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Chapter 1
General introduction
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Non-alcoholic fatty liver disease 
Non-alcoholic fatty liver disease (NAFLD) covers a range of liver disorders, from simple 
steatosis to more severe liver phenotypes characterized by the presence of liver 
inflammation, ballooning and fibrosis. The disease occurs in people who drink little or no 
alcohol. Obesity is the major risk factors for NAFLD, and NAFLD is therefore considered 
the hepatic manifestation of the metabolic syndrome. All forms of NAFLD are highly 
correlated with insulin resistance (IR) 1 and type 2 diabetes (T2D) 2. In addition to being a 
target of the metabolic syndrome, the fatty liver actively affects the pathogenesis of this 
condition, for example by overproducing glucose and triglycerides. Therefore, the liver is 
considered as a key determinant of metabolic abnormalities. 

As a result of the current global obesity epidemic, NAFLD has become the leading 
cause of chronic liver disease worldwide. It is expected that NAFLD will become the 
leading cause of liver-related morbidity and mortality within 20 years 3. Cirrhosis and 
hepatocellular carcinoma, the end stages of this disorder, are among the leading causes 
of liver transplantation 4. It is therefore important to understand the mechanisms involved 
in NAFLD etiology as well as the progression towards more severe liver conditions. 

Non-alcoholic fatty liver (liver steatosis)
The first and the most benign NAFLD condition is non-alcoholic fatty liver (NAFL), or simple 
steatosis. NAFL is usually asymptomatic, and most patients have normal plasma levels 
of liver transaminase enzymes 5, meaning that these patients do not have liver damage. 
NAFL is characterized by simple steatosis that occurs when fat accumulates in the liver 
in the form of lipid triglyceride (TG) droplets (Figure 1). TG accumulation is mainly stored 
in hepatocytes, which are the main parenchymal cells in the liver and make up to 70-
85% of the liver’s mass. Steatosis in more than 5% of hepatocytes is required for diagnosis 
of NAFL 6. The grading of steatosis was proposed in 2005 7 and ranges from 0-3: 0 for 
steatosis <5%, 1 for steatosis between 5%-33%, 2 for steatosis between 33%-66% and 3 for 
steatosis >66%. Hepatocellular steatosis may be present in two forms: macrovesicular and 
microvesicular. In macrovesicular steatosis, a single large fat droplet or a few smaller fat 
droplets occupy the cytoplasm of hepatocytes, positioning the nucleus to the periphery. 
In microvesicular steatosis, the cytoplasm of hepatocytes is filled with small lipid droplets, 
and the nucleus is located in the center of the cell. A shift from micro- to macrovesicular 
steatosis has been linked to disease progression (see discussion below). Furthermore, 
lipids can be also accumulated in the lysosomes and cytoplasm of liver macrophages, and 
the location of lipid droplets has also associated with disease progression 8 (also discussed 
below). 
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Non-alcoholic steatohepatitis 
About 10-20% of the patients with steatosis will further develop non-alcoholic 
steatohepatitis (NASH), a more severe condition characterized by presence of inflammation 
and hepatocellular injury, with or without fibrosis 9 (Figure 1). Lobular inflammation 
is usually mild and characterized by presence of lobular inflammatory cell infiltrates 
(lymphocytes, neutrophils, eosinophils and Kupffer cells (KCs)). Among other liver cell 
types, KCs, the liver macrophage population, natural killer (NK) cells, NK T cells, T cells, 
sinusoidal endothelial cells (SECs) and hepatic stellate cells (HSCs) all play pro-inflammatory 
roles. Scattered lobular microgranulomas (sinusoidal KC aggregates) and lipogranulomas 
(consisting of fat droplets and admixtures of inflammatory cells and collagen) are also 
often observed in NASH. Beside lobular inflammation, NASH is characterized in some 
cases by presence of portal inflammation. If present, portal inflammation is usually mild 
and consists mainly of lymphocytes. Chronic portal inflammation has been associated 
with the amount and location of steatosis, ballooning and advanced fibrosis 10,11. 
Therefore, chronic portal inflammation in untreated NAFLD could be considered a marker 
of advanced disease. Hepatocellular injury is also represented by ballooning, apoptosis 
and lytic necrosis. Ballooning is characterized by enlargement of hepatocytes (>30 µm in 
size), which may be a result of alteration in the intermediate filament cytoskeleton, fluid 
retention, the amount and conformation of intracellular organelles or other cytoplasmic 
components, or a combination of these factors 12. However, the pathophysiology of this 
change is not fully understood. In addition, it has been shown that patients with NASH 
are highly predisposed to develop fibrosis and cirrhosis (Figure 1), but also hepatocellular 
carcinoma, cardiovascular diseases (CVD) and diabetes 13–15. Based on this evidence, 
it is clear that there is an urgent need for NAFL and NASH to be diagnosed as early as 
possible and properly treated. However, treatment options are still limited and there 
are no approved pharmacological therapies for NAFLD. The main reason for this is that 
the natural history and mechanisms of disease progression are not fully understood. 
Moreover, it is also not completely clear how the fatty liver can progress towards the more 
severe NASH condition. Thus, more research needs to be focused on understanding the 
mechanism behind NAFLD progression.  

NAFLD progression and mechanisms
In steatotic NAFL, TG formation and accumulation is the result of an imbalance between 
lipid storage and removal that results in excess free fatty acids (FFA) circulating in the 
body 17. These excess FFA mainly originate from the diet (15%), de novo lipogenesis (25%) 
and adipose tissue (60%) 18. Furthermore, FFA in the liver have three destinations. They 
are either re-esterified to TG and stored as lipid droplets, oxidized in the mitochondria 
via β-oxidation pathway to produce energy and ketone bodies, or combined with 
apolipoproteins and secreted as an essential compound for very-low density lipoproteins 
(VLDL). As a result, β-oxidation 19,20 and assembly and secretion of VLDL 21 are increased 
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in NAFL. When these compensatory processes are insufficient to keep up with the influx, 
NAFL may progress to NASH (as discussed below) 20,21. However, animal studies have 
demonstrated that changes in dynamic lipid fluxes, rather than static TG accumulation, 
determine whether simple steatosis will progress to NASH. Hepatic TG accumulation is 
not pathological and has been shown to protect the liver and hepatocytes from toxic 
molecules such as FFAs 22. As a proof for the protective effect of the lipid droplets, it has 
been shown that hepatic inactivation of DGAT2, an enzyme catalyzing TG synthesis, 
reduces hepatic TG content but increases hepatic inflammation and ballooning 22. There 
are also several examples of animal models with so-called ‘healthy fatty liver’ 23,24, which 
highlights the importance of properly functioning hepatic lipid droplet metabolism 25. 
Therefore, unknown factors and mechanisms may affect healthy fatty livers and trigger 
development to the more severe liver condition NASH. 

Figure 1. Non-alcoholic fatty liver disease (NAFLD) covers a range of liver disorders. 

In healthy liver, hepatocytes contain a nucleus in the center of the cell and evenly distributed small 
droplets of fat in the cytoplasm. Non-alcoholic fatty liver (NAFL) is characterized by presence of 
steatosis, a process when hepatocytes accumulate excess fat forming big droplets in the cytoplasm. 
The fat can come from the diet, be made in the liver or be released by insulin-resistant fatty (adipose) 
tissue. Non-alcoholic steatohepatitis (NASH) develops when accumulated fat causes stress and 
injury to hepatocytes. This injury may lead to cell death, causing inflammation and activation of 
Kupffer cells. Collagen fibers replace dead cells which lead to development of fibrosis. Until this 
stage, the disease progression may be reversible. Over the years, dead hepatocytes are degraded 
and scar tissue accumulates, which impairs liver function. This condition is known as cirrhosis, it is 
irreversible and it increases the risk of liver cancer. Adapted from 16.
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Currently, it is also unclear at which sites inflammatory processes are initiated. The first 
hypothesis related to NASH development - the two-hit hypothesis - proposed that 
hepatic TG accumulation sensitizes the liver to second insults, such as lipotoxicity and 
oxidative stress, resulting in NASH 26. However, as TG accumulation is mainly a protective 
mechanism, lipotoxicity is probably caused by non-TG lipid molecules (such as free 
cholesterol, saturated and polyunsaturated fatty acids) and by sucrose and fructose 27. 
Lipid molecules have the potential to kill hepatocytes by directly or indirectly activating 
c-Jun N-terminal kinase (JNK) and the mitochondrial/lysosomal cell death pathway and 
to stimulate pro-inflammatory signaling via NF-κB and JNK/activator protein 1 (AP-1) 28. In 
general, saturated long chain fatty acids (such as palmitic and stearic acids) are more toxic 
than mono-unsaturated FFA 29,30. There are also data that indicate the effects of palmitic 
acid may be exerted via formation of lysophosphatidylcholine, via reactive oxygen species 
(ROS) or via endoplasmic reticulum stress 27.

Other possible mechanisms may relate to the shift from microsteatosis to macrosteatosis, 
which is marked by an increase in hepatic lipid droplet size. This increase can be driven by 
reduced phosphatidylcholine (PC) content 31 or by changes in lipid droplet coat proteins 
32,33. Total hepatic PC content is reduced in both NAFL and NASH 34. Changes at the lipid 
droplet surface can also increase lipid droplet size. Perilipin 1 (PLIN1), an adipose-enriched 
protein and master regulator of lipolysis, is also expressed in human NAFLD livers 35, and 
its presence may distinguish chronic from acute steatosis 36. Interestingly, the PNPLA3 
I148M mutant (but not wild type PNPLA3) accumulates hepatic lipid droplets, and this 
accumulation is associated with increased lipid droplet size and reduced rates of hepatic 
lipolysis 37. Together these changes may sufficiently disrupt hepatic fatty acid metabolism 
to drive lipotoxicity and, in turn, NASH. 

Changes in mitochondrial function may be another important mechanism driving the shift 
from NAFL to NASH. Several reports indicate that mitochondrial respiration is elevated 
in NAFL patients 19,20. However, in humans with NASH, respiration may be uncoupled 
from ATP production, causing significant increases in ROS 20. Importantly, elevated ROS 
production is associated with an increase in detoxification and antioxidant capacity in 
NAFL, but not NASH, indicating that mechanisms to cope with excess ROS generation 
may be insufficient in NASH 20. Local hepatic ROS production then induces KC activation 
through peroxidized lipids.

Moreover, in recent years, studies have shown that pathophysiological changes in other 
organs (such as adipose tissue, muscle, intestine or immune system) have been identified 
as triggers and promoters of NAFLD progression 38, making NAFLD a systemic metabolic 
disorder. Finally, although so far applied mostly in cross-sectional studies, the application 
of high-throughput methods to clinical samples, including liver biopsies and plasma 
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samples, is providing the first glimpse into the molecular natural history of NAFL and 
NASH in humans. From this perspective, identifying the molecular pathways that affect 
NAFLD progression is crucial for developing better treatment options for this chronic liver 
disease. 

Genetic and molecular factors in NAFLD development and progression
In addition to the strong effect of environmental factors on NAFLD development, a number 
of studies have shown that NAFLD is a heritable trait. Evidence from population-based-, 
familial-aggregation- and twin-studies has provided in-depth knowledge of NAFLD or 
NAFLD-related outcomes, with heritability estimates ranging from 20 to 70% depending 
on the study design, ethnicity and methodology.

The role of genetic variation in NAFLD has been studied extensively in the last decade, 
including classical candidate gene association studies 39, novel genome-wide association 
studies (GWAS) 40–43 and exome-wide association studies 44. A number of genetic studies 
have identified single-nucleotide polymorphisms (SNPs) associated with NAFLD 
45, reporting associations with hepatic fat measurements, histological assessments 
and less specific parameters such as plasma liver enzyme levels. For example, three 
missense variants in three different loci showed association with NAFLD severity and 
progression: rs738409 in the PNPLA3 (phospholipase domain–containing protein) locus 
40,46, rs58542926 in the TM6SF2 (transmembrane 6 superfamily member 2) locus 44 and 
rs780094 in the GCKR (glucokinase regulatory protein) locus 47,48. Reported common 
variants in the pathogenesis of NAFLD are considered as the major contributors to the 
disease risk, yet they explain only ~10% of NAFLD heritability 49. To address the so-called 
“missing heritability”, future studies need to explore the role of rare variants, structural 
variation, and gene-by-gene and gene-by-environment interactions in the biology of the 
disease. In addition, analysis of expression quantitative trait loci (eQTL) between disease-
associated SNPs and gene expression will contribute to a better understanding of the 
disease mechanisms. From this perspective, studies on non-coding genes in parallel with 
coding genes are essential.

Changes in gene expression patterns may help us better understand the molecular 
changes occurring in human liver during NAFLD progression. It has been shown that gene 
expression signatures can discriminate between liver samples from ‘healthy’ individuals 
and those from individuals with different NAFLD degrees 50. Although current studies 
mainly use microarrays on cross-sectional liver biopsies, they have provided the first 
insights into the molecular pathophysiology of NAFL and NASH. A recent systematic 
meta-analysis of published human gene expression studies on samples from NAFLD 
patients taken during liver biopsies and bariatric surgery reported that 218 genes 
showed high confidence of association with at least one histological aspect of NAFLD 
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progression 51. More focused studies have highlighted links between hepatic lipid 
metabolism and NAFLD. For instance, it was found that the hepatic expression levels of 
PPAR-α (peroxisome proliferator–activated receptor alpha) were reduced with increased 
NASH severity 52. Moreover, PPAR-α expression was normalized in patients whose liver 
histology improved upon intervention, as was expression of many of the metabolic target 
genes of PPAR-α. Another study reported numerous changes in the expression levels of 
genes involved in cholesterol metabolism, including increased SREBP-2 maturation, HMG 
CoA reductase (HMGCR) expression and decreased phosphorylation of HMGCR in NAFLD 
samples 53. Effects on PPAR-α and the low-density lipoprotein receptor, through SREBP2, 
together with the genetic identification of TM6SF2, are starting to provide insights into 
the molecular links between NAFLD and CVD. With the on-going advances in next-
generation sequencing analysis, more high quality, deep sequenced data is expected to 
be generated, therefore investigating the unknown function of the non-coding genome 
in parallel with the coding genome will be of high importance. 

The non-coding genome
The completion of the Human Genome Project in 2003 led to the launch of several 
major projects, including the international HapMap Project to identify genetic variants 
and haplotypes in the human genome 54, the 1000 Genomes Project to characterize the 
frequency of genetic variants in human populations 55, the ENCODE project to identify 
functional elements in the human genome 56,57, and the ROADMAP project to assess 
epigenetic alternation of DNA sequences 58. All these projects have yielded unprecedented 
information about the human genome. For instance, exon regions of protein coding genes 
are known make up less than 2% of the human genome. Most of the human genome 
(98%) is thus non-coding but contains many regulatory elements, including enhancers, 
silencers, insulators and locus-control regions. The non-coding regulatory regions of the 
human genome have been found to be enriched for DNase I hypersensitive sites, histone 
modification regions, DNA methylation regions and transcription factor binding sites 59,60.

In addition to delineating the presence of non-coding regulatory regions, studies in 
the past decade have shown that the human genome is pervasively transcribed 61. The 
development of high-throughput technologies, such as next-generation sequencing, 
has allowed an in-depth examination of the non-coding genome with high resolution 
and scale. These studies have revealed that the majority of the non-coding genome is 
detectably transcribed under some conditions 62. The ENCODE project reported that the 
non-coding transcripts account for ~80% of the genome (Figure 2). Non-coding RNA 
(ncRNA) genes are transcribed into RNA molecules but are not capable of being translated 
into proteins. Their classification varies depending on their size and function. According 
to their size, they are classified into two major classes: small ncRNAs, which are shorter 
than 200 nt and include miRNAs, piRNA and other noncoding transcripts and long ncRNA 
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(lncRNAs), which range in size from 200 nt to 100 kb 63. Moreover, the studies have shown 
that the number of non-coding genes increases with the organism’s complexity while the 
number of protein-coding genes remains approximately the same. Therefore, it is likely 
that the majority of non-coding genes play a role in physiology and diseases in highly 
complex organisms such as humans.  

The importance of non-coding regions in health and disease has been demonstrated 
by GWAS, which have highlighted that the vast majority (~93%) of reported genetic 
variants lie in non-coding regions and are enriched for regulatory regions like ncRNAs, 
enhancers and DNase I hypersensitive sites. These non-coding variants are also enriched 
for eQTL effects and affect the expression of both protein-coding genes and ncRNAs 64. 
Linking non-coding variants to functional consequences can yield insights into disease 
mechanisms. Two examples of this are: 1) a candidate causal SNP that was predicted to 
alter RNUX transcription factor binding in regulatory regions relevant to breast cancer, 
thereby affecting expression of its downstream genes 65 and 2) GWAS variants linked to 
atherosclerosis-related phenotypes that were associated with a lower expression of lncRNA 
ANRIL, the knock-down of which leads to reduced cell growth, possibly via CDKN2A/B 
regulation 66. These examples highlight the importance of studying and understanding 
the role of the non-coding genome in physiology and disease.

Long ncRNAs
In recent years, more than 80% of the human genome has been observed to be transcribed, 
generating thousands of ncRNAs 62, of which lncRNAs represent the largest group 69 
(Figure 2). LncRNAs are a subclass of functional ncRNAs that are over 200 nucleotides in 
size and lack an open reading frame, and therefore do not code proteins 70,71. LncRNAs 
may share some characteristics with mRNAs. For instance, lncRNAs are transcribed by RNA 
polymerase II and are 5′ capped, equipped with a 3′ polyA (polyadenylate) tail and consist 
of multiple exons. Furthermore, 98% of lncRNAs are spliced and ~25% have at least two 
different isoforms 62,70. In comparison with protein-coding genes, lncRNAs have longer, but 
fewer, exons 70. LncRNA promoter regions show conservation between vertebrates similar 
to that of promoters of protein-coding genes, but lncRNA exons are less well conserved 
70,72. Numerous studies have emphasized the context- and cell-type-specific expression 
of lncRNAs, highlighting their biological role in specific cellular pathways and processes.

Since an initial study in 2009 72, thousands of lncRNAs have been identified using 
genome-wide approaches in the mouse and human genomes. Using next-generation 
RNA sequencing technology, scientists have been able to characterize exon–intron 
structure and abundance of lncRNAs 73,74. Moreover, a combination of RNA sequencing 
and chromatin signature assessment resulted in generation of a human lincRNA (long 
intergenic non-coding RNAs) catalog that contains more than 8000 lincRNAs expressed 
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Figure 2. Non-coding RNAs and their mechanism of action. 

More than 80% of the human genome is being transcribed, mainly generating non-coding 
RNAs (ncRNAs). Long non-coding RNAs (lncRNAs) regulate gene expression and other cellular 
processes by multiple mechanisms. They can guide chromatin modifying complexes (CMC) to the 
correct chromatin location in order to control transcription. Furthermore, lncRNAs can inhibit or 
facilitate the recruitment of RNA polymerase II (RNAPII), transcription factors (TF), transcriptional 
repressors (TxRs) and/or other co-regulators/ inhibitors to the gene promoter, therefore regulating 
gene transcription. Another way of regulating gene expression is by transcriptional interference. 
These mechanisms are more relevant for lncRNAs expressed in the nucleus, and they may work 
in cis and trans. Moreover, cytoplasmic lncRNAs can form complexes with RNA binding proteins 
(RBP) and govern cytoplasmic events. Therefore, cytoplasmic lncRNAs mainly work in trans. They 
can play a role in regulating mRNA translation, mRNA expression by regulating mRNA stability 
and regulate cellular signaling pathways. Enhancer RNAs (eRNAs) can interact with chromosomal 
looping factors (CLFs) and RBPs to positively influence enhancer–promoter looping and gene 
transcription; eRNAs bind transcription factors (TFs) to help ‘trap’ them at enhancers; and eRNAs 
act as a ‘decoys’ or ‘repellents’ to inhibit transcriptional repressors (TxRs).  Trans  roles could be 
achieved by eRNA translocation to distant sites and target gene(s) outside the transcriptionally 
associated territory. Adapted from 67,68.
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across 24 different human cell types and tissues 75. To date, 16,066 human lncRNAs have 
been annotated by GENCODE, and the coverage and accuracy of the human and mouse 
gene sets continues to improve in the current GENCODE phase. Furthermore, the number 
of identified lncRNAs continues to grow. However, the function and biological significance 
of the majority of lncRNAs remain unknown. Thus, the main focus of future studies should 
be on building a functional understanding of the role of these lncRNAs.

Initially, lncRNAs were thought to be junk or transcriptional noise since they are not 
well conserved across species and their expression levels were relatively low compared 
with mRNAs. It is indeed possible that some of this transcripts are transcriptional noise, 
e.g. being transcribed from bi-directional promoters 76,77. However, increasing evidence 
shows that many lncRNAs are transcribed into functional RNAs and may regulate gene 
expression via diverse biological mechanisms (such as epigenetic regulation, chromatin 
remodeling and gene transcription) and play a role in cellular transport, metabolic 
processes and chromosome dynamics 78. Several studies have shown that lncRNAs play 
important roles in numerous physiological processes by regulating gene expression and 
modulating protein function through a variety of mechanisms 79. Dysregulation of lncRNAs 
has also been shown to contribute to the progression of many diseases, including liver 
disease 80. Individual lncRNAs associated to metabolic disorders and liver diseases have 
been identified in mice and humans. For instance, lncLSTR, a liver-enriched lncRNA, was 
identified to be a putative regulator of plasma triglyceride levels in mice, but no human 
orthologue was found 81. An antisense lncRNA to apolipoprotein A1, APOA1-AS, has been 
shown to negatively regulate the expression of APOA1, a major component of high-
density lipoprotein 82. The lncRNAs Meg3 and MALAT-1 may be involved in hepatocellular 
carcinoma through regulation of gene expression and alternative splicing, respectively 
83,84. Although over 1,000 lncRNAs have been reported to be associated with NAFLD, their 
roles in the disease remain largely unknown 85. Moreover, their potential as non-invasive 
biomarkers also remains largely unexplored, as ncRNAs can form stable secondary 
structures that can be detected in circulating exosomes 80,86.

Enhancer RNAs
Increasing evidence has suggested that many functional enhancers can be transcribed 
and generate non-coding enhancer RNAs (eRNAs) 62,87 (Figure 2). Other evidence has 
confirmed the binding of RNA polymerase II (RNAPII) to a large proportion of intergenic 
enhancers, which results in transcription and production of intergenic eRNAs 88. Several 
studies have directly confirmed the presence of non-polyadenylated ncRNAs arising from 
enhancer regions 88,89. Compared to non-eRNA-producing enhancers, eRNA enhancers 
are transcribed in response to various stimulation events, have a higher affinity for 
binding to co-activators, have higher chromatin accessibility, have a higher enrichment of 
active histone marks such as H3K27ac, are protected from repressive marks such as DNA 
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methylation and are highly correlated with the formation of enhancer-promoter loops 
90–95. These traits suggest that the production of eRNAs from enhancer regions may be 
a hallmark of active enhancers. Few models which underline the function of enhancer 
transcription have been proposed (Figure 2). Furthermore, tools such as global run-on 
sequencing (GRO-seq) and cap analysis of gene expression (CAGE) have identified up 
to 65,000 eRNAs in the human transcriptome 87,96. The abundance of eRNAs may open 
up a new avenue for the study of enhancer activity and of their role in gene regulation 
and human disease. Their role in NAFLD and NASH has not been assessed until now, and 
therefore remains unknown.

LncRNA mechanism of action 
LncRNAs may influence many processes in the cell by acting near their site of transcription 
in cis, or leave their site of transcription and act in different parts of the cell in trans. 
LncRNAs can bind to DNA, RNA and proteins to act in diverse ways within the cell. 
Several mechanisms of action have been described and some are illustrated in Figure 2. 
A number of lncRNAs have been shown to regulate chromatin and to mediate epigenetic 
modification by recruiting chromatin-remodeling complex to a specific chromatin locus. 
Other groups of lncRNAs may regulate gene expression on the transcriptional level, 
for example by interacting with transcription factors or other regulators. Because they 
can identify complementary sequences, lncRNAs may exhibit specific interactions with 
RNAs and proteins and regulate post-transcriptional processing of mRNAs like capping, 
splicing, editing, transport, translation, degradation and stability at various control sites 
97. What follows below are some examples of cis- and trans-acting lncRNAs for which the 
mechanism of action has been established.

For cis-acting lncRNAs, studies have indicated several potential mechanisms through 
which a lncRNA locus (via the RNA molecule, the act of transcription and/or splicing or 
DNA regulatory elements) can locally regulate chromatin or gene expression 98. One 
mechanism is when a lncRNA transcript itself regulates the expression of neighboring 
genes by recruiting regulatory factors to the locus and/or modulating their function. A 
well-established example of a cis-acting lncRNA that plays a role in repressing chromatin 
is the X-inactive specific transcript Xist. This lncRNA is involved in X-chromosome 
inactivation (Xi). Xist spreads across the entire Xi and initiates a series of events that 
results in re-localization of the chromosome to the nuclear periphery, deposition of 
repressive chromatin marks and eventual transcriptional silencing of almost the entire 
chromosome 99,100. Multiple strands of evidence have documented that Xist interacts with 
SMART/histone deacetylase 1 (HDAC1)-associated repressor protein (SHARP, also known 
as SPEN), and therefore recruits this repressive protein to the Xi chromosome, resulting 
in X chromosome histone deacetylation 100. Furthermore, lncRNAs can regulate nearby 
genes via indirect cis-mediated mechanisms of action, where the act of transcription from 
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a lncRNA locus is responsible for local gene regulation but not the lncRNA transcript itself. 
This is the case with the lncRNA Airn (antisense Igfr2 RNA noncoding) in regulation of the 
mammalian-imprinted Igf2r gene. This antisense lncRNA overlaps the Igfr2 gene body and 
promoter and silences the paternal allele. Airn-mediated silencing of Igf2r is caused by 
transcriptional interference, where the act of transcription of Airn reduces the recruitment 
of RNAPII to the Igf2r promoter 101. However, the Airn RNA molecule may be responsible 
for silencing other genes in the Igf2r cluster (Slc22a2 and Slc22a3) 101,102, suggesting that 
one lncRNA may regulate different genes via different mechanisms.

In addition to lncRNAs that act in cis, there are an increasing number of examples of 
lncRNAs that act in trans. These lncRNAs may affect various processes throughout the cell. 
For example, the lncRNA HOTAIR acts as a scaffold to selectively target the PRC2 complex 
to silence the transcription of HOXD locus by adding of H3K27-methylation (H3K27-
me3) marks 103. Furthermore, some lncRNAs regulate transcription by affecting nuclear 
architecture, RNA processing and other steps in gene expression. In this way the lncRNA 
MALAT1 acts as a linker or scaffold to facilitate the positioning of nuclear speckles at active 
gene loci. MALAT1 interacts with splicing factors and regulates alternative splicing of pre-
mRNAs by controlling the functional levels of splicing factors 104. Another lncRNA with a 
similar function is nuclear enriched abundant transcript 1 (NEAT1), which interacts with 
several paraspeckle proteins and associates with actively transcribed gene loci 105. Trans-
acting lncRNAs may also function by modulating the activity or abundance of the proteins 
or RNAs to which they directly bind. These regulatory lncRNAs require stoichiometric 
interaction with their target molecules. One example of this is the lncRNA NORAD (ncRNA 
activated by DNA damage) that functions as a molecular decoy and is a major regulator 
of the RNA-binding proteins PUMILIO1 (PUM1) and PUMILIO2 (PUM2) in human cells 106. It 
has been suggested that NORAD has the capacity to sequester a significant fraction of the 
total cellular pool of PUM1 and PUM2 that is available to interact with target transcripts. 
In this way, lncRNAs can regulate mRNA transcripts that are targets of lncRNA-bound 
RNA-binding proteins. LncRNAs can also regulate the abundance or activity of other 
RNAs to which they bind through base-pairing interactions. Prominent among this class 
are ncRNAs that regulate microRNA activity, a category of transcripts termed competing 
endogenous RNAs. These examples confirm that many ncRNAs are functional and play 
crucial roles in the cell.

Aim and outline of the thesis
The aim of this thesis is to understand the role of non-coding RNA (ncRNA) candidates 
(with the focus on long non-coding RNAs (lncRNAs) and enhancer RNAs (eRNAs)) in non-
alcoholic fatty liver disease (NAFLD) and in its advanced form, non-alcoholic steatohepatitis 
(NASH). For this purpose, we use next generation sequencing technologies (microarray and 
RNA-sequencing) in human liver biopsies to detect potential candidates and functional 
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genomic approaches in human cell lines to further characterize selected candidate genes. 
We then follow-up our findings with in vitro and in vivo functional studies.

Genome-wide association studies (GWAS) are yielding more comprehensive knowledge 
of the mechanisms that underlie disease risk in the general population. So far, GWAS 
have yielded some 755 single nucleotide polymorphisms (SNPs) encompassing 366 
independent loci that may help decipher the molecular basis of cardiometabolic diseases. 
Since many disease SNPs are located in non-coding regions, attention is now focused 
on linking genetic SNP variation to effects on gene expression levels. In chapter 2, we 
provide an overview of the independent loci currently associated with cardiometabolic 
SNPs and discuss how far the genetics of cardiometabolic disease has come and how 
we can move forward using genomic methods to help prioritize candidate genes and 
functional variants.

The involvement of lncRNAs in NAFLD and NASH is largely unexplored. Two studies have 
shown that many lncRNAs are associated with different NAFLD phenotypes in human 
subjects, but their functional involvement and mechanisms of action remain unknown. 
In chapters 3, 4 and 5, we report on using next-generation sequencing analysis to detect 
and characterize lncRNAs associated with NAFLD and NASH phenotypes, then combine 
our results with functional approaches to understand the role of selected candidates. 

In chapter 3, we report the discovery of lnc18q22.2 (LIVAR), a liver-specific lncRNA involved 
in cell viability, that has elevated expression in the liver of NASH patients. The involvement 
of lncRNAs in NASH is first identified by association analyses between lncRNA expression 
levels and detailed histological analysis of NASH phenotypes in human liver samples. 
We then investigate its downstream effect by silencing it in four hepatocyte cell lines. 
The discovery of lnc18q22.2 may provide new insights into the regulation of hepatocyte 
viability in NASH.

The natural development of NAFLD is still poorly understood, with the consequence 
that treatment options are still very limited. Abnormal patterns of gene expression and 
transcriptional regulation seen in human liver biopsies have provided some insight 
into the molecular mechanisms involved in the etiology of liver diseases. To gain more 
insight into the involvement of ncRNAs in NAFLD and NASH, in chapter 4 we report the 
expression levels of 19,894 protein-coding and 11,843 lncRNA genes in the livers of 60 
obese individuals with different degrees of NAFLD. The analysis reveals 854 lncRNAs 
associated to NASH grade and lobular inflammation. One candidate antisense lncRNA, 
HNF4A-AS1, was strongly suppressed in human livers depending on the degree of NASH, 
in livers of mice with diet-induced NAFLD/NASH, and in an in vitro model for NASH. HNF4A-
AS1was strongly down-regulated in HepG2 cells upon TNFα exposure, and knock-down 
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studies revealed that it may regulate the transcription factor HNF4A and its downstream 
pathways.

NAFLD is a complex disease which develops as a result of fat accumulation in the liver 
(simple fatty liver) followed by liver inflammation. In chapter 5, we characterize the role 
of lncRNAs in NASH in relation to fat accumulation and inflammation using a functional 
genomics approach. We generate cellular models to mimic two different stages of NASH 
progression. We stimulate human hepatocytes with free fatty acids to mimic steatosis, then 
follow this with stimulation of tumor necrosis factor alpha (TNFα) to mimic inflammation. 
This data identifies a lncRNA in TNFα/NF-kB signaling pathway, which we call lncTNF, 
that shows 20-fold upregulation upon TNFα stimulation and is positively correlated with 
lobular inflammation in human livers.

Many functional enhancers can be transcribed to generate non-coding eRNAs that 
are highly tissue- and context-specific. In chapter 6, we report the expression level of 
65,683 intergenic enhancers in liver biopsies from 60 individuals. We further assess their 
association with NAFLD and NASH and investigate whether these enhancers could control 
the genes in their vicinity. We also examine whether the genetic variants associated to 
liver and cardiometabolic traits co-localize, or are in close proximity with, these enhancers 
and if these variants affect the abundance of predicted eRNAs. These findings confirm the 
importance of transcriptional enhancers in liver physiology and provide new insights into 
gene regulatory patterns in the liver.

Finally, in chapter 7, we summarize and discuss the most relevant findings of the previous 
chapters and provide suggestions and directions for further research in the field.
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