of the glycolytic pathway is the transcription factor hypoxia
induced factor 1, isoform alpha (HIFla). Protein stability of HIFla is regulated by

oxygen tension and HIFla is rapidly degraded under normoxic conditions. In a hypoxic



environment, HIF1a upregulates genes encoding glycolytic enzymes [59]. HIFla also
increases expression of pyruvate dehydrogenase kinases PDK2 and PDK4, which
phosphorylate pyruvate dehydrogenase (PDH), lowering the amount of pyruvate entering
the Krebs cycle, and hence reducing mitochondrial metabolism [60]. HIFla activity is
also responsive to inflammatory stimulation by TNFa [61]. In Paper II, we have
investigated gene expression changes associated with glycolytic metabolism and the

HIF 1o pathway during adipogenic differentiation.
1.2. Chromatin changes in adipogenesis

1.2.1 Adipogenic differentiation

Adipose tissue expansion observed in weight gain is caused by both an increase in
adipocyte volume and number [6]. Approximately 10% of fat mass in adult humans is
renewed annually, presumably by differentiation of adipose progenitor cells [62]. Most of
our knowledge on the mechanisms of adipogenic differentiation emanates from in vitro
studies. In our studies, ASCs are expanded in medium containing epidermal growth factor
(EGF) and basic fibroblast growth factor (bFGF) [63]. Proliferating cells are seeded
confluent in medium without EGF and FGF to induce cell cycle arrest. Cell confluency
induces changes in cellular shape and intracellular architecture, favoring adipogenic
differentiation [64]. Differentiation is elicited by an adipogenic cocktail containing
dexamethasone, indomethacin, 3-isobutyl-1-methylxanthine (IBMX) and insulin (Fig.
2A). These drugs collectively induce an adipogenic differentiation program which
includes changes in cytoskeletal organization and in the appearance of lipid droplets (Fig.
2B). In addition, accumulating cytoplasmic lipids compress the nucleus against the
cellular periphery and causes it to shrink, most likely affecting chromatin organization
[65]. Paper II examines large-scale chromatin organization changes elicited during the

early adipogenic process, indeed revealing major changes.
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Figure 2 Adipogenic differentiation of ASCs. (A) Adipogenesis is induced in ASCs after incubation with
IMBX, indomethacine, dexamethasone and insulin [66] (B) Undifferentiated and differentiated ASCs (day
21) stained with Oil Red-O to visualize lipid droplets. Scale bars: 200 pm.

1.2.2 Transcriptional changes in adipogenic differentiation
Adipogenic induction is accompanied by changes in gene expression [66] facilitated by
chromatin remodeling and induction of transcription factor networks [67]. The
transcription factors peroxisome proliferator-activated receptor y (PPARy), and
CCAAT/enhancer binding proteins (CEBP) CEBPo, CEBPJ3 and CEBPS are central in
this process. PPARy is a master regulator of adipogenesis necessary and sufficient for
adipogenic differentiation in vivo and in vitro [68, 69]. In its active form, PPARY forms a
dimer with retinoic acid X receptor (RXR) to activate target genes [64]. PPARy
colocalizes with CEBPa and both cooperate to elicit adipogenesis [70]. Remarkably, ~60%
of genes induced during differentiation have PPARy or CEBPa bound at the promoter
[71]. Induction of adipogenic differentiation involves expression of transcription factors
in a regulated sequential manner (Fig. 3A) [72]. The first wave of expression entails
upregulation of CEBPfB, CEBP$ and Kruppel like factors (KLFs), and downregulation of
repressors of adipogenesis, including GATA2 and KLF2. These transcription factors
activate transcription of genes of the second transcriptional wave, in particular PPARy
and CEBPa, which further activate transcription of genes associated with adipocyte
formation and lipid metabolism [72].

Waves of gene expression are also detected at a genome-wide level. Our
laboratory has characterized transcriptional changes at 4 time points of differentiation

using high-throughput RNA sequencing (RNA-seq). Time points examined were ‘day-2’



(D-2), that is, undifferentiated ASCs cultured under proliferation conditions (with EGF
and bFGF; see above); day 0 (DO0), the time point at which ASCs are confluent; this is
also the time point of addition of the adipogenic cocktail; day 3 (D3), immature
adipocytes, 3 days after adipogenic induction; and day 9 (D9), differentiated adipocytes
[66, 73]. Transcriptomic data identify several gene clusters with distinct expression
patterns (Fig. 3B). While some clusters are sequentially up- or downregulated, others are
only transiently up- or downregulated. In particular, one cluster includes genes expressed
in undifferentiated ASCs that are upregulated upon adipogenic induction (cluster 8; Fig.
3B); this cluster includes many genes associated with lipid metabolism and adipocyte
formation [66]. Adipogenesis therefore involves coordinated gene expression modules or
waves of expression, leading to expression of genes associated with lipid metabolism and

adipocyte formation. This thesis explores chromatin changes that accompany this process.
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Figure 3 Transcriptional changes in differentiation of ASCs into adipocytes. (A) Adipogenic stimulation of
ASCs with Insulin, IBMX, dexamethasone and indomethacin induces activity of transcription factor
networks, ultimately leading to PPARy activation and expression of adipocyte specific genes. Modified
from [74] (B) Hierarchial clustering of genes into 19 clusters based on expression patters throughout
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1.2.3 Changes in histone modifications and chromatin states during adipogenic
differentiation

Post-translational histone modifications

Cells of multicellular organisms in principal share the same genome, but show highly
diverse phenotypes. These differences are mainly regulated by epigenetic mechanisms.
Epi-genetics means on top of genetics and is defined as heritable biochemical changes of
DNA or chromatin that result in changes in gene expression without affecting the DNA
sequence [75]. Epigenetics involves covalent modifications of DNA including
methylation on CpG nucleotides, post-translational modifications (PTMs) of histones and
action of non-coding RNAs. Chromatin refers to the complex of DNA and associated
proteins in the eukaryotic nucleus. Generally, chromatin is divided into open, accessible,
transcriptionally permissive euchromatin, and transcriptionally silenced heterochromatin.
The basic unit of chromatin is the nucleosome which consists of DNA wrapped 1.65
times around a histone octamer consisting of two dimers of histone H2A and H2B and
one tetramer with two copies of each of histone H3 and H4 [76]. The nucleosomes are
separated by the linker histone H1, which is involved in regulating nucleosome density
[77]. Histones have N-terminal tails that protrude from the core of the nucleosome. Both
the globular domain and the tail of histones are common targets for PTMs that affect
chromatin structure and function [78, 79]. These modifications include acetylation,
methylation, phosphorylation, ubiquitylation, ADP-ribosylation, sumoylation and O-
GlcNAcylation [80]. Combinations of histone modifications affect transcription and
chromatin organization by affecting chromatin accessibility or facilitating binding of
transcription factors or other chromatin associated proteins. Transcriptional changes
occurring during adipogenic differentiation are accompanied by epigenetic changes,
including large scale chromatin remodeling and changes in patterns of histone
modifications [66, 67, 81].

Histone acetylation is mainly associated with transcription and transcriptionally
permissive chromatin. Acetylation by histone acetyl transferases (HATSs) of positively
charged histones reduces the global charge of histones and their binding to negatively
charged DNA, thus promoting a more open chromatin configuration [82]. Histone
deacetylases (HDACs) catalyze removal of acetyl residues and chromatin condensation.
Typically in active gene promoters, histone H3 is acetylated on lysine (K) 9 (H3K9ac)

[83], while active enhancer regions are enriched in H3K27ac [84, 85].
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Histone methylation is associated with transcriptional activity of silencing
depending on which residue and to what extent it is methylated (mono, di or
trimethylation). Histone methyltransferases (HMTs) catalyze methylation of lysine and
arginine residues, while histone demethylases (HDMs) remove methyl groups [86]. These
enzymes are highly specific. In particular, methylation on lysines (K) on H3 has been
shown to be related to transcriptional outcome. Methylation of H3K4 is typically
associated with transcriptional activity. Mono- and dimethylation of H3K4 (H3K4mel/2)
is associated with enhancer regions [85], while actively transcribed genes typically
contain H3K4me3 in promoter regions. However, H3K4me3 is not always associated
with transcriptional activity, as it is also present on silenced genes, e.g. on bivalently
marked promoters (described below). H3K36me3 has also been associated with gene
expression and is typically enriched in gene bodies. In contrast, methylation on H3K9 and
H3K27 is associated with transcriptional repression. H3K9me2/3 is enriched in
heterochromatin [87], and acts by recruiting heterochromatin protein 1 (HP1/CBX3),
which facilitates chromatin compaction [88, 89]. H3K9me3 can also be present in
euchromatic regions, and H3K9me3 in promoters is typically associated with long term
gene repression [90]. H3K27me3 on promoter regions is also associated with gene
repression, however, these promoters have potential to become rapidly induced [91].
H3K27me3 have important roles in development, and is catalyzed by EZH2, a subunit of
the polycomb repressor complex PRC2. Additional PTMs also provide biochemical and
functional properties to histones [80]; however these are not discussed in further detail.

The distribution of histone PTMs (hPTMs) throughout the genome can be
assessed by chromatin immunoprecipitation (ChIP) [92]. In the ChIP assay, proteins and
DNA are cross-linked with formaldehyde and chromatin is sonicated to generate 200-500
base pair fragments (bp). The protein of interest is immunoprecipitated with a specific
antibody, and associated DNA is purified and analyzed by quantitative PCR (qPCR),
hybridization to DNA microarrays or whole genome sequencing. In the case of ChIP-
sequencing (ChIP-seq), the DNA fragments are mapped to the genome, and their
enrichment (or number of sequence reads) in the immunoprecipitated fraction is
normalized to the number of reads obtained from sequencing the ‘input’ chromatin.
Enrichment profiles can be viewed in a genome browser (e.g. the integrated genomic
browser; IGV; [93]) (Fig. 4A). Regions enriched in the protein of interest can be
determined by peak calling algorithms [94]. It is not the purpose of this introduction to

describe peaks callers used in analysis of ChIP-seq data. Suffice is to mention that the
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width of the enriched domains detected is a key factor for the choice of the algorithm. As
described below, nuclear lamins (structural proteins of the nuclear periphery), associate
with chromatin in the form of large domains; this has necessitated development in our
laboratory of a new algorithm (enriched domain detector, or EDD) [94], to identify
significant interactions. EDD has been used in the present work to identify lamin-

interaction domains and domains of GlcNAcylated histone H2B (Paper II).

Dynamic chromatin states during cell differentiation

Epigenetic modifications act in a combinatorial manner to regulate gene expression and
chromatin function. Histone modifications occur in combinations, resulting in ‘chromatin
states’. Promoters of developmentally regulated genes have been described in ESCs to be
marked by a combination of H3K4me3 and H3K27me3, a so-called ‘bivalent’ state [91,
95]. H3K27me3 at promoter regions is associated with transcriptional repression even in
the presence of H3K4me3. These genes are ’poised’, meaning that they retain the
potential for expression. Adipogenic promoters are also marked by H3K4me3/H3K27me3
in ASCs, and differentiation elicits a reduction in H3K27me3 consistent with
transcriptional activation, while H3K4me3 is retained [96].

Combinations of chromatin marks (histone PTMs and other chromatin-bound
proteins) and their dynamics over time can be examined in a comprehensive manner
using Hidden Markov Modeling (HMM) techniques. ChromHMM [97] is a machine
learning algorithm well suited for the modeling discovery of chromatin states, that is,
recurrent combinations of chromatin marks throughout the genome (Fig. 4A,B). We have
used ChromHMM in Papers I and II. In Paper I, we describe the chromatin environment
of inflammatory response genes and how the prevalence of chromatin states is altered
between expressed and non-expressed genes. In Paper II, ChromHMM has been used to
describe the chromatin environment of H2BGIcNAc and lamin A/C (see below), and

determine how it evolves during adipogenic differentiation.
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Figure 4 Chromatin states analyzed by ChromHMM. (A) Enrichment of histone modifications and CTCF
binding sites on a 6 kb region of Chromosome 1. States are indicated and colored based on the
classification of states in B. (B) ChromHMM emission parameters and functional element annotations from

the 15 states. Color intensity indicates the level of enrichment of the indicated histone mark. From [66].

Using ChromHMM, our laboratory has recently reported dynamic changes in
chromatin states during adipogenic differentiation of ASCs [66]. This study reveals that
the number of states within the promoter and gene body largely depends on the
expression level of the associated genes, rather than changes in expression. Highly
expressed genes generally display the highest number of (i.e. variation in) chromatin
states, while lowly expressed genes are occupied by few chromatin states. During
differentiation, clusters containing highly expressed genes are also the most dynamic,
meaning that chromatin states change the most at these loci between differentiation time
points. In particular, genes expressed before differentiation and upregulated after
adipogenic induction, are the most dynamic. This cluster notably includes genes
associated with adipocyte differentiation and metabolism. The most dynamic state is the
bivalently marked promoters, consistent with a role of bivalency in regulating
adipogenesis [66]. Collectively, this work shows that the chromatin landscape is

extensively remodeled in the early stages of adipogenic differentiation.
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1.3. Metabolic influence on epigenetics

1.3.1 Metabolic regulation of epigenetics

Obesity and adipose tissue expansion is associated with increased risk of developing
insulin resistance and diabetes type II, conditions that causes somatic cells to
continuously be exposed to elevated glucose levels. Hyperglycemia has been associated
with epigenetic changes in promoters of inflammatory genes [98]. These changes have in
turn been linked to a ‘metabolic memory’ concept associated with diabetes, where
diabetic patients experience complications even after treatment and restoration of normal
blood glucose levels [99, 100]. NFkB is considered a central player in the pathology of
diabetes [101]. Exposure to transient hyperglycemia increases transcription of RELA
encoding P65, an NFkB subunit, and elevated RELA transcript levels persist even after
reduction of glucose levels to normal levels [102]. These changes have been ascribed to
changes in promoter histone methylation patterns. Transient exposure of endothelial cells
to hyperglycemic conditions increases occupancy of H3K4mel on the RELA promoter.
This effect has been ascribed to increased activity of the HMT SET7 [102, 103]. The
RELA promoter also shows reduced H3K9me2/3 after exposure to high glucose, which
correlates with increased binding of the HDM LSDI1 and reduced levels of the HMT
SUV39H1 [103, 104]. Diabetic complications may also be epigenetically regulated by
increased levels of O-GlcNAcylated proteins affecting transcriptional outcome [105].
Interestingly, GlcNAcylation of NFkB upon exposure to elevated glucose increases its

activity [106]. GlcNAcylation and its role in transcription are discussed in the next
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Figure 5. Crosstalk between intermediates in metabolism and DNA and histone modifying enzymes. From
[107].
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Nutrients may affect the epigenome in several ways (Fig. 5). Intracellular
concentrations of specific metabolites may directly act as substrates for histone modifying
enzymes, so the level of some histone modifications may be directly influenced by
intracellular nutrient levels. These metabolites include acetyl CoA, UDP-GIcNAc and S-
Adenosyl-methionine (SAM), which serve as donors for histone acetyltransferases, O-
GlcNAc transferase and DNA or histone methyl transferases, respectively. Other
metabolites act as co-factors for chromatin modifying enzymes. These include NAD", a
co-factor for HDACs SIRT1 and SIRT6, a-ketoglutarate, a co-factor for the Jumonji
domain class of HDMs and ten-eleven translocation (TET) enzymes involved in DNA
demethylation [107]. Additionally, phosphorylation of histones can be directly regulated
by cellular metabolic state through adenosine monophosphate activated protein kinase
(AMPK) activated in response to increasing intracellular AMP levels [108]. There is also
extensive crosstalk between these pathways; for instance, AMPK can phosphorylate the
O-GIcNAc transferase (OGT), the enzyme responsible for O-GIcNAc modification,

affecting its nuclear localization and indirectly, GIcNAcylation of histones [109].
1.3.2 O-GlcNAc modifications of cytoplasmic and nucleoplasmic proteins

Two to five percent of glucose taken up by cells is routed from glycolysis to the
hexosamine biosynthetic pathway (HBP). The HBP integrates signals from metabolism of
several nutrients including glucose, fatty acids, amino acid and nucleotides (Fig. 6A). The
end-product of the HBP is uridine diphosphate N-acetylglucosamine (UDP-GIcNAc), a
substrate for complex extracellular N-linked glycosylation and for O-linked glycosylation
(O-GlcNAc) of ~3000 nuclear and cytoplasmic proteins [110]. Unlike extracellular
glycosylation, O-GlcNAcylation involves addition of a single GIcNAc moiety to serine (S)
or threonine (T) residues on target proteins. Protein GIcNAcylation is reversible and plays
important functions in cellular signaling. Additionally, as the proportion of intracellular
glucose directed to the HBP is relatively constant, activity of the HBP is directly
proportional to extracellular glucose uptake. Consequently, UDP-GIcNAc levels fluctuate
in proportion to intracellular glucose levels and thus can be considered a glucose sensor

[111].
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Figure 6 (A) Chemical composition of UDP-GIcNAc. UDP-GIcNAc integrates signals from both
carbohydrate (glucose), lipid (acetyl coA), amino acid (glutamine) and nucleotide (UTP) metabolism. (B)
PTM of proteins with O-GlcNAc is catalyzed by the enzyme O-GlcNAc transferase (OGT), while
hydrolysis is catalyzed by O-GlcNAcase (OGA).

Aberrant GIcNAc cycling has been associated with disease including various cancers and
diabetes [112]. Exposure of cells to hyperglycemia increases the global levels of GlcNAc
modified proteins [112]. Increased GIcNAc levels were also shown to induce insulin
resistance in adipocytes [111]. Consistently, knocking down GFAT (the enzyme
catalyzing the committed step in HBP) reverse glucose induce insulin resistance. Thus,
the HBP has a causal role in diabetes development

O-GIcNAc transferase (OGT) catalyzes the GlcNAcylation of serine or threonine
residues on target proteins (Fig. 6B). OGT is encoded by a single gene in humans, located
on the X chromosome [113]. It is essential for mammalian development, and OGT
knockout mice die during early embryonic development [113]. In C. elegans, OGT
knockout is not lethal; however OGT knockout mutants show severe metabolic defects,
suggesting a role for O-GlcNAc in metabolic regulation [114]. Three different OGT
splice variants have been identified in humans; these mainly differ in their sub-cellular
localization and the length of their N-terminal tetratricopeptide repeat region (TPR)
domain [115]. Nucleocytoplasmic (ncOGT) and short OGT (sOGT) are both present in
the nucleus and the cytoplasm, differing only in the length of their TPR domains (12 and
2.5 repeats, respectively). The TPR region is important for substrate recognition by OGT
[116]. Moreover, a mitochondrial form of OGT (mOGT) contains a mitochondrial
location signal. We have in the course of this work found that in ASCs, sOGT is the most
abundant isoform while ncOGT is the dominant form in other cells like HeLa cells

(Ronningen and Moskaug, unpublished data). Functional differences between these
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isoforms remain largely unknown; however it is possible that intracellular OGT isoform
distribution or concentration may regulate the substrate specificity of OGT.

Removal of GlcNAc residues from target proteins is catalyzed by O-GlcNAcase
(Fig. 6B). GIcNAc turnover is rapid for many proteins and relies on OGA activity. OGA
conditional knockout mice show severe metabolic and transcriptional defects, suggesting
that O-GlcNAc cycling is important for metabolic regulation [117]. Expression level and
activity of OGT and OGA are tightly coupled and evidence suggests that these two
enzymes mutually regulate their activity, maintaining an intracellular ‘GlcNAc balance’.
Intriguingly, OGA expression is reduced or abolished following OGT knock-down or
knock-out [118] (Renningen, Moskaug, unpublished results). How this down-regulation
occurs is unknown, but one possibility is that OGA is post-translationally modified by
OGT; indeed, both OGT and OGA have been shown to be GlcNAcylated [116].

Many proteins are GlcNAcylated. GlcNAcylation may (i) affect protein folding,
in turn modulating protein-interactions or stability, (ii) compete or act synergistically with
phosphorylation, or (iii) act as recruitment signals for other proteins [110]. Consistent
with the essential role of OGT in development [113], OGT and O-GIcNAc modifications
are associated with metabolism, cell cycle regulation, transcription and translation.
GlcNAc also has important roles in stem cell differentiation [119]. Accordingly,
adipocyte differentiation is influenced by GIcNAc cycling. In 3T3L1 pre-adipocytes,
protein GIcNAcylation increases during adipogenic differentiation. Further, inhibition of
the HBP inhibits adipogenic differentiation [120]. Of note, CEBPa, CEBPf [121] and
PPARy [122] are modified by O-GlcNAcylation, although the effect of these
modifications on differentiation remains unclear. Increasing GlcNAcylation on CEBPJ or
PPARYy by inhibiting OGA inhibits adipogenic differentiation [121, 122]; however this
effect is not necessarily due to these specific modifications, as OGA inhibition affects
GlcNAcylation of many proteins. More studies are needed to elucidate the mechanisms
by which GlecNAc is involved in regulating adipogenic differentiation.

Various nuclear proteins are O-GlcNAcylated, including transcription factors
[106, 123, 124], histone modifying enzymes [125, 126], nuclear pore complex proteins
[127] and proteins associated with the nuclear lamina [128]. OGT is involved in several
aspects of transcriptional regulation. Supporting a role of OGT in transcriptional
activation, OGT has been identified as a component of the transcriptional pre-initiation
complex and RNA polymerase II has been shown to be GlcNAcylated on serine 5 and 7

[129]. Furthermore, OGT knockdown reduces the rate of transcriptional initiation [129,
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130]. OGT is also found in association with enzymes linked to transcriptionally active
chromatin, including TET2/3 enzymes implicated in DNA demethylation [126, 131], and
SET1/COMPASS which is responsible for H3K4me3 [126]. GlcNAcylation is also
associated with increased activity of transcription factors including NFkB [106]. In
contrast, OGT can also be linked to transcriptional repression. In Drosophila, OGT is a
Polycomb Group protein essential for Polycomb-mediated gene repression during
development [132, 133]. Also, O-GlcNAcylation of EZH2 regulates EZH2 protein
stability, and H3K27me3 is partly dependent on OGT expression [125]. Additionally,
GlcNAcylation of the SIN3A subunit of HDACI has repressive effects on gene
expression [134]. OGT thus harbors multiple and complex functions in transcriptional
regulation.

O-GIlcNAC sites have been identified on all four core histones; these include T101
on H2A, S36 and S112 on H2B, S10 and T32 on H3 and S47 on H4 [135-138]. The
function of these PTMs remains largely unclear. GlcNAcylation of H3S10
(H3S10GIcNAc) has been associated with mitosis regulation and transcriptional
repression [136]. Interestingly, this modification may affect modifications on the
neighboring H3K9 favoring methylation rather that acetylation [136]. GlcNAcylation of
H2ATI101 is involved in destabilization of nucleosomes in vitro, providing a chromatin
state permissive for transcription [139].

GlcNAcylation of H2BS112 (H2BS112GIcNAc; abbreviated in Paper II as
‘H2BGIcNAC’) has been associated with transcriptional activation in HeLa cells [138].
Indeed, Fujiki and colleagues report a correlation between H2BS112GIcNAc and
monoubiquitylation on H2BK 120 (H2BK120ub1), a PTM associated with transcriptional
elongation [140, 141]. Fujiki et. al. also show that OGT is necessary for H2BK120Ubl,
as mutating S112 on H2B reduces levels of H2BK120ub1[138]. The authors propose that
the S112-GlcNAc residue on H2B serves as anchor for the ubiquitin ligase BREIA,
which facilitates ubiquitylation and subsequent gene activation [138]. In ESCs, TET2 is
necessary for recruitment of OGT to for modification of H2BS112 [131].
H2BS112GIcNAc has also been shown to be negatively regulated by AMPK [109],
supporting the role of this modification as a metabolic sensor. In Paper II, we have
mapped by ChIP-seq the distribution of H2BS112GIcNAc during adipogenic
differentiation, and propose that domains of H2BS112GIcNAc serve as platforms for de

novo association of chromatin with nuclear lamins.
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1.4. Interactions of chromatin with the nuclear lamina

1.4.1 The nuclear lamina
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Figure 7 Lamins and the nuclear lamina. (A) Schematic overview of the nuclear envelope, with the outer
nuclear membrane (ONM), inner nuclear membrane (INM) and perinuclear space. Nuclear pore complexes
span the nuclear envelope, facilitating transport of proteins. The nuclear lamina covers the inside of the
INM, and is associated with inner nuclear membrane proteins and chromatin in regions called lamina
associated domains or LADs. Modified from [142]. (B) A- and B-type lamins have similar structure,
containing a Rod domain, a nuclear localization signal and a Ig-fold. Lamins mainly differ in the post
translational modifications and length of their C-terminal tail. From [143]. (C) Lamin A and lamin B are
farnesylated on the cysteine residue of their CaaX domain followed by cleavage of the aaX motif and
methylation of the cysteine residue. Lamin A, but not lamin B is cleaved by the protease ZMPSTE24,
removing the farnesyl group. From [143].

We have earlier described how progenitor cell differentiation entails chromatin and gene
expression changes. Differentiation also involves large-scale changes in the spatial
distribution of chromatin, including re-organization of chromatin at the nuclear lamina. In
eukaryotic cells, the genome is physically separated from cytoplasm by the nuclear
envelope. The nuclear envelope consists of a double membrane where the outer nuclear
membrane is continuous with the endoplasmatic reticulum. Nuclear pore complexes
perforate the nuclear envelope to facilitate transport of macromolecules in and out of the
nucleus. The nucleoplasmic side of the inner nuclear membrane (INM) is adjacent to a
network of filamentous proteins called the nuclear lamina (Fig. 7A). The nuclear lamina
is biochemically defined as the fibrous component of the nucleus which is resistant to
nucleases, non-ionic detergents and high salt [144]. The nuclear lamina plays important
functions in the organization and activities of the nucleus. It mediates contact between

microtubules, actin and intermediate filaments in the cytoplasm and the nuclear lamina
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through interaction with proteins of the linker of the nucleoskeleton and cytoskeleton
(LINC) complex [143, 145]. The LINC complex spans the inner nuclear membrane and
interacts with emerin (in the inner nuclear membrane) and nuclear lamins, providing a
mechanism for signaling from the cytoplasm to the nuclear interior [146]. The nuclear
lamina also provides mechanical strength (mechano-resistance) to the nucleus and
contributes to maintaining nuclear shape [147, 148]. The lamina also plays important
roles in chromatin organization, tethering transcription factors and signaling molecules
[149].

A major component of the nuclear lamina is the nuclear lamins, which are type V
intermediate filament proteins. Nuclear lamins are composed of A- and B- type lamins
based on their structural, functional and biochemical properties. B-type lamins (lamins Bl
and B2, encoded by the LMNBI and LMNB2 genes respectively) are ubiquitously
expressed. B-type lamins harbor a C-terminal CaaX motif which is post-translationally
modified by farnesylation (Fig. 7B, C). The farnesyl group is hydrophobic and enables
insertion of B-type lamins into the lipid bilayer of the inner nuclear membrane at the
nuclear envelope. Due to their C-terminal farnesylation, B-type lamins remain membrane-
anchored during the entire cell cycle, even during mitosis where they remain associated
with the endoplasmic reticulum [150].

A-type lamins, namely lamins A and C (also often referred to as lamin A/C) are
splice variants of the LMNA gene. As in B-type lamins, the C-terminal CaaX motif of
lamin A is farnesylated. However, unlike for B-type lamins, the metalloprotease
ZMPSTE24 cleaves the farnesyl group from lamin A after incorporation into the nuclear
lamina (Fig. 7C). Lamin C is a shorter LMNA splice variant which does not contain a
CaaX motif and is not farnesylated. Accordingly, A-type lamins are not inserted into the
INM. They polymerize into the nuclear lamina at the nuclear periphery, but also exist as a
detergent-soluble nucleoplasmic pool [151]. While the functions of nucleoplasmic A-type
lamins remain unknown, evidence implicates the nucleoplasmic protein lamina-associated
polypeptide LAP20, which directly binds lamin A/C, in the regulation of the
nucleoplasmic vs. peripheral pools of lamin A/C [152, 153].

Unlike B-type lamins, A-type lamins are developmentally regulated and show
variable expression level between cell types [154] and during stem cell differentiation
[155]. Lamin A/C is not or weakly expressed in pluripotent ESCs, and is expressed to a
variable extent in lineage committed progenitor cells and differentiated cells [154, 156,

157]. Lamin A/C play a role in differentiation of tissue-specific stem cells [153, 158, 159].
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The role of A-type lamins in development is unclear, but may at least in part be linked to
changes in chromatin organization.

Interestingly, the nucleoplasmic vs peripheral distribution of A-type lamins has
been shown to be important in the differentiation of somatic progenitor cells [160].
Nucleoplasmic lamin A/C and LAP2a both affect retinoblastoma protein function [161]
and promote cell cycle arrest in somatic progenitor cells [153, 158, 159, 162]. Moreover,
LAP2a overexpression in mouse pre-adipocytes promotes adipogenic differentiation
[163], arguing that the maintenance of an intranuclear pool of A-type lamins is important
for adipogenesis. Furthermore, our laboratory has shown that in ASCs, lamin A/C
knockdown impairs differentiation into adipocytes [164]. Thus, nucleoplasmic lamin A/C
seem to be critical for differentiation of tissue progenitor cells and conceivably play
important roles regulating chromatin organization and gene expression in the nuclear
interior [160, 165].

Other proteins are associated with the nuclear lamina, including proteins anchored
in the INM. These include the lamina associated polypeptides (LAPs) LAP1 and LAP2§,
emerin and lamin B receptor (LBR). These proteins have important role in anchoring
lamins to the INM, and some of these have been also shown to bind DNA, and
presumably also have roles in chromatin organization [166].

Point mutations in the LMNA gene are associated with disease. To date, ~400
mutations have been mapped to the LMNA gene [167] and are linked to ~15 classes of
diseases collectively called laminopathies. The symptoms are diverse, including
myopathies affecting skeletal and cardiac muscle, progeria (premature aging) which
affects all tissues except the brain, and partial lipodystrophies leading to abnormal body
fat distribution [167, 168]. Several lamin A point mutations notably cause familial partial
lipodystrophy of Dunningan-type (FPLD2), a disease associated with adipogenic and
myogenic differentiation defects [169]. FPLD2 patients present metabolic syndromes
including glucose intolerance and insulin resistance, and are prone to type 2 diabetes
[170].

A key question is how lamin A mutations can cause such a wide range of diseases.
Given the developmental regulation of lamin A/C, it is likely that these mutations affect
properties of stem cell differentiation. Additionally, some laminopathies are associated
with defects in heterochromatin organization at the nuclear periphery [171], thus changes

in genome organization during differentiation may be affected. The role of LMNA
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mutations in FPLD2 makes the study of nuclear lamin-genome interactions in an

adipogenic context particularly relevant; this is the topic of Paper II.

1.4.2 Lamin—chromatin interactions

Nuclear lamins interact with chromatin in part by direct interaction with histones and
DNA [172]. Interactions between lamins and chromatin have been shown to occur within
large, spatially defined regions of chromatin entitled lamina-associated domains (LADs),
ranging from 0.1-10 megabases (Mb) [173]. LADs were initially identified by mapping
associations of lamin B1 with chromatin genome-wide using DamID. [173, 174]. DamID
involves the fusion of a protein of interest (in this case, lamin B1) with the DNA adenine
methyltransferase (Dam) of E. coli. The Dam enzyme methylates adenines in GATC
sequences that lie in close proximity (within 5 kb) of the protein of interest. The
methylated regions can be isolated, amplified and hybridized to DNA microarrays for
identification of interacting genomic sites, or sequenced and mapped back to the genome
[174]. Recently, LADs have also been identified using ChIP [65, 94, 175], with results
showing high similarity to DamID LADs [94, 176].

In general, LADs are associated with transcriptionally inactive regions, they are
overall gene-poor, and are typically enriched in repressive H3K9me2/me3 [173]. LADs
are spatially restricted by distinct borders, typically marked with H3K9me2/me3,
H3K27me3, the transcription factor yin-yang 1 (YY1) and the insulator protein CCCTC-
binding factor (CTCF) [173, 177]. LAD borders also often harbor transcriptionally active
genes oriented away from the LADs. These regions typically contain H3K4me2 [173].
Changes in LAD borders are believed to be important in the dynamics and differences of
LADs between cell types [177]. Although LADs are generally transcriptionally silent,
recent studies show that LADs can be associated also with other chromatin environments,
and some genes in LADs may also be highly transcribed [65, 178]. While our work was
ongoing, results from our laboratory showed that in ASCs ~5% of the genes associated
with lamin A/C harbor H3K4me3 in the promoter, suggesting a potential for
transcriptional activation [65]. Accordingly, a fraction of lamin A/C-associated gene are
expressed [65].

DamID combined with immunofluorescence microscopy with a 6-methyladenine
MgA tracer has recently shown that lamin A LADs, in contrast to lamin B LADs, localize
not only at the nuclear periphery but also in perinucleolar regions in the nuclear interior

[179]. This is in line with the reported nucleoplasmic pool of lamin A/C [160].

22



Furthermore, supporting a role for lamin A/C in nucleoplasmic and perinuclear
compartments, our laboratory has shown that cross-linked chromatin fragmented by
sonication or with micrococcal nuclease (MNase) leads to identification of distinct lamin
A/C LAD patterns [176]. ChIP with MNase-digested chromatin presumably preferentially
targets more ‘open’ (nuclease-accessible) chromatin, and these LADs probably reflect
euchromatin regions in the nuclear interior. In contrast to sonicated LADs, MNase LADs
are identified in gene-rich regions; the latter are however enriched in H3K9me3 and
H3K27me3 and are predominantly repressed. LADs specific for sonicated chromatin are
in contrast gene-poor and devoid of histone modifications, presumably reflecting more
peripheral regions. In line with this possibility, sonication lamin A LADs display strong
overlap with previously described lamin B DamID LADs [176]. Thus, genes in LADs are
mostly but not always repressed, and can be present in different chromatin environments,
mainly at the nuclear periphery, as well as in the nucleoplasm. The functional relevance
of lamin A LADs detected in transcriptionally active or repressed chromatin contexts
remains to be explored.

Lamin-chromatin interactions are believed to play important parts in development.
Lamin B1 LADs are largely conserved between cell types [180, 181]. LADs conserved
between cell types are entitled constitutive LADs (cLADs), and are even conserved
between species. cLADs are believed to play a part in basic chromatin architecture [180].
Over 90% of LADs identified by DamID are conserved throughout differentiation of
ESCs into neural progenitor cells [181]. Nevertheless, rearrangements also occur in LADs
during differentiation. LADs that are not conserved between cell types are commonly
named variable LADs (VLADs) [177]. These regions typically contain genes associated
with lineage commitment or pluripotency. For instance, upon differentiation of ESCs into
neural progenitors, key pluripotency genes gain lamin association and are likely targeted
to the nuclear lamina for repression. Genes associated with commitment to the neurogenic
lineage lose lamin association and gain an increased potential for expression [181]. There
is however strikingly no overall correlation between gain or loss of lamin occupancy and
gene expression. A striking example is the overall absence of changes in gene expression
(although exceptions do occur) after siRNA-mediated known-down of lamin A/C in
ASCs [65]. Moreover, a fraction of the genes that lose lamin association upon ESC or
ASC differentiation remain silenced [65, 181]. Release of these genes from the nuclear
lamina has been proposed to constitute a ‘priming’ mechanism for transcriptional

activation before differentiation into more specialized cell types [65, 142, 181].
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The mutations in the LMNA gene leading to FPLD suggest that lamin A/C may
have important roles in adipogenic differentiation, which may partly be mediated by
regulation of chromatin structure. Lamin A/C occupancy in gene promoter regions in
ASCs has recently been studied using ChIP combined with microarray hybridization
(ChIP-chip) [65]. Adipogenic differentiation of ASCs into adipocytes causes a large scale
remodeling of lamin A/C-promoter interactions. Approximately 4000 promoters lose
lamin A/C interaction, while ~2000 gain interaction and ~800 retain interaction.
Adipogenic promoters such as the PPARG2, FABP4, FABPS and FABPY promoters lose
lamin A/C during differentiation, while genes associated with differentiation into other
lineages (e.g. endodermal- and ectodermal-specific genes) remain bound to lamin A/C
[65]. These results suggest an overall change in chromatin configuration upon adipogenic
differentiation [65]. This study corroborates findings by Oldenburg and colleagues in our
laboratory, showing impaired adipogenic differentiation in ASCs expressing a lamin A
mutant or knocked-down for lamin A/C [164]. Although the Lund et al. (2013) study
provides information about promoter-lamin interactions, genome-wide changes that
accompany adipogenic differentiation remain unknown. In Paper II, we report and
characterize genome-wide profiles of lamin A/C LADs in the course of in vitro
adipogenic differentiation.

In light of the information provided in this Introduction, we address several
fundamental issues on ASC biology. These are: (1) what chromatin configuration
characterizes inflammation response genes in ASCs; (2) does exposure to elevated
glucose impact expression — or expression potential — of inflammation response genes in
ASCs; (3) how does adipogenic differentiation affect associations of chromatin with the
nuclear lamina and how do changes in these associations affect gene expression; and (4)
is there an epigenetic state favoring nuclear lamin-genome interactions, which would help
rationalize and understand the significance of developmentally-regulated lamina-
chromatin interactions. The papers presented here provide evidence for an epigenetic
‘priming’ of inflammation response genes in ASCs by high-glucose exposure,
conceivably accounting for their immunological properties (Paper I; Renningen et al.,
submitted), and for domains of GIcNAcylated H2B (which we name GlcNAcylated
domains or GADs) constituting an epigenetic platform for the de novo formation of lamin
A/C LADs during adipogenic induction (Paper II; Renningen, Shah et al., Genome Res.,
in press). The latter findings suggest a link between the spatial arrangement of the

genome (through lamin A/C-chromatin interactions) and the metabolic state of ASCs.
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2. Aims of the study

Adipose stem cells (ASCs) play a central role in the regulation of immune functions and
in adipose tissue development through differentiation into adipocytes. Relatively little is
known on how chromatin-associated processes regulate these functions. In this thesis
work, I have examined how gene expression and chromatin organization in human ASCs
are affected by metabolic cues, with emphasis on dynamic changes in histone post-
translational modifications and spatial chromatin organization. The aims of the study

were therefore to:

e Determine the effect of elevated extracellular glucose on expression and
epigenetic regulation of inflammatory genes in ASCs and adipocytes, at single-
gene and genome-wide levels

e Determine whether adipogenic induction affects genome-wide distribution of the
nutrient responsive S112GIcNAc on histone H2B, and characterize regions
enriched in H2BS112GlcNAc

e Identify changes in the genome-wide associations of chromatin with nuclear lamin
A/C during adipogenic differentiation

e Assess the relationship between changes in lamin A/C-chromatin interactions and

H2BS112GlcNAc driven by adipogenic differentiation
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3. Summary of publications

Paper I: Epigenetic priming of inflammatory response genes by high glucose in
adipose progenitor cells (Ronningen et al., Biochemical and Biophysical Research

Communications, in press)

Cellular metabolism confers wide-spread epigenetic modifications required for the
regulation of transcriptional networks that determine cellular states. Mesenchymal
stromal cells (MSCs) are responsive to metabolic cues including circulating glucose
levels, and modulate inflammatory responses. We show here that long-term exposure of
undifferentiated human primary adipose stem cells (ASCs, MSCs from adipose tissue) to
high glucose upregulates a subset of inflammation response (IR) genes and alter their
promoter histone methylation patterns in a manner revealing transcriptional de-repression.
Modeling of chromatin states from recurrent combinations of seven chromatin
modifications in nearly 500 IR genes unveil three overarching chromatin configurations
reflecting repressive, active, and potentially active states in promoter and enhancer
elements. We show that a high fraction of the non-expressed IR genes contain potential
for expression, enriched in the H3K4mel mark. Accordingly, we further show that
adipogenic differentiation in high glucose predominantly upregulates IR genes, when
compared to differentiation in a control glucose level. Our results indicate that elevated
extracellular glucose levels sensitize in ASCs an IR gene expression program which is
exacerbated in adipocytes. We propose that high glucose exposure conveys an epigenetic
‘priming’ of IR genes, favoring a transcriptional inflammatory response upon adipogenic
stimulation. Chromatin alterations at IR genes by high glucose exposure may play a role

in the etiology of metabolic diseases.
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Paper II: Pre-patterning of differentiation-driven nuclear lamin A/C-interacting
chromatin domains by GlcNAcylated H2B (Renningen, Shah et al. Genome Research,
2015, in press)

Dynamic interactions of nuclear lamins with chromatin through lamin-associated domains
(LADs) contribute to the spatial organization of the genome. Here, we provide evidence
for pre-patterning of differentiation-driven formation of lamin A/C LADs by domains of
histone H2B modified on S112 by the nutrient sensor O-linked N-acetylglucosamine
(H2BS112GlcNAc), which we term GADs. We reveal a two-step process of lamin A/C
LAD formation during in vitro adipogenesis, involving spreading of lamin A/C-chromatin
interactions in the transition from progenitor cell proliferation to cell cycle arrest, and
genome-scale redistribution of these interactions through a process of LAD exchange
within hours of adipogenic induction. Lamin A/C LADs are found both in active and
repressive chromatin contexts that can be influenced by differentiation status. We show
that de novo formation of adipogenic lamin A/C LADs occurs non-randomly on GADs,
which consist of megabase-size intergenic and repressive chromatin domains.
Accordingly, whereas pre-differentiation lamin A/C LADs are gene-rich, post-
differentiation LADs harbor repressive features reminiscent of lamin B1 LADs identified
in other cell types. We find that release of lamin A/C from genes directly involved in
glycolysis concurs with their transcriptional upregulation after adipogenic induction, and
with downstream elevations in H2BS112GIcNAc levels and O-GlcNAc cycling. Our
results unveil an epigenetic pre-patterning of adipogenic LADs by GADs, suggesting a
coupling of developmentally regulated lamin A/C-genome interactions to a metabolically-

sensitive histone modification.
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4. Discussion

4.1 Epigenetic priming of gene expression in high glucose conditions

Given the central role of adipose tissue inflammation in disease, expression of
inflammatory factors in adipose stem cells (ASCs) may contribute to disease development.
In Paper I, we show that long-term exposure to elevated extracellular glucose (an
approximation of an in vitro ‘diabetic’ condition) induces epigenetic changes in a panel of
inflammatory response (IR) gene promoters in human ASCs. These changes include a
reduction in H3K9me3 and H3K27me3 on promoters, suggestive of a transcriptional de-
repression mechanism. This is associated with modest upregulation of expression of some
but not all the examined genes in our qPCR analysis, suggesting that these epigenetic
changes are necessary but not sufficient for transcriptional activation. Rather, they may
act as a ‘priming’ mechanism enabling transcriptional upregulation following stimulation,
e.g. after adipogenic or inflammatory induction. This is in line with previous studies
showing effects of hyperglycemia on H3K9 and H3K27 methylation and on activity of
the respective H3K9 and H3K27 HMTs and HDMs in endothelial cells, cardiomyocytes
and monocytes [103, 104, 182, 183]. The epigenetic changes observed are likely to be due
to altered activity of these enzymes also in ASCs. It would be interesting in future studies
to examine the impact of sustained or acute high glucose exposure on HMT/HDM levels
and activity in an adipose context.

We further show, by high-throughput bioinformatic analyses of IR genes in ASCs,
that most non-expressed IR genes harbor chromatin states compatible with potential for
expression. These chromatin states include marking of enhancers (or putative enhancers)
by H3K4mel, and marking of promoters by H3K27me3, with no detection of the
transcription elongation mark H3K36me3; these epigenetic marks are consistent with a
repressed transcriptional state. Interestingly, the detection of H3K4mel in these
regulatory regions suggests an additional priming mechanism for IR gene expression.
H3K4mel marking of enhancer elements suggests that either these enhancers are in use
(i.e., they regulate distant cognate promoters), or that they will be used at a later stage, e.g.
after an adipogenic or an inflammatory signal.

Supporting the view of ‘priming’ of gene activation by H3K4mel enhancer
marking is the discovery of a set of enhancers mono-methylated on H3K4 prior to, or in
early stages of, adipogenic differentiation, and in any case prior to transcriptional

activation of their cognate genes [66]. H3K4mel has also been described to act as a
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priming mechanism prior to subsequent activation of enhancers upon acquisition of the
H3K27ac mark [66, 184, 185]. Priming IR gene activation by H3K4mel upon cell culture
in high glucose may therefore determine the inflammatory potential of ASCs after
adipogenic induction. Interestingly, hyperglycemia is associated with increased activity of
SET7, the H3K4mel methyltransferase, resulting in increased levels of H3K4mel on
inflammatory promoters [103, 186], suggesting that this priming mechanism may be more
evident in cells exposed to elevated glucose.

In support of this possibility, we show that adipogenic differentiation under high
glucose conditions promotes an overall upregulation of IR genes to a larger extent than in
undifferentiated cells. An implication may be that adipocytes differentiated under
hyperglycemic conditions in vivo (e.g. in a context of insulin resistance) secrete elevated
levels of inflammatory mediators, contributing to a systemic low-grade inflammatory
state and disease development. Additionally, epigenetic changes mediated by
hyperglycemia may influence ASCs’ immunomodulatory properties following injury. We
hypothesize from our observations that culture in high glucose induces changes in
chromatin organization which may facilitate or poise IR genes for increased expression

following additional input from other pathways.

4.2 Metabolic regulation of early adipogenic differentiation?

Transcriptional changes occur rapidly, within hours of adipogenic induction and involve
extensive chromatin remodeling. These chromatin changes entail both transient and more
stable ‘opening’ of chromatin in vicinity of lineage-specific genes, facilitating
transcription [67]. In Paper II, we report massive transcriptional changes associated with
induction of adipogenic differentiation (from DO to D1), corroborating the DO — D3 gene
expression changes reported by Shah et al. [66]. Interestingly, a large fraction of the
genes upregulated on D1 is associated with cellular metabolism. Upregulated genes
include HIFI4, genes encoding several glycolytic enzymes (e.g. GAPDH, PGKI, TPII,
ENOI, LDHA, LDHB, PGAMI) and genes associated with repression of oxidative
phosphorylation (e.g. PDK4) (Paper II, Supplemental Fig. 4). Remarkably, increased
expression of most of these genes is transient, returning to undifferentiated ASC
expression level by D3 and D9, suggesting a ‘boost’ of glycolytic metabolism following
adipogenic induction. Previously published studies have claimed that oxidative
metabolism is a pre-requisite for adipogenic differentiation, and that differentiation is

accompanied by a boost of oxidative phosphorylation [56, 57]. However, these studies
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have examined later time-points in adipogenesis, and oxidative phosphorylation may be
more important at these stages. Since the metabolic changes associated with adipocyte
formation is dependent on PPARy [72], which is upregulated at a later stage of
adipogenic differentiation (day 2-6), the early stage of adipogenic differentiation
presumably does not involve lipid synthesis to a large extent, which rely on oxidative
metabolism. Thus, glycolysis may play a role in adipogenic induction. We are initiating
studies to further investigate metabolic changes associated with initiation of adipogenic
differentiation of ASCs. Interestingly, the boost in glycolytic gene expression is
consistent with a transient increase in H2BGIcNAc and associated proteins (OGA, OGT
and overall GIcNAc modifications) — suggesting an increase in O-GlcNAc cycling — and
a reorganization of chromatin at the nuclear lamina on D1 of adipogenic differentiation.
Our data suggest a functional link between cellular metabolic state, histone modifications

and chromatin architecture.

4.3 LAD dynamics in adipogenic differentiation

Lamin A/C LADs are associated with actively transcribed regions in undifferentiated

ASCs

LADs are typically associated with a repressive chromatin environment [65, 94, 173, 175,
177, 187]. LADs are largely conserved between cell types [180] and these cLADs are
believed to play roles in the fundamental organization of chromatin architecture in the
nuclear space [172]. This is contrast to the vVLADs which may perhaps play a more
regulatory function (although this is not strongly substantiated yet). In Paper II, we show
that lamin A/C LADs are enriched also in active genes and regulatory elements in
undifferentiated ASCs. However, after differentiation, LADs gain repressive chromatin
features that are more typical of LADs. As lamin A/C is found both at the nuclear
periphery and in the nuclear interior [160, 165], the heterochromatic vs. euchromatic
nature of lamin A/C-chromatin interactions evidenced in our study is likely influenced by
its dual localization. Peripheral LADs are enriched in heterochromatin [173, 188] while
intranuclear lamin A/C LADs are likely in a more euchromatic environment, as expressed
genes tend to localize in the nuclear interior. Supporting a role for lamin A/C also in
euchromatin organization, work in our laboratory has shown that a fraction of lamin A/C-
bound promoters is marked by H3K4me3 and/or is expressed [65]. Our results therefore
indicate that lamin A/C LADs can be found both in active and repressive chromatin

contexts, the balance of which can be influenced by cell differentiation status.
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De novo LAD formation after adipogenic induction — how does LAD remodeling occur?

In Paper II, we observe a major shift in lamin A/C LADs after adipogenic induction,
with essentially no sequence overlap between DO and D1 LADs. The question emerges
then, of whether nuclear lamins are relocalized or translocated within the nuclear interior
during adipogenic induction. The existence of an intranuclear pool of lamin A/C
complicates the interpretation of our results. ChIP-seq data provide information on the
sequence associated with lamin A/C, but does not provide indications on the nuclear
localization of the LADs. The intranuclear lamin A/C pool is regulated by the lamin
binding protein LAP2a [158]. LAP2a knock-out causes redistribution of nucleoplasmic
lamin A/C to the nuclear periphery, and also inhibits differentiation [158, 159]. This
suggests that undifferentiated progenitor cells require a pool of intranuclear lamin A/C to
be able to differentiate. This is consistent with our findings (Paper II) showing that a
large fraction of lamin A/C LADs are enriched in genes and regulatory elements, some of
which are active, which tend to be localized in the nuclear interior (in a euchromatic
environment, as discussed above). The de novo LADs formed on DI of adipogenic
induction show some properties suggesting positioning at the nuclear periphery. Indeed,
post-adipogenic induction lamin A/C LADs become more intergenic (reduced gene
density and reduced association with regulatory elements) and thus are more similar to
lamin B1 LADs identified by DamID in other cell types [173, 180]. Given that lamin B1
is restricted to the nuclear periphery (by virtue of its anchoring in the inner nuclear
membrane), lamin B1 LADs are thus associated (presumably) exclusively with the
nuclear periphery; our findings therefore suggest that de novo lamin A/C LADs form
predominantly at the nuclear periphery.

Based on our results, we propose the following model (Fig. 8). In undifferentiated
cells, lamin A/C is associated with a gene-rich, euchromatic environment, mainly in the
nuclear interior; these associations may involve LAP2a, which binds directly to lamin
A/C and chromatin. Nevertheless, lamin A/C also likely interacts with chromatin at the
nuclear periphery. Upon differentiation, LADs are globally reorganized, resulting in
increased amount of LADs at the nuclear lamina. The LADs formed on D1 lose their
overall euchromatic properties and are more heteroch romatic, similarly to lamin Bl
LADs.
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Figure 8 Model of shift in lamin A/C LAD organization upon adipogenic induction. On day 0, lamin A/C
LADs are mainly associated with gene-rich, actively transcribed regions; a significant fraction of LADs is
present in the nuclear interior, presumably bound to LAP2a. Upon adipogenic induction, there is a global
rearrangement of LADs, and LADs become overall gene-poor and transcriptionally repressed. This
probably involves re-shuffling of LADs both at the periphery and in the nucleoplasmic pool, and likely also
between the different compartments. The increased overlap of lamin A/C LADs with lamin B1 LADs on D1
suggests an increased amount of peripheral vs. internal LADs after differentiation.

Are LADs stable in differentiated cells?

Another important point that remains to be elucidated is whether lamin A/C and
associated LADs translocate at a later stage of adipogenic differentiation. We report in
Paper II that lamin A/C LADs are overall maintained between D1 and D9. This suggests
that the radial positioning of lamin A/C-genome interactions is relatively stable in the
nuclear space. This however does not exclude the possibility that lamin A/C-chromatin
complexes affecting specific genomic regions translocate within the nucleus: in this
scenario, the genomic sequence underlining these LADs would remain the same, but their
position would change. We have currently no direct evidence that the de novo lamin A/C
LADs harbor a more repressive configuration than DO LADs but we show a reduction of
lamin A/C LAD-associated gene expression on D1 and D3 (Paper II, Fig. 1G).

Another important issue is that the ChIP-seq results are combined from millions of
cells. When investigating LADs at the a single cell level, only approximately 30% of the
LADs are found at the nuclear periphery [178]. 3D fluorescence in situ hybridization (3D-
FISH) combined with lamin A/C immunostaining (3D immuno-FISH) corroborates these
findings for single loci within LADs [65]. So clearly, not (or very seldom) all alleles of a
locus interacting with nuclear lamins are at the nuclear periphery. The LADs identified to
date using high-throughput genomic approaches (ChIP, DamID) represent the ensemble
of lamin A/C-chromatin interactions in the entire cell population. It may be that changes

in lamin-chromatin association occur in single cells between the different time-points
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examined in our study, although the overall LAD sequence is, at the cell population level,
the same.

Interestingly, a recent study reports the genome-wide mapping of LADs by
DamlID-seq in an array of 400 single cells [189]. The data reveal a core organization
involving constitutive gene-poor LADs between individual cells, which may play a
fundamental architectural role. Variable contacts in contrast form the basis of cell-
specificity of LADs. In support of our findings in Paper II, the variable LADs tend to be
more gene-rich and associated with transcriptionally active regions [189]. A single-cell
analysis of lamin A/C LADs in the context of our adipogenic differentiation system
would provide invaluable information on the dynamics of lamin-genome interactions
during the DO-D1 transition, as data from individual cells may be interpreted as time-

point transitions between DO and D1.

4.4 Is H2BS112GlcNAc enriched in genic or intergenic regions?
We report also in Paper II that H2BS112GIcNAc is present in large repressed regions in
ASCs. The genomic context of H2BGIcNAc however differs from previous reports [131,
138]. We have shown that in ASCs and adipocytes, H2BGIcNAc is primarily localized in
gene-poor or intergenic regions, and that genes found in H2BGIcNAc¢ domains (GADs)
are generally repressed. In contrast, Fujiki and colleagues have reported that,
H2BGIcNAc enrichment is predominantly found in genes that are transcriptionally active
[138] and in euchromatic areas co-enriched with H3K4me2 and H2BK120ubl. Several
factors may explain this apparent key discrepancy.

One important factor is the difference in antibodies used in the studies. Whereas
Fujiki and colleagues used a custom made rabbit polyclonal antibody, we used in our
work the only commercially available antibody at the time to our knowledge, namely a
rabbit polyclonal antibody to H2BS112GIcNAc from Abcam (ab130951). Unfortunately
we were not able to access the *Fujiki antibody’ at the time we undertook our studies (and
to date). Therefore, we have extensively characterized the Abcam antibody (Paper II, Fig.
2, Supplemental Fig. 2). Our conclusion is that the Abcam antibody is specific to the
GlcNAcylated form of H2B, although it has some non-specificity to unmodified H2B. In
particular, H2BGIcNAc enrichment shows very little overlap with pan-H2B enrichment
in ASCs, suggesting that the antibody is specific enough to ensure robustness of our ChIP
data. It would be interesting to determine H2BGIcNAc genomic enrichment profiles using

the ‘Fujiki antibody* in ASCs; however this seems currently of reach.
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Another factor explaining the discrepancy is the cell types examined. Whereas
Fujiki et al. have examined HeLa cells [138] — a transformed aneuploidy cell line, we
have used primary, normal diploid ASCs [190]. To address whether there are cell type-
specificity of H2BGIcNAc genomic profiles, we have recently initiated a comparative
study (unpublished results). We have mapped by ChIP-seq in the human HepG2
hepatoblast cell line lamin A/C LADs and H2BGIcNAc, using the same antibodies as in
Paper II. In addition, to provide an idea of how dynamic lamin A/C LADs would be in
relation to GADs, we also treated HepG2 cells with 10 uM cyclosporin A (CspA) for 72 h
to induce a “steatotic”-like state, i.e. stimulate an adipogenic phenotype (A. Serensen and
P. Collas; data not shown). The rationale for this was to provide an adipogenic system
complementary to our ASC differentiation system and to determine the relationship
between lamin A/C LAD and GAD enrichment after CspA treatment. Using the EDD
algorithm [94] for domain detection, we found that lamin A/C LADs cover 350 and 255
Mb of the genome in control and CspA-stimulated HepG2 cells, respectively, making up
11 and 8% of the genome (Fig. 9A). Thus, LAD coverage under these conditions appears
to be similar or slightly reduced. However, gene density increases after CspA treatment,
from 2.1 genes/Mb to 6.4 genes/Mb, respectively (Fig. 9B), indicating a major
redistribution of lamin A/C LADs after stimulation, and a change in the genomic
properties of these LADs. Changes in LAD patterns are manifested by either loss of
LADs, gain of LADs (de novo LADs) or extension of already existing LADs (spreading;
Fig. 9C). These results indicate thus far that, as in ASCs (Paper II), lamin A/C LADs are
remodeled during adipogenic differentiation, yet in this system, lamin A/C LADs tend to
become gene-rich after stimulation.

We next examined H2BGIcNAc distribution through the HepG2 genome before
and after CspA stimulation. We show that domains of H2BGIcNAc (GADs) cover 14 and
11% of the genome in control and treated cells, respectively (454 and 351 Mb) through
360 to 310 domains (Fig. 9A). Overlap between GADs is highly conserved between
control and CspA-treated cells, as determined by Jaccard index calculation (Fig. 10).
GADs show high gene density, both before and after treatment, at 14 vs.12 genes/Mb
(Fig. 9B). Importantly, we note that gene density of GADs in HepG2 cells is clearly
distinct from that in ASCs in which GADs are consistently gene poor (~2 genes/Mb;
Paper II). Since we used the same antibody in both studies, this suggests that the
genomic context of H2BGIcNAc varies between cell types. This is either cell type-

dependent, or may represent a difference between primary cells (ASCs) and cell lines
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(HepG2). The latter is supported by the fact that H2ZBGIcNAc has been reported to be
enriched in genes in the HeLa cell line [138]; however, more work is clearly needed to
validate this possibility, notably by ChIPing H2BGIcNAc from HeLa cells. This work is

currently ongoing in our laboratory.
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Figure 9 Characteristics of LADs and GADs in control and CspA-stimulated HepG2 cells. (A) Percent of
the human genome covered by LADs and GADs. (B) Gene density in LADs and GADs. (C) IGV browser
view of LMNA and H2BGIcNAc enrichment in a region of chromosomes 1 and 7 in control (Ctl) and
CspA-stimulated HepG2 cells. Red frame highlights a region of de novo lamin A/C enrichment in CspA -
treated cells, in a H2BGIcNAc-rich domain.

During adipogenic differentiation of ASCs, we report in Paper II de novo LADs
form almost exclusively on pre-existing domains of H2BS112GlcNAc, which we called
GADs, suggesting that GADs pre-pattern de novo LAD formation and that patterns of
LAD formation may be dependent on the cellular metabolic state. We examined whether
this held true for HepG2 cells, given the remodeling of LADs after CspA treatment we
reported above. Our preliminary data show that a proportion of de novo lamin A/C LADs
form on GADs (Fig. 9C, frame). This is quantified by calculating the Jaccard index of
overlap between LADs and GADs before and after CspA treatment (Fig. 10). This shows
that while LADs and GADs essentially do not overlap in control cells (Ji = 0.1), overlap
is highly significant (Ji = 0.5) in stimulated cells. This suggests that, as in ASCs, de novo
lamin A/C LAD formation upon adipogenic induction in HepG2 cells may be pre-

patterned by GADs.
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Figure 10 Jaccard index determination of the overlap between LADs and GADs. Note the increase in
overlap after CspA treatment (red arrow), supporting, in a different cell type, our findings in Paper I1.

A recent review also questions the quality of the H2BS112GIlcNAc ChIP-seq data
published by Fujiki et al (2011) [191]. Genomic profiles of promoters claimed to be
enriched in H2BGIcNAc (Fig. 11) reveal, in at least 5 out of the top 20 genes supposedly
enriched in H2BS112GIcNAc, very low if any enrichment in H2BS112GIcNAc in
promoter regions relative to overall background level. This suggests that the conclusions
drawn in the earlier study [138] may be overstated. It will be important to resolve the
issue of genomic enrichment in H2BS112GIcNAc in a variety of primary cells and cell

lines, as we have initiated in our laboratory.
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Figure 11 Re-analyzed H2BS112GIcNAc ChIP-seq profiles from selected ‘highly enriched in H2BGIcNAc’
loci in the Fujiki et al. (2011) data. Modified from [191]

OGT has multiple roles in chromatin regulation, and the mechanism by which
OGT identifies its substrate in different contexts is incompletely understood. OGT
substrate specificity may be regulated by several means including isoform distribution,

oligomerization, UDP-GIcNAc concentration, PTMs and through interactions with other
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proteins [192]. Several studies have shown that GIcNAcylation of H2B by OGT is
dependent on TET enzymes for recruitment onto chromatin [126, 131, 193]. RNA-seq
analysis shows however that TET enzymes are not expressed in ASCs [66]; therefore,
other mechanisms may be involved in bringing OGT to chromatin in this cell type. The
difference in regulation may also explain the discrepancy in genomic localization of

H2BGIcNAc in ASCs compared to previous studies [138].

4.5 Is there a functional relationship between H2BGlcNAc and LADs?

We show in Paper II that de novo lamin A/C LADs form on previously enriched
H2BGIcNAcylated domains on D1 of adipogenic differentiation. To our knowledge, this
is the first study describing a relationship between lamin A/C and GlcNAcylated proteins.
This connection is however not surprising, as OGT modifies several proteins at the
nuclear envelope, including nuclear pore complexes [127] and the inner nuclear
membrane protein emerin [128]. Indeed we have shown enrichment of O-GIcNAc
modified proteins in the nuclear periphery in ASCs and HeLa cells (Fig. 12). Here, we
provide additional evidence for a role of GlcNAcylation at the nuclear lamina, with
H2BGIcNAc acting as a pre-patterning factor for positioning of genes at the nuclear

lamina upon adipogenic induction.

a-0-GlcNAc DNA Merge

Hela

Figure 12 O-GlcNAc modifications are located at the nuclear periphery. Immunofluorescence images of
human ASCs and HeLa cells stained with RL2 antibodies which recognize pan-O-GlcNAc modifications.
DNA is stained with DAPI.

We have, however, not yet been able to show a clear functional link between
H2BGIcNAc and the establishment of lamin A/C LADs. We have shown using HeLa cell
lysates that lamin A/C co-immunoprecipitates with H2BGIcNAc and vice versa, and that

this interaction is not direct, but rather mediated through DNA (A. Oldenburg,
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unpublished results). H2B and lamin A/C have been shown to interact through the N-
terminal part of H2B [194]. Due to the partial affinity of the anti-H2BS112GIcNAc
antibody used in our work to unmodified H2B (see above), further studies are needed to
validate this interaction. Nonetheless, the role of H2BGIcNAc in pre-patterning of lamin
A/C-chromatin interactions does not necessarily require direct protein-protein interaction,
and it is possible or even likely that lamin A/C, H2BGIcNAc and associated chromatin
are part of larger protein complexes.

Establishing a causal relationship between LADs and GADs would require
showing that removal of H2BGIcNAc prevents or somehow affects de novo LAD
formation. This is however challenging. Methods for studying specific O-GlcNAc
modifications typically involve manipulations of overall O-GlcNAc levels, not specific
modifications on specific proteins. Typical approaches involve knock-down of OGT,
inhibition of central enzymes in the HBP, or altering availability of metabolites in the
HBP (glucose, glutamine, glucosamine, etc.). These approaches will however affect
various GlcNAcylated proteins and a wide range of cellular processes, and have a large
degree of non-specificity. Additionally, since both OGT and OGA are essential proteins
for cell survival [113, 195], perturbing these enzymes may cause several off-target effects
including stress responses, defects in cell cycle regulation or transcription. Another
strategy to more specifically manipulate H2BGIlcNAcylation would consist in introducing
a mutant form of H2B. For antibody validation in Paper II, we expressed H2B fused to
EGFP or Tyl tags, and introduced a substitution from a serine to an alanine on residue
112 (H2BS112S-> A mutation). We have attempted using these constructs for functional
analysis; however under the conditions tested so far, expression levels of exogenous
epitope-tagged H2B remains presumably too low (estimated from Western blots to less
than 10% of total H2B; our unpublished data), it may not cause an overall change in
genome organization. Indeed, using these constructs, we show by ChIP-qPCR no clear
effect on the association of specific loci with lamin A/C in ASCs on D1 of differentiation
(our unpublished results). An approach to study the functional effect of H2BGIcNAc
would be to stably express H2BS112A in ASCs, assess H2BS112GIcNAc levels, and
determine the effect of this substitution on de novo lamin A/C LAD formation and

adipogenic differentiation.
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4.6 Conclusions and perspectives
Overall, this thesis provides insight in how the epigenome and chromatin organization is

potentially affected by the cellular metabolic state. We show that:

i.  High glucose concentration affects epigenetic priming of inflammatory response
gene promoters in ASCs, priming these for enhanced expression upon subsequent
adipogenic stimulation.

ii.  Adipogenic induction of ASCs induces up-regulation of metabolic genes, and a
major reorganization of lamin A/C LADs.

iii.  Metabolically-linked H2B GIcNAcylation acts as pre-patterning factor for

differentiation-driven lamin A/C reorganization.

Our results speculatively suggest a coupling between cellular metabolic state and the
spatial organization of genome involving a nutrient-sensitive histone modification.
Nonetheless, several questions remain to be answered. In particular, the mechanism by
which chromatin movement occurs in the DO/D1 transition, i.e. immediately after
application of the adipogenic stimulus, needs to be examined in more detail. Does this
involve shuffling of large chromatin domains from the nuclear interior to the nuclear
periphery and vice versa? Or does it involve local reorganization of lamins in the
respective compartments? FISH analysis would provide answers on any changes in the
radial positioning of LADs and inter-LAD regions during the early stages of adipogenic
induction. Live-cell locus tracking using for example CRISPR/Cas9-EGFP tagging of loci
[196] within LADs would provide a dynamic real-time component to this analysis of
chromatin dynamic. What is the role of the intranuclear lamin A/C and chromatin anchor
LAP2a in this context? In addition, studying changes in LADs in three dimensional space
using chromosome conformation capture (3C) techniques would provide useful
information for understanding these mechanisms. It would also be important to establish a
functional role of H2BGIcNAc in LAD formation; to this end, functional studies using a
H2BS112 mutant that cannot be GlcNAcylated will be crucial. The work presented in this
thesis provides novel information on chromatin organization in adipogenic differentiation,

and how this may be affected by metabolic cues.

39



References

10.

11.

12.

13.

14.

Huang, L. and C. Li, Leptin: a multifunctional hormone. Cell Res, 2000. 10(2): p.
81-92.

Ouchi, N., J.L. Parker, J.J. Lugus, and K. Walsh, Adipokines in inflammation and
metabolic disease. Nat Rev Immunol, 2011. 11(2): p. 85-97.

Calder, P.C., N. Ahluwalia, F. Brouns, T. Buetler, K. Clement, K. Cunningham, et
al., Dietary factors and low-grade inflammation in relation to overweight and
obesity. Br ] Nutr, 2011. 106 Suppl 3: p. S5-78.

Hotamisligil, G.S., P. Arner, J.F. Caro, R.L. Atkinson, and B.M. Spiegelman,
Increased adipose tissue expression of tumor necrosis factor-alpha in human
obesity and insulin resistance. J Clin Invest, 1995. 95(5): p. 2409-15.

Patel, S. and D. Santani, Role of NF-kappa B in the pathogenesis of diabetes and
its associated complications. Pharmacol Rep, 2009. 61(4): p. 595-603.

Berry, R., E. Jeffery, and M.S. Rodeheffer, Weighing in on adipocyte precursors.
Cell Metab, 2014. 19(1): p. 8-20.

Carey, V.J., E.E. Walters, G.A. Colditz, C.G. Solomon, W.C. Willett, B.A. Rosner,
et al., Body fat distribution and risk of non-insulin-dependent diabetes mellitus in
women. The Nurses' Health Study. Am J Epidemiol, 1997. 145(7): p. 614-9.

Goodpaster, B.H., F.L. Thaete, J.A. Simoneau, and D.E. Kelley, Subcutaneous
abdominal fat and thigh muscle composition predict insulin sensitivity
independently of visceral fat. Diabetes, 1997. 46(10): p. 1579-85.

Manolopoulos, K.N., F. Karpe, and K.N. Frayn, Gluteofemoral body fat as a
determinant of metabolic health. Int J Obes (Lond), 2010. 34(6): p. 949-59.

Cinti, S., The adipose organ. Prostaglandins Leukot Essent Fatty Acids, 2005.
73(1): p. 9-15.

Cypess, A.M., S. Lehman, G. Williams, I. Tal, D. Rodman, A.B. Goldfine, et al.,
Identification and importance of brown adipose tissue in adult humans. N Engl J
Med, 2009. 360(15): p. 1509-17.

Saito, M., Y. Okamatsu-Ogura, M. Matsushita, K. Watanabe, T. Yoneshiro, J.
Nio-Kobayashi, et al., High incidence of metabolically active brown adipose
tissue in healthy adult humans: effects of cold exposure and adiposity. Diabetes,
2009. 58(7): p. 1526-31.

Betz, M.J. and S. Enerback, Human Brown Adipose Tissue: What We Have
Learned So Far. Diabetes, 2015. 64(7): p. 2352-60.

Seale, P., B. Bjork, W. Yang, S. Kajimura, S. Chin, S. Kuang, et al., PRDM16
controls a brown fat/skeletal muscle switch. Nature, 2008. 454(7207): p. 961-7.

40



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Wu, J., P. Bostrom, L.M. Sparks, L. Ye, J.H. Choi, A.H. Giang, et al., Beige
adipocytes are a distinct type of thermogenic fat cell in mouse and human. Cell,
2012. 150(2): p. 366-76.

Broeders, E.P., E.B. Nascimento, B. Havekes, B. Brans, K.H. Roumans, A.
Tailleux, et al., The Bile Acid Chenodeoxycholic Acid Increases Human Brown
Adipose Tissue Activity. Cell Metab, 2015. 22(3): p. 418-26.

Weisberg, S.P., D. McCann, M. Desai, M. Rosenbaum, R.L. Leibel, and A.W.
Ferrante, Jr., Obesity is associated with macrophage accumulation in adipose
tissue. J Clin Invest, 2003. 112(12): p. 1796-808.

Grant, R.-W. and V.D. Dixit, Adipose tissue as an immunological organ. Obesity
(Silver Spring), 2015. 23(3): p. 512-8.

Curat, C.A., V. Wegner, C. Sengenes, A. Miranville, C. Tonus, R. Busse, and A.
Bouloumie, Macrophages in human visceral adipose tissue: increased
accumulation in obesity and a source of resistin and visfatin. Diabetologia, 2006.
49(4): p. 744-7.

Raff, M., Adult stem cell plasticity: fact or artifact? Annu Rev Cell Dev Biol,
2003.19: p. 1-22.

Thomson, J.A., J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J. Swiergiel, V.S.
Marshall, and J.M. Jones, Embryonic stem cell lines derived from human
blastocysts. Science, 1998. 282(5391): p. 1145-7.

Friedenstein, A.J., R.K. Chailakhjan, and K.S. Lalykina, The development of
fibroblast colonies in monolayer cultures of guinea-pig bone marrow and spleen
cells. Cell Tissue Kinet, 1970. 3(4): p. 393-403.

Zuk, P.A., M. Zhu, H. Mizuno, J. Huang, J.W. Futrell, A.J. Katz, et al.,
Multilineage cells from human adipose tissue: implications for cell-based
therapies. Tissue Eng, 2001. 7(2): p. 211-28.

Boquest, A.C., A. Shahdadfar, K. Fronsdal, O. Sigurjonsson, S.H. Tunheim, P.
Collas, and J.E. Brinchmann, Isolation and transcription profiling of purified
uncultured human stromal stem cells: alteration of gene expression after in vitro
cell culture. Mol Biol Cell, 2005. 16(3): p. 1131-41.

Boquest, A.C., A. Shahdadfar, J.E. Brinchmann, and P. Collas, Isolation of
stromal stem cells from human adipose tissue. Methods Mol Biol, 2006. 325: p.
35-46.

Peroni, D., I. Scambi, A. Pasini, V. Lisi, F. Bifari, M. Krampera, et al., Stem
molecular signature of adipose-derived stromal cells. Exp Cell Res, 2008. 314(3):
p. 603-15.

Dominici, M., K. Le Blanc, I. Mueller, I. Slaper-Cortenbach, F. Marini, D. Krause,
et al., Minimal criteria for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position statement. Cytotherapy, 2006.
8(4): p. 315-7.

41



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Pittenger, M.F., A.M. Mackay, S.C. Beck, R.K. Jaiswal, R. Douglas, J.D. Mosca,
et al., Multilineage potential of adult human mesenchymal stem cells. Science,
1999. 284(5411): p. 143-7.

Bernardo, M.E., F. Locatelli, and W.E. Fibbe, Mesenchymal stromal cells. Ann N
Y Acad Sci, 2009. 1176: p. 101-17.

Ryan, J.M., F.P. Barry, J.M. Murphy, and B.P. Mahon, Mesenchymal stem cells
avoid allogeneic rejection. J Inflamm (Lond), 2005. 2: p. 8.

Le Blanc, K., I. Rasmusson, B. Sundberg, C. Gotherstrom, M. Hassan, M. Uzunel,
and O. Ringden, Treatment of severe acute graft-versus-host disease with third
party haploidentical mesenchymal stem cells. Lancet, 2004. 363(9419): p. 1439-
41.

Katuchova, J., D. Harvanova, T. Spakova, R. Kalanin, D. Farkas, P. Durny, et al.,
Mesenchymal stem cells in the treatment of type 1 diabetes mellitus. Endocr
Pathol, 2015. 26(2): p. 95-103.

Hoogduijn, M.J., Are mesenchymal stromal cells immune cells? Arthritis Res Ther,
2015.17(1): p. 88.

Bassi, E.J., D.C. de Almeida, P.M. Moraes-Vieira, and N.O. Camara, Exploring
the role of soluble factors associated with immune regulatory properties of
mesenchymal stem cells. Stem Cell Rev, 2012. 8(2): p. 329-42.

Le Blanc, K. and L.C. Davies, Mesenchymal stromal cells and the innate immune
response. Immunol Lett, 2015.

Waterman, R.S., S.L. Tomchuck, S.L. Henkle, and A.M. Betancourt, 4 new
mesenchymal stem cell (MSC) paradigm: polarization into a pro-inflammatory
MSC1 or an Immunosuppressive MSC2 phenotype. PLoS One, 2010. 5(4): p.
e10088.

Hall, S.R., K. Tsoyi, B. Ith, R.F. Padera, Jr., J.A. Lederer, Z. Wang, et al.,
Mesenchymal stromal cells improve survival during sepsis in the absence of heme
oxygenase-1: the importance of neutrophils. Stem Cells, 2013. 31(2): p. 397-407.

Kim, J. and P. Hematti, Mesenchymal stem cell-educated macrophages: a novel
type of alternatively activated macrophages. Exp Hematol, 2009. 37(12): p. 1445-
53.

Maggini, J., G. Mirkin, I. Bognanni, J. Holmberg, I.M. Piazzon, 1. Nepomnaschy,
et al., Mouse bone marrow-derived mesenchymal stromal cells turn activated
macrophages into a regulatory-like profile. PLoS One, 2010. 5(2): p. €9252.

Baggiolini, M., Chemokines in pathology and medicine. J Intern Med, 2001.
250(2): p. 91-104.

Lumeng, C.N. and A.R. Saltiel, Inflammatory links between obesity and metabolic
disease. J Clin Invest, 2011. 121(6): p. 2111-7.

4



42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

Parlee, S.D., M.C. Ernst, S. Muruganandan, C.J. Sinal, and K.B. Goralski, Serum
chemerin levels vary with time of day and are modified by obesity and tumor
necrosis factor-{alpha}. Endocrinology, 2010. 151(6): p. 2590-602.

Catalan, V., J. Gomez-Ambrosi, A. Rodriguez, B. Ramirez, F. Rotellar, V. Valenti,
et al., Increased levels of chemerin and its receptor, chemokine-like receptor-1, in
obesity are related to inflammation: tumor necrosis factor-alpha stimulates mRNA
levels of chemerin in visceral adipocytes from obese patients. Surg Obes Relat Dis,
2013. 9(2): p. 306-14.

Goralski, K.B., T.C. McCarthy, E.A. Hanniman, B.A. Zabel, E.C. Butcher, S.D.
Parlee, et al., Chemerin, a novel adipokine that regulates adipogenesis and
adipocyte metabolism. J Biol Chem, 2007. 282(38): p. 28175-88.

Kanda, H., S. Tateya, Y. Tamori, K. Kotani, K. Hiasa, R. Kitazawa, et al., MCP-1
contributes to macrophage infiltration into adipose tissue, insulin resistance, and
hepatic steatosis in obesity. J Clin Invest, 2006. 116(6): p. 1494-505.

Kim, C.S., H.S. Park, T. Kawada, J.H. Kim, D. Lim, N.E. Hubbard, et al.,
Circulating levels of MCP-1 and IL-8 are elevated in human obese subjects and
associated with obesity-related parameters. Int J Obes (Lond), 2006. 30(9): p.
1347-55.

Amano, S.U., J.L. Cohen, P. Vangala, M. Tencerova, S.M. Nicoloro, J.C. Yawe,
et al., Local proliferation of macrophages contributes to obesity-associated
adipose tissue inflammation. Cell Metab, 2014. 19(1): p. 162-71.

Brandau, S., M. Jakob, H. Hemeda, K. Bruderek, S. Janeschik, F. Bootz, and S.
Lang, Tissue-resident mesenchymal stem cells attract peripheral blood
neutrophils and enhance their inflammatory activity in response to microbial
challenge. J Leukoc Biol, 2010. 88(5): p. 1005-15.

Dinarello, C.A., Immunological and inflammatory functions of the interleukin-1
family. Annu Rev Immunol, 2009. 27: p. 519-50.

Lagathu, C., L. Yvan-Charvet, J.P. Bastard, M. Maachi, A. Quignard-Boulange, J.
Capeau, and M. Caron, Long-term treatment with interleukin-1beta induces
insulin resistance in murine and human adipocytes. Diabetologia, 2006. 49(9): p.
2162-73.

Warburg, O., On respiratory impairment in cancer cells. Science, 1956.
124(3215): p. 269-70.

Ito, K. and T. Suda, Metabolic requirements for the maintenance of self-renewing
stem cells. Nat Rev Mol Cell Biol, 2014. 15(4): p. 243-56.

Kondoh, H., M.E. Lleonart, Y. Nakashima, M. Yokode, M. Tanaka, D. Bernard, et
al., 4 high glycolytic flux supports the proliferative potential of murine embryonic
stem cells. Antioxid Redox Signal, 2007. 9(3): p. 293-9.

Folmes, C.D., T.J. Nelson, A. Martinez-Fernandez, D.K. Arrell, J.Z. Lindor, P.P.
Dzeja, et al., Somatic oxidative bioenergetics transitions into pluripotency-

43



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

dependent glycolysis to facilitate nuclear reprogramming. Cell Metab, 2011.
14(2): p. 264-71.

Shyh-Chang, N., G.Q. Daley, and L.C. Cantley, Stem cell metabolism in tissue
development and aging. Development, 2013. 140(12): p. 2535-47.

Imhoff, B.R. and J.M. Hansen, Extracellular redox environments regulate
adipocyte differentiation. Differentiation, 2010. 80(1): p. 31-9.

Tormos, K.V., E. Anso, R.B. Hamanaka, J. Eisenbart, J. Joseph, B. Kalyanaraman,
and N.S. Chandel, Mitochondrial complex III ROS regulate adipocyte
differentiation. Cell Metab, 2011. 14(4): p. 537-44.

Pattappa, G., H.K. Heywood, J.D. de Bruijn, and D.A. Lee, The metabolism of
human mesenchymal stem cells during proliferation and differentiation. J Cell
Physiol, 2011. 226(10): p. 2562-70.

Wang, G.L., B.H. Jiang, E.A. Rue, and G.L. Semenza, Hypoxia-inducible factor 1
is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2 tension.
Proc Natl Acad Sci U S A, 1995. 92(12): p. 5510-4.

Semenza, G.L., Oxygen sensing, hypoxia-inducible factors, and disease
pathophysiology. Annu Rev Pathol, 2014. 9: p. 47-71.

Albina, J.E., B. Mastrofrancesco, J.A. Vessella, C.A. Louis, W.L. Henry, Jr., and
J.S. Reichner, HIF-1 expression in healing wounds: HIF-1alpha induction in
primary inflammatory cells by TNF-alpha. Am J Physiol Cell Physiol, 2001.
281(6): p. C1971-7.

Spalding, K.L., E. Arner, P.O. Westermark, S. Bernard, B.A. Buchholz, O.
Bergmann, et al., Dynamics of fat cell turnover in humans. Nature, 2008.
453(7196): p. 783-7.

Boulland, J.L., M. Mastrangelopoulou, A.C. Boquest, R. Jakobsen, A. Noer, J.C.
Glover, and P. Collas, Epigenetic regulation of nestin expression during
neurogenic differentiation of adipose tissue stem cells. Stem Cells Dev, 2013.
22(7): p. 1042-52.

Cristancho, A.G. and M. A. Lazar, Forming functional fat: a growing
understanding of adipocyte differentiation. Nat Rev Mol Cell Biol, 2011. 12(11):
p. 722-34.

Lund, E., A.R. Oldenburg, E. Delbarre, C.T. Freberg, I. Duband-Goulet, R.
Eskeland, et al., Lamin A/C-promoter interactions specify chromatin state-
dependent transcription outcomes. Genome Res, 2013. 23(10): p. 1580-9.

Shah, A., A. Oldenburg, and P. Collas, A hyper-dynamic nature of bivalent
promoter states underlies coordinated developmental gene expression modules.
BMC Genomics, 2014. 15: p. 1186.

Siersbaek, R., R. Nielsen, S. John, M.H. Sung, S. Baek, A. Loft, et al., Extensive
chromatin remodelling and establishment of transcription factor 'hotspots' during
early adipogenesis. EMBO J, 2011. 30(8): p. 1459-72.

44



68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

Barak, Y., M.C. Nelson, E.S. Ong, Y.Z. Jones, P. Ruiz-Lozano, K.R. Chien, et al.,
PPAR gamma is required for placental, cardiac, and adipose tissue development.
Mol Cell, 1999. 4(4): p. 585-95.

Rosen, E.D., P. Sarraf, A.E. Troy, G. Bradwin, K. Moore, D.S. Milstone, et al.,
PPAR gamma is required for the differentiation of adipose tissue in vivo and in
vitro. Mol Cell, 1999. 4(4): p. 611-7.

Madsen, M.S., R. Siersbaek, M. Boergesen, R. Nielsen, and S. Mandrup,
Peroxisome proliferator-activated receptor gamma and C/EBPalpha
synergistically activate key metabolic adipocyte genes by assisted loading. Mol
Cell Biol, 2014. 34(6): p. 939-54.

Lefterova, M.1., Y. Zhang, D.J. Steger, M. Schupp, J. Schug, A. Cristancho, et al.,
PPARgamma and C/EBP factors orchestrate adipocyte biology via adjacent
binding on a genome-wide scale. Genes Dev, 2008. 22(21): p. 2941-52.

Siersbaek, R., R. Nielsen, and S. Mandrup, Transcriptional networks and
chromatin remodeling controlling adipogenesis. Trends Endocrinol Metab, 2012.
23(2): p. 56-64.

Mikkelsen, T.S., Z. Xu, X. Zhang, L. Wang, J.M. Gimble, E.S. Lander, and E.D.
Rosen, Comparative epigenomic analysis of murine and human adipogenesis. Cell,
2010. 143(1): p. 156-69.

Farmer, S.R., Transcriptional control of adipocyte formation. Cell Metab, 2006.
4(4): p. 263-73.

Berger, S.L., T. Kouzarides, R. Shiekhattar, and A. Shilatifard, An operational
definition of epigenetics. Genes Dev, 2009. 23(7): p. 781-3.

Richmond, T.J. and C.A. Davey, The structure of DNA in the nucleosome core.
Nature, 2003. 423(6936): p. 145-50.

Thoma, F., T. Koller, and A. Klug, Involvement of histone HI in the organization
of the nucleosome and of the salt-dependent superstructures of chromatin. J Cell
Biol, 1979. 83(2 Pt 1): p. 403-27.

Kebede, A.F., R. Schneider, and S. Daujat, Novel types and sites of histone
modifications emerge as players in the transcriptional regulation contest. FEBS J,
2015. 282(9): p. 1658-74.

Kouzarides, T., Chromatin modifications and their function. Cell, 2007. 128(4): p.
693-705.

Zhao, Y. and B.A. Garcia, Comprehensive Catalog of Currently Documented
Histone Modifications. Cold Spring Harb Perspect Biol, 2015. 7(9).

Xiao, H., S.E. Leblanc, Q. Wu, S. Konda, N. Salma, C.G. Marfella, et al.,
Chromatin accessibility and transcription factor binding at the PPARgamma?2
promoter during adipogenesis is protein kinase A-dependent. J Cell Physiol, 2011.
226(1): p. 86-93.

45



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Shogren-Knaak, M., H. Ishii, J.M. Sun, M.J. Pazin, J.R. Davie, and C.L. Peterson,
Histone H4-K16 acetylation controls chromatin structure and protein interactions.
Science, 2006. 311(5762): p. 844-7.

Bannister, A.J. and T. Kouzarides, Regulation of chromatin by histone
modifications. Cell Res, 2011. 21(3): p. 381-95.

Creyghton, M.P., A.W. Cheng, G.G. Welstead, T. Kooistra, B.W. Carey, E.J.
Steine, et al., Histone H3K27ac separates active from poised enhancers and
predicts developmental state. Proc Natl Acad Sci U S A, 2010. 107(50): p. 21931-
6.

Kim, T.K. and R. Shiekhattar, Architectural and Functional Commonalities
between Enhancers and Promoters. Cell, 2015. 162(5): p. 948-59.

Black, J.C., C. Van Rechem, and J.R. Whetstine, Histone lysine methylation
dynamics: establishment, regulation, and biological impact. Mol Cell, 2012. 48(4):
p. 491-507.

Wen, B., H. Wu, Y. Shinkai, R.A. Irizarry, and A.P. Feinberg, Large histone H3
lysine 9 dimethylated chromatin blocks distinguish differentiated from embryonic
stem cells. Nat Genet, 2009. 41(2): p. 246-50.

Bannister, A.J., P. Zegerman, J.F. Partridge, E.A. Miska, J.O. Thomas, R.C.
Allshire, and T. Kouzarides, Selective recognition of methylated lysine 9 on
histone H3 by the HP1 chromo domain. Nature, 2001. 410(6824): p. 120-4.

Lachner, M., D. O'Carroll, S. Rea, K. Mechtler, and T. Jenuwein, Methylation of
histone H3 lysine 9 creates a binding site for HP1 proteins. Nature, 2001.
410(6824): p. 116-20.

Golebiewska, A., S.P. Atkinson, M. Lako, and L. Armstrong, Epigenetic
landscaping during hESC differentiation to neural cells. Stem Cells, 2009. 27(6):
p. 1298-308.

Azuara, V., P. Perry, S. Sauer, M. Spivakov, H.F. Jorgensen, R.M. John, et al.,
Chromatin signatures of pluripotent cell lines. Nat Cell Biol, 2006. 8(5): p. 532-8.

Dahl, J.A. and P. Collas, 4 quick and quantitative chromatin immunoprecipitation
assay for small cell samples. Front Biosci, 2007. 12: p. 4925-31.

Robinson, J.T., H. Thorvaldsdottir, W. Winckler, M. Guttman, E.S. Lander, G.
Getz, and J.P. Mesirov, Integrative genomics viewer. Nat Biotechnol, 2011. 29(1):
p. 24-6.

Lund, E., A.R. Oldenburg, and P. Collas, Enriched domain detector: a program
for detection of wide genomic enrichment domains robust against local variations.
Nucleic Acids Res, 2014. 42(11): p. €92.

Bernstein, B.E., T.S. Mikkelsen, X. Xie, M. Kamal, D.J. Huebert, J. Cuff, et al., 4
bivalent chromatin structure marks key developmental genes in embryonic stem
cells. Cell, 2006. 125(2): p. 315-26.

46



96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Noer, A., L.C. Lindeman, and P. Collas, Histone H3 modifications associated with
differentiation and long-term culture of mesenchymal adipose stem cells. Stem
Cells Dev, 2009. 18(5): p. 725-36.

Ernst, J. and M. Kellis, ChromHMM. automating chromatin-state discovery and
characterization. Nat Methods, 2012. 9(3): p. 215-6.

Reddy, M.A. and R. Natarajan, Epigenetic mechanisms in diabetic vascular
complications. Cardiovasc Res, 2011. 90(3): p. 421-9.

Ihnat, M.A., J.E. Thorpe, C.D. Kamat, C. Szabo, D.E. Green, L.A. Warnke, et al.,
Reactive oxygen species mediate a cellular 'memory’ of high glucose stress
signalling. Diabetologia, 2007. 50(7): p. 1523-31.

Roy, S., R. Sala, E. Cagliero, and M. Lorenzi, Overexpression of fibronectin
induced by diabetes or high glucose: phenomenon with a memory. Proc Natl Acad
Sci U S A, 1990. 87(1): p. 404-8.

Bierhaus, A., S. Schiekofer, M. Schwaninger, M. Andrassy, P.M. Humpert, J.
Chen, et al., Diabetes-associated sustained activation of the transcription factor
nuclear factor-kappaB. Diabetes, 2001. 50(12): p. 2792-808.

El-Osta, A., D. Brasacchio, D. Yao, A. Pocai, P.L. Jones, R.G. Roeder, et al.,
Transient high glucose causes persistent epigenetic changes and altered gene
expression during subsequent normoglycemia. ] Exp Med, 2008. 205(10): p.
2409-17.

Brasacchio, D., J. Okabe, C. Tikellis, A. Balcerczyk, P. George, E.K. Baker, et al.,
Hyperglycemia induces a dynamic cooperativity of histone methylase and
demethylase enzymes associated with gene-activating epigenetic marks that
coexist on the lysine tail. Diabetes, 2009. 58(5): p. 1229-36.

Villeneuve, L.M., M.A. Reddy, L.L. Lanting, M. Wang, L. Meng, and R.
Natarajan, Epigenetic histone H3 lysine 9 methylation in metabolic memory and
inflammatory phenotype of vascular smooth muscle cells in diabetes. Proc Natl
Acad Sci U S A, 2008. 105(26): p. 9047-52.

Vaidyanathan, K. and L. Wells, Multiple tissue-specific roles for the O-GlcNAc
post-translational modification in the induction of and complications arising from
type 11 diabetes. J Biol Chem, 2014. 289(50): p. 34466-71.

Allison, D.F., J.J. Wamsley, M. Kumar, D. Li, L.G. Gray, G.W. Hart, et al.,
Modification of RelA by O-linked N-acetylglucosamine links glucose metabolism
to NF-kappaB acetylation and transcription. Proc Natl Acad Sci U S A, 2012.
109(42): p. 16888-93.

Lu, C. and C.B. Thompson, Metabolic regulation of epigenetics. Cell Metab, 2012.
16(1): p. 9-17.

Bungard, D., B.J. Fuerth, P.Y. Zeng, B. Faubert, N.L. Maas, B. Viollet, et al.,
Signaling kinase AMPK activates stress-promoted transcription via histone H2B
phosphorylation. Science, 2010. 329(5996): p. 1201-5.

47



109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Xu, Q., C. Yang, Y. Du, Y. Chen, H. Liu, M. Deng, et al., AMPK regulates
histone H2B O-GlcNAcylation. Nucleic Acids Res, 2014. 42(9): p. 5594-604.

Hart, G.W., M.P. Housley, and C. Slawson, Cycling of O-linked beta-N-
acetylglucosamine on nucleocytoplasmic proteins. Nature, 2007. 446(7139): p.
1017-22.

Marshall, S., V. Bacote, and R.R. Traxinger, Discovery of a metabolic pathway
mediating glucose-induced desensitization of the glucose transport system. Role of
hexosamine biosynthesis in the induction of insulin resistance. J Biol Chem, 1991.
266(8): p. 4706-12.

Semba, R.D., H. Huang, G.A. Lutty, J.E. Van Eyk, and G.W. Hart, The role of O-
GlcNAc signaling in the pathogenesis of diabetic retinopathy. Proteomics Clin
Appl, 2014. 8(3-4): p. 218-31.

Shafi, R., S.P. Iyer, L.G. Ellies, N. O'Donnell, K.W. Marek, D. Chui, et al., The
O-GlcNAc transferase gene resides on the X chromosome and is essential for
embryonic stem cell viability and mouse ontogeny. Proc Natl Acad Sci U S A,
2000. 97(11): p. 5735-9.

Hanover, J.A., M.E. Forsythe, P.T. Hennessey, T.M. Brodigan, D.C. Love, G.
Ashwell, and M. Krause, 4 Caenorhabditis elegans model of insulin resistance:
altered macronutrient storage and dauer formation in an OGT-1 knockout. Proc
Natl Acad Sci U S A, 2005. 102(32): p. 11266-71.

Lazarus, B.D., D.C. Love, and J.A. Hanover, Recombinant O-GlcNAc transferase
isoforms: identification of O-GlcNAcase, yes tyrosine kinase, and tau as isoform-
specific substrates. Glycobiology, 2006. 16(5): p. 415-21.

Nagel, A.K. and L.E. Ball, O-GlcNAc transferase and O-GlcNAcase: achieving
target substrate specificity. Amino Acids, 2014. 46(10): p. 2305-16.

Keembiyehetty, C., D.C. Love, K.R. Harwood, O. Gavrilova, M.E. Comly, and
J.A. Hanover, Conditional knock-out reveals a requirement for O-linked N-
Acetylglucosaminase (O-GlcNAcase) in metabolic homeostasis. J Biol Chem,
2015.290(11): p. 7097-113.

Kazemi, Z., H. Chang, S. Haserodt, C. McKen, and N.E. Zachara, O-linked beta-
N-acetylglucosamine (O-GlcNAc) regulates stress-induced heat shock protein
expression in a GSK-3beta-dependent manner. J Biol Chem, 2010. 285(50): p.
39096-107.

Vaidyanathan, K., S. Durning, and L. Wells, Functional O-GlcNAc modifications:
implications in molecular regulation and pathophysiology. Crit Rev Biochem Mol
Biol, 2014. 49(2): p. 140-63.

Hsieh, T.J., T. Lin, P.C. Hsieh, M.C. Liao, and S.J. Shin, Suppression of
Glutamine:fructose-6-phosphate amidotransferase-1 inhibits adipogenesis in 3T3-
L1 adipocytes. J Cell Physiol, 2012. 227(1): p. 108-15.

48



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Li, X., H. Molina, H. Huang, Y.Y. Zhang, M. Liu, S.W. Qian, et al., O-linked N-
acetylglucosamine modification on CCAAT enhancer-binding protein beta: role
during adipocyte differentiation. J Biol Chem, 2009. 284(29): p. 19248-54.

Ji, S., S.Y. Park, J. Roth, H.S. Kim, and J.W. Cho, O-GIlcNAc modification of
PPARgamma reduces its transcriptional activity. Biochem Biophys Res Commun,
2012.417(4): p. 1158-63.

Jackson, S.P. and R. Tjian, O-glycosylation of eukaryotic transcription factors:
implications for mechanisms of transcriptional regulation. Cell, 1988. 55(1): p.
125-33.

Anthonisen, E.H., L. Berven, S. Holm, M. Nygard, H.I. Nebb, and L.M.
Gronning-Wang, Nuclear receptor liver X receptor is O-GlcNAc-modified in
response to glucose. J Biol Chem, 2010. 285(3): p. 1607-15.

Chu, C.S., P.W. Lo, Y.H. Yeh, P.H. Hsu, S.H. Peng, Y.C. Teng, et al., O-
GlcNAcylation regulates EZH?2 protein stability and function. Proc Natl Acad Sci
US A, 2014. 111(4): p. 1355-60.

Deplus, R., B. Delatte, M.K. Schwinn, M. Defrance, J. Mendez, N. Murphy, et al.,
TET2 and TET3 regulate GlcNAcylation and H3K4 methylation through OGT and
SET1/COMPASS. EMBO J, 2013. 32(5): p. 645-55.

Hanover, J.A., C.K. Cohen, M.C. Willingham, and M.K. Park, O-linked N-
acetylglucosamine is attached to proteins of the nuclear pore. Evidence for
cytoplasmic and nucleoplasmic glycoproteins. J Biol Chem, 1987. 262(20): p.
9887-94.

Berk, J.M., S. Maitra, A.W. Dawdy, J. Shabanowitz, D.F. Hunt, and K.L. Wilson,
O-Linked beta-N-acetylglucosamine (O-GlcNAc) regulates emerin binding to
barrier to autointegration factor (BAF) in a chromatin- and lamin B-enriched
"niche”. J Biol Chem, 2013. 288(42): p. 30192-209.

Ranuncolo, S.M., S. Ghosh, J.A. Hanover, G.W. Hart, and B.A. Lewis, Evidence
of the involvement of O-GlcNAc-modified human RNA polymerase II CTD in
transcription in vitro and in vivo. J Biol Chem, 2012. 287(28): p. 23549-61.

Kelly, W.G., M.E. Dahmus, and G.W. Hart, RNA polymerase II is a glycoprotein.
Modification of the COOH-terminal domain by O-GlcNAc. J Biol Chem, 1993.
268(14): p. 10416-24.

Chen, Q., Y. Chen, C. Bian, R. Fujiki, and X. Yu, TET2 promotes histone O-
GlcNAcylation during gene transcription. Nature, 2013. 493(7433): p. 561-4.

Gambetta, M.C., K. Oktaba, and J. Muller, Essential role of the
glycosyltransferase sxc/Ogt in polycomb repression. Science, 2009. 325(5936): p.
93-6.

Gambetta, M.C. and J. Muller, O-GlcNAcylation prevents aggregation of the
Polycomb group repressor polyhomeotic. Dev Cell, 2014. 31(5): p. 629-39.

49



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Yang, X., F. Zhang, and J.E. Kudlow, Recruitment of O-GlcNAc transferase to
promoters by corepressor mSin3A: coupling protein O-GlcNAcylation to
transcriptional repression. Cell, 2002. 110(1): p. 69-80.

Sakabe, K., Z. Wang, and G.W. Hart, Beta-N-acetylglucosamine (O-GlcNAc) is
part of the histone code. Proc Natl Acad Sci U S A, 2010. 107(46): p. 19915-20.

Zhang, S., K. Roche, H.P. Nasheuer, and N.F. Lowndes, Modification of histones
by sugar beta-N-acetylglucosamine (GlcNAc) occurs on multiple residues,
including histone H3 serine 10, and is cell cycle-regulated. J Biol Chem, 2011.
286(43): p. 37483-95.

Fong, J.J., B.L. Nguyen, R. Bridger, E.E. Medrano, L. Wells, S. Pan, and R.N.
Sifers, beta-N-Acetylglucosamine (O-GlcNAc) is a novel regulator of mitosis-
specific phosphorylations on histone H3. J Biol Chem, 2012. 287(15): p. 12195-
203.

Fujiki, R., W. Hashiba, H. Sekine, A. Yokoyama, T. Chikanishi, S. Ito, et al.,
GlcNAcylation of histone H2B facilitates its monoubiquitination. Nature, 2011.
480(7378): p. 557-60.

Lercher, L., R. Raj, N.A. Patel, J. Price, S. Mohammed, C.V. Robinson, et al.,
Generation of a synthetic GlcNAcylated nucleosome reveals regulation of stability
by H2A-Thr101 GlcNAcylation. Nat Commun, 2015. 6: p. 7978.

Jung, I., S.K. Kim, M. Kim, Y.M. Han, Y.S. Kim, D. Kim, and D. Lee, H2B
monoubiquitylation is a 5"-enriched active transcription mark and correlates with
exon-intron structure in human cells. Genome Res, 2012. 22(6): p. 1026-35.

Fuchs, G., D. Hollander, Y. Voichek, G. Ast, and M. Oren, Cotranscriptional
histone H2B monoubiquitylation is tightly coupled with RNA polymerase II
elongation rate. Genome Res, 2014. 24(10): p. 1572-83.

Collas, P., E.G. Lund, and A.R. Oldenburg, Closing the (nuclear) envelope on the
genome: how nuclear lamins interact with promoters and modulate gene
expression. Bioessays, 2014. 36(1): p. 75-83.

Burke, B. and C.L. Stewart, The nuclear lamins: flexibility in function. Nat Rev
Mol Cell Biol, 2013. 14(1): p. 13-24.

Dwyer, N. and G. Blobel, 4 modified procedure for the isolation of a pore
complex-lamina fraction from rat liver nuclei. J Cell Biol, 1976. 70(3): p. 581-91.

Simon, D.N. and K.L. Wilson, The nucleoskeleton as a genome-associated
dynamic 'network of networks'. Nat Rev Mol Cell Biol, 2011. 12(11): p. 695-708.

Zhang, Q., C.D. Ragnauth, J.N. Skepper, N.F. Worth, D.T. Warren, R.G. Roberts,
et al., Nesprin-2 is a multi-isomeric protein that binds lamin and emerin at the
nuclear envelope and forms a subcellular network in skeletal muscle. J Cell Sci,
2005. 118(Pt 4): p. 673-87.

Lammerding, J., L.G. Fong, J.Y. Ji, K. Reue, C.L. Stewart, S.G. Young, and R.T.
Lee, Lamins A and C but not lamin Bl regulate nuclear mechanics. J Biol Chem,
2006. 281(35): p. 25768-80.

50



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Fedorchak, G.R., A. Kaminski, and J. Lammerding, Cellular mechanosensing:
getting to the nucleus of it all. Prog Biophys Mol Biol, 2014. 115(2-3): p. 76-92.

Wilson, K.L. and R. Foisner, Lamin-binding Proteins. Cold Spring Harb Perspect
Biol, 2010. 2(4): p. a000554.

Hutchison, C.J., B-type lamins in health and disease. Semin Cell Dev Biol, 2014.
29: p. 158-63.

Kolb, T., K. Maass, M. Hergt, U. Aebi, and H. Herrmann, Lamin A and lamin C
form homodimers and coexist in higher complex forms both in the nucleoplasmic
fraction and in the lamina of cultured human cells. Nucleus, 2011. 2(5): p. 425-33.

Dechat, T., B. Korbei, O.A. Vaughan, S. Vicek, C.J. Hutchison, and R. Foisner,
Lamina-associated polypeptide 2alpha binds intranuclear A-type lamins. J Cell
Sci, 2000. 113 Pt 19: p. 3473-84.

Naetar, N. and R. Foisner, Lamin complexes in the nuclear interior control
progenitor cell proliferation and tissue homeostasis. Cell Cycle, 2009. 8(10): p.
1488-93.

Solovei, 1., A.S. Wang, K. Thanisch, C.S. Schmidt, S. Krebs, M. Zwerger, et al.,
LBR and lamin A/C sequentially tether peripheral heterochromatin and inversely
regulate differentiation. Cell, 2013. 152(3): p. 584-98.

Stewart, C. and B. Burke, Teratocarcinoma stem cells and early mouse embryos
contain only a single major lamin polypeptide closely resembling lamin B. Cell,
1987. 51(3): p. 383-92.

Eckersley-Maslin, M.A., J.H. Bergmann, Z. Lazar, and D.L. Spector, Lamin A/C
is expressed in pluripotent mouse embryonic stem cells. Nucleus, 2013. 4(1): p.
53-60.

Constantinescu, D., H.L. Gray, P.J. Sammak, G.P. Schatten, and A.B. Csoka,
Lamin A/C expression is a marker of mouse and human embryonic stem cell
differentiation. Stem Cells, 2006. 24(1): p. 177-85.

Naetar, N., B. Korbei, S. Kozlov, M.A. Kerenyi, D. Dorner, R. Kral, et al., Loss of
nucleoplasmic LAP2alpha-lamin A complexes causes erythroid and epidermal
progenitor hyperproliferation. Nat Cell Biol, 2008. 10(11): p. 1341-8.

Gotic, I., W.M. Schmidt, K. Biadasiewicz, M. Leschnik, R. Spilka, J. Braun, et al.,
Loss of LAP2 alpha delays satellite cell differentiation and affects postnatal fiber-
type determination. Stem Cells, 2010. 28(3): p. 480-8.

Gesson, K., S. Vidak, and R. Foisner, Lamina-associated polypeptide
(LAP)2alpha and nucleoplasmic lamins in adult stem cell regulation and disease.
Semin Cell Dev Biol, 2014. 29: p. 116-24.

Johnson, B.R., R.T. Nitta, R.L. Frock, L. Mounkes, D.A. Barbie, C.L. Stewart, et
al., A-type lamins regulate retinoblastoma protein function by promoting
subnuclear localization and preventing proteasomal degradation. Proc Natl Acad
Sci U S A, 2004. 101(26): p. 9677-82.

51



162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Gotic, I. and R. Foisner, Multiple novel functions of lamina associated polypeptide
2alpha in striated muscle. Nucleus, 2010. 1(5): p. 397-401.

Dorner, D., S. Vlcek, N. Foeger, A. Gajewski, C. Makolm, J. Gotzmann, et al.,
Lamina-associated polypeptide 2alpha regulates cell cycle progression and
differentiation via the retinoblastoma-E2F pathway. ] Cell Biol, 2006. 173(1): p.
83-93.

Oldenburg, A.R., E. Delbarre, B. Thiede, C. Vigouroux, and P. Collas,
Deregulation of Fragile X-related protein 1 by the lipodystrophic lamin A
P-R482W mutation elicits a myogenic gene expression program in preadipocytes.
Hum Mol Genet, 2014. 23(5): p. 1151-62.

Dechat, T., K. Gesson, and R. Foisner, Lamina-independent lamins in the nuclear
interior serve important functions. Cold Spring Harb Symp Quant Biol, 2010. 75:
p. 533-43.

Schirmer, E.C. and R. Foisner, Proteins that associate with lamins: many faces,
many functions. Exp Cell Res, 2007. 313(10): p. 2167-79.

Butin-Israeli, V., S.A. Adam, A.E. Goldman, and R.D. Goldman, Nuclear lamin

functions and disease. Trends Genet, 2012. 28(9): p. 464-71.

Schreiber, K.H. and B.K. Kennedy, When lamins go bad: nuclear structure and
disease. Cell, 2013. 152(6): p. 1365-75.

Shackleton, S., D.J. Lloyd, S.N. Jackson, R. Evans, M.F. Niermeijer, B.M. Singh,
et al., LMNA, encoding lamin A/C, is mutated in partial lipodystrophy. Nat Genet,
2000. 24(2): p. 153-6.

Guenantin, A.C., N. Briand, G. Bidault, P. Afonso, V. Bereziat, C. Vatier, et al.,
Nuclear envelope-related lipodystrophies. Semin Cell Dev Biol, 2014. 29: p. 148-
57.

Mattout, A., B.L. Pike, B.D. Towbin, E.M. Bank, A. Gonzalez-Sandoval, M.B.
Stadler, et al., An EDMD mutation in C. elegans lamin blocks muscle-specific
gene relocation and compromises muscle integrity. Curr Biol, 2011. 21(19): p.
1603-14.

Kind, J. and B. van Steensel, Genome-nuclear lamina interactions and gene
regulation. Curr Opin Cell Biol, 2010. 22(3): p. 320-5.

Guelen, L., L. Pagie, E. Brasset, W. Meuleman, M.B. Faza, W. Talhout, et al.,
Domain organization of human chromosomes revealed by mapping of nuclear
lamina interactions. Nature, 2008. 453(7197): p. 948-51.

Vogel, M.J., D. Peric-Hupkes, and B. van Steensel, Detection of in vivo protein-
DNA interactions using DamID in mammalian cells. Nat Protoc, 2007. 2(6): p.
1467-78.

Sadaie, M., R. Salama, T. Carroll, K. Tomimatsu, T. Chandra, A.R. Young, et al.,
Redistribution of the Lamin Bl genomic binding profile affects rearrangement of
heterochromatic domains and SAHF formation during senescence. Genes Dev,
2013. 27(16): p. 1800-8.

52



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

Lund, E.G., I. Duband-Goulet, A. Oldenburg, B. Buendia, and P. Collas, Distinct
features of lamin A-interacting chromatin domains mapped by ChIP-sequencing
from sonicated or micrococcal nuclease-digested chromatin. Nucleus, 2015. 6(1):
p- 30-9.

Harr, J.C., T.R. Luperchio, X. Wong, E. Cohen, S.J. Wheelan, and K.L. Reddy,
Directed targeting of chromatin to the nuclear lamina is mediated by chromatin
state and A-type lamins. J Cell Biol, 2015. 208(1): p. 33-52.

Kind, J., L. Pagie, H. Ortabozkoyun, S. Boyle, S.S. de Vries, H. Janssen, et al.,
Single-cell dynamics of genome-nuclear lamina interactions. Cell, 2013. 153(1): p.
178-92.

Kind, J. and B. van Steensel, Stochastic genome-nuclear lamina interactions:
modulating roles of Lamin A and BAF. Nucleus, 2014. 5(2): p. 124-30.

Meuleman, W., D. Peric-Hupkes, J. Kind, J.B. Beaudry, L. Pagie, M. Kellis, et al.,
Constitutive nuclear lamina-genome interactions are highly conserved and
associated with A/T-rich sequence. Genome Res, 2013. 23(2): p. 270-80.

Peric-Hupkes, D., W. Meuleman, L. Pagie, S.W. Bruggeman, 1. Solovei, W.
Brugman, et al., Molecular maps of the reorganization of genome-nuclear lamina
interactions during differentiation. Mol Cell, 2010. 38(4): p. 603-13.

Miao, F., X. Wu, L. Zhang, Y.C. Yuan, A.D. Riggs, and R. Natarajan, Genome-
wide analysis of histone lysine methylation variations caused by diabetic
conditions in human monocytes. J Biol Chem, 2007. 282(18): p. 13854-63.

Floris, L., B. Descamps, A. Vardeu, T. Mitic, A.M. Posadino, S. Shantikumar, et
al., Gestational diabetes mellitus impairs fetal endothelial cell functions through a
mechanism involving microRNA-101 and histone methyltransferase enhancer of
zester homolog-2. Arterioscler Thromb Vasc Biol, 2015. 35(3): p. 664-74.

Mercer, E.M., Y.C. Lin, C. Benner, S. Jhunjhunwala, J. Dutkowski, M. Flores, et
al., Multilineage priming of enhancer repertoires precedes commitment to the B
and myeloid cell lineages in hematopoietic progenitors. Immunity, 2011. 35(3): p.
413-25.

Rada-Iglesias, A., R. Bajpai, T. Swigut, S.A. Brugmann, R.A. Flynn, and J.
Wysocka, 4 unique chromatin signature uncovers early developmental enhancers
in humans. Nature, 2011. 470(7333): p. 279-83.

Okabe, J., C. Orlowski, A. Balcerczyk, C. Tikellis, M.C. Thomas, M.E. Cooper,
and A. El-Osta, Distinguishing hyperglycemic changes by Set7 in vascular
endothelial cells. Circ Res, 2012. 110(8): p. 1067-76.

Shah, P.P., G. Donahue, G.L. Otte, B.C. Capell, D.M. Nelson, K. Cao, et al.,
Lamin BI depletion in senescent cells triggers large-scale changes in gene
expression and the chromatin landscape. Genes Dev, 2013. 27(16): p. 1787-99.

Reddy, K.L., J.M. Zullo, E. Bertolino, and H. Singh, Transcriptional repression
mediated by repositioning of genes to the nuclear lamina. Nature, 2008.
452(7184): p. 243-7.

53



189.

190.

191.

192.

193.

194.

195.

196.

Kind, J., L. Pagie, S.S. de Vries, L. Nahidiazar, S.S. Dey, M. Bienko, et al.,
Genome-wide Maps of Nuclear Lamina Interactions in Single Human Cells. Cell,
2015.

Meza-Zepeda, L.A., A. Noer, J.A. Dahl, F. Micci, O. Myklebost, and P. Collas,
High-resolution analysis of genetic stability of human adipose tissue stem cells
cultured to senescence. J Cell Mol Med, 2008. 12(2): p. 553-63.

Gambetta, M.C. and J. Muller, 4 critical perspective of the diverse roles of O-
GlcNAc transferase in chromatin. Chromosoma, 2015.

Hart, G.W., Three Decades of Research on O-GlcNAcylation - A Major Nutrient
Sensor That Regulates Signaling, Transcription and Cellular Metabolism. Front
Endocrinol (Lausanne), 2014. 5: p. 183.

Vella, P., A. Scelfo, S. Jammula, F. Chiacchiera, K. Williams, A. Cuomo, et al.,
Tet proteins connect the O-linked N-acetylglucosamine transferase Ogt to
chromatin in embryonic stem cells. Mol Cell, 2013. 49(4): p. 645-56.

Goldberg, M., A. Harel, M. Brandeis, T. Rechsteiner, T.J. Richmond, A.M. Weiss,
and Y. Gruenbaum, The tail domain of lamin Dm0 binds histones H2A and H2B.
Proc Natl Acad Sci U S A, 1999. 96(6): p. 2852-7.

Yang, Y.R., M. Song, H. Lee, Y. Jeon, E.J. Choi, H.J. Jang, et al., O-GlcNAcase is
essential for embryonic development and maintenance of genomic stability. Aging
Cell, 2012. 11(3): p. 439-48.

Chen, B., L.A. Gilbert, B.A. Cimini, J. Schnitzbauer, W. Zhang, G.W. Li, et al.,

Dynamic imaging of genomic loci in living human cells by an optimized
CRISPR/Cas system. Cell, 2013. 155(7): p. 1479-91.

54



Errata
Candidate: Torunn Renningen

Title of thesis: Metabolic influence on chromatin organization in adipose stem cells

Page

20

21

21

21
21

Line Original text Corrected text
29  (Dechat et al. 2000; Naetar [152,153]
et al. 2009)
6 (Johnson et al 2004) [161]
6-7  (Gotic et al. 2010a; Gotic et [153,158,159,162]
al. 2010b; Naetar et al.
2008; Naetar et al. 2009)
8 (Dorner et al. 2006) [163]
14 (Dechat et al. 2010; Gesson [160,165]
etal. 2014)

The following references were added to the reference list.

152.

161.

162.

163.

165.

Dechat, T., B. Korbei, O.A. Vaughan, S. Vlcek, C.J. Hutchison, and R. Foisner,
Lamina-associated polypeptide 2alpha binds intranuclear A-type lamins. J Cell Sci,
2000. 113 Pt 19: p. 3473-84.

Johnson, B.R., R.T. Nitta, R.L. Frock, L. Mounkes, D.A. Barbie, C.L. Stewart, et al.,
A-type lamins regulate retinoblastoma protein function by promoting subnuclear

localization and preventing proteasomal degradation. Proc Natl Acad Sci U S A,
2004. 101(26): p. 9677-82.

Gotic, 1. and R. Foisner, Multiple novel functions of lamina associated polypeptide
2alpha in striated muscle. Nucleus, 2010. 1(5): p. 397-401.

Dorner, D., S. Vlcek, N. Foeger, A. Gajewski, C. Makolm, J. Gotzmann, et al.,
Lamina-associated polypeptide 2alpha regulates cell cycle progression and
differentiation via the retinoblastoma-E2F pathway. ] Cell Biol, 2006. 173(1): p. 83-
93.

Dechat, T., K. Gesson, and R. Foisner, Lamina-independent lamins in the nuclear
interior serve important functions. Cold Spring Harb Symp Quant Biol, 2010. 75: p.
533-43.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /NOR <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




