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t Non-alcoholic fatty liver disease (NAFLD), which encompasses a spectrum 
from simple steatosis progressing to steatohepatitis (NASH) and cirrhosis 
and eventually hepatocellular carcinoma, is a chronic liver disease with a 
rapidly growing incidence. The mechanisms underlying the progression 
from relatively benign steatosis to steatohepatitis are still poorly understood, 
and treatment options are therefore limited. Emerging evidence suggests an 
important role of long non-coding RNAs (lncRNAs) in NASH development. 
We aimed to identify lncRNAs relevant in the etiology of NASH by performing 
a deep RNA-seq experiment on 60 human liver biopsies obtained from 
obese individuals without NAFLD and NASH (controls, n = 16), with NAFLD 
but no NASH (n = 8) and with varying degrees of NASH (n = 36). Our analysis 
revealed 854 lncRNA candidates associated to different NASH phenotypes 
(FDR<0.1). Importantly, 18 of these lncRNAs were differentially expressed in 
HepG2 cells after exposure to free fatty acids (FFA) and TNFα. We identified 
HNF4A-AS1 as a potential candidate in NASH progression. This lncRNA was 
down-regulated in human livers depending on the degree of NASH and in 
HepG2 cells upon exposure to FFA and TNFα. HNF4A-AS1 expression was 
also strongly reduced in the livers of mice fed a high fat/high cholesterol 
diet for 12 weeks, correlating with NASH scores. This study establishes that 
specific lncRNAs may play important roles in NASH development, providing 
potential therapeutic options.   
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Introduction
Non-alcoholic fatty liver disease (NAFLD), the main hepatic manifestation of metabolic 
syndrome, is currently the most common chronic liver disease, particularly in Western 
societies. NAFLD covers a broad spectrum of liver conditions from triglyceride and 
cholesterylester accumulation within hepatocytes (steatosis) to the presence of 
inflammation and hepatocellular injury (steatohepatitis), with or without fibrosis 1. About 
10-20% of individuals with steatosis will show progression to steatohepatitis, and a fraction 
of them will further progress to fibrosis, cirrhosis and hepatocellular carcinoma (HCC) 2–4. 
However, the natural development of NAFLD is still poorly understood, and treatment 
options are therefore still limited. 

Abnormal patterns of gene expression and transcriptional regulation observed in human 
liver biopsies have provided some insight into the molecular mechanisms involved in 
the etiologies of liver diseases, including NAFLD, and may help to identify candidate 
biomarkers and drug targets. For instance, plasma apolipoprotein F (APOF) concentration 
has been suggested as a biomarker for fibrosis in patients with hepatitis C 5. A recent 
meta-analysis of human hepatic gene expression signatures of NAFLD revealed APOF, 
PZP, FCN2 and CYP2C19 as genes encoding potential biomarkers for NAFLD progression 
6. Glypican-3 (GPC3), a gene coding for heparin sulfate proteoglycan, has been reported 
to be elevated in the serum and liver of HCC patients, and targeting GPC3 may offer new 
immunotherapeutic options for HCC treatment 7. 

In recent years, accumulating evidence has shown that long non-coding RNAs (lncRNAs), 
encoded by the largest group of non-coding genes, play important roles in controlling 
liver metabolism and disease development 8. For example, liver-specific knockdown of a 
lncRNA named lncLSTR (Liver-specific triglyceride regulator) was shown to reduce plasma 
triglyceride levels in mice 9. Another lncRNA, SRA (steroid RNA activator), reduces fatty 
acid β-oxidation and plays a role in promoting hepatic steatosis 10. Liver glucokinase 
repressor lncRNA (lncLGR) has been shown to suppress glucokinase transcription and 
promote glycogen storage in fasted mice 11. Systematic lncRNA studies in human livers 
are limited; previous studies were mostly based on microarrays data that profile only a 
limited number of lncRNAs 12,13. A recent study reported deep RNA-seq on 142 human liver 
biopsies and identified several lncRNA candidates associated with NAFLD progression 14. 
However, the expression patterns of lncRNAs in the various grades of human NAFLD and 
their mechanistic roles in disease progression have remained unexplored. 

In this study, we profiled 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 using Ribo-
Zero RNA sequencing technology. The analysis revealed 854 lncRNAs associated to NASH 
grade and lobular inflammation, which indicated their potential involvement in lipid 
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metabolism or inflammatory pathways. These analyses also showed that lncRNAs and 
mRNAs of protein-coding genes are co-expressed, and hence may act together. Finally, 
we found that expression of the antisense lncRNA HNF4A-AS1 was strongly suppressed in 
human livers, depending on the degree of NASH, as well as in the livers of mice with diet-
induced NAFLD/NASH and in an in vitro model of NASH. This lncRNA was strongly down-
regulated in HepG2 cells upon TNFα exposure and knock-down studies revealed that 
HNF4A-AS1 may regulate the transcription factor HNF4A and its downstream pathways. 

Results
Transcriptome profiles of human livers show relationships between gene expressi-
on patterns and NASH phenotypes 
The workflow and design of this study are presented in Figure 1. RiboZero-based RNA 
sequencing yielded expression profiles of 50,475 genes, including 19,894 protein 
coding genes and 11,843 lncRNAs (Supplementary Figure 1A). Consistent with previous 
observations, the expression levels of lncRNAs were generally lower than those of 
protein-coding genes (Supplementary Figure 1B). Principal component analysis of liver 
transcriptome profiles from 60 severely obese individuals showed that samples clustered 
according to NAFLD severity (Supplementary Figure 2A) without showing any batch 
effects (Supplementary Figure 2B).

To identify genes with a potential role in progression to steatosis and NASH, we assessed 
the correlation between the expression levels of 50,475 genes and 17 NASH-related 
phenotypes scored within the Kleiner classification system 16. These analyses yielded 6,930 
correlations at FDR<0.1: 1,460 with lncRNAs and 5,470 with protein-coding and other 
genes, with 508 correlations remaining at FDR<0.05 (Figure 2A, Supplementary Table 1). 
Out of 17 NASH phenotypes, most of the liver-expressed genes showed correlation with 
lobular inflammation (26% of all correlations), NASH grade (22%), NAS score (10%), NAFLD 
status (6%), Kleiner score for steatosis (5%) and acidophilic bodies (5%) (Supplemental 
Figure 3). The significant correlations corresponded to 3,960 unique genes, including 
854 lncRNAs and 3,106 protein-coding and other genes (Supplementary Table 1). The 
expression pattern of all significantly associated genes is presented as a heatmap (Figure 
2A). 

Many genes previously found to be associated with NASH (mainly protein-coding genes) 
were also found in our dataset. For example, the top associated gene from our dataset, 
RUNX1 (runt related transcription factor 1), showed a positive correlation with NASH grade 
(r = 0.66, FDR = 5.6x10-3) and was previously shown to be upregulated in animal models 
of NASH 20. The gene PPARA (peroxisome proliferator-activated receptor alpha), which 
encodes the fatty-acid-activated nuclear receptor PPARα that activates the β-oxidation 
machinery, was downregulated in NASH livers (r = -0.46, FDR = 7.0x10-2). The oxidative 
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Figure 1. RNA sequencing workflow and analysis scheme

stress gene SOD2 (superoxide dismutase 2), which catalyzes the conversion of superoxide 
byproducts of oxidative phosphorylation to hydrogen peroxide and oxygen, was found 
to be positively associated with NASH (r = 0.48, FDR = 5,7x10-2). In the same direction, 
genes encoding inflammation-related molecules like TNFα and IL18 and inflammatory 
related receptors such as the TLR4 receptor showed high expression in livers of NASH 
patients compared to the controls (Supplementary Table 1, Supplementary Figure 4A). 
Furthermore, our deep RNAseq dataset revealed several novel genes associated with 
NASH. For example, PAGE4 (P antigen family member 4) showed upregulation in NASH 
livers (r = 0.62, FDR = 1.4x10-2) and has previously been associated with liver metastasis 
of colorectal cancer 21. Another interesting gene, CSNK1A1L (Casein Kinase 1 Alpha 1 Like), 
was positively associated with NASH grade (r = 0.59, FDR = 2.0x10-2). Although its function 
is not established, previous studies have suggested its involvement in the Wnt signaling 
pathway 22 (Supplementary Table 1, Supplementary Figure 4B). 
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Pathway-enrichment analysis of NASH-associated genes revealed several disease-related 
pathways. Negatively associated genes were enriched in oxidation-reduction pathways, 
fatty-acid β-oxidation processes and various metabolic pathways (Figure 2B). Positively 
associated genes were enriched in inflammatory response pathways, signal transduction, 
response to lipopolysaccharides and apoptotic processes, among the most significant 
pathways (Figure 2C and Supplementary Table 2).  

Identification of lncRNAs correlated with NASH phenotypes
In addition to protein-coding genes, we detected 1,460 correlations between lncRNAs 
and NASH phenotypes, including 854 unique lncRNAs genes, at FDR<0.1 (Supplementary 
Table 1). This table includes 103 correlations at FDR<0.05. Out of the 854 lncRNAs, 
637 lncRNAs (corresponding to 1,074 correlations) showed positive and 217 lncRNAs 
(corresponding to 386 correlations) showed negative association with NASH phenotypes 
(Supplementary Figure 5A). Among the top associated lncRNAs, we found DIO3OS, a 
lncRNA showing negative association with NASH phenotypes (NAS score: r = -0.56; FDR 
= 2.8x10-2; Supplementary Figure 5B). This lncRNA was previously characterized and 
reported to have a role in maintaining the expression of the overlapping protein coding 
gene DIO3 (type 3 deiodinase) 23. DIO3 is an enzyme that inactivates thyroid hormones 
and has been associated to drug-induced hepatotoxicity in the liver 24. Another lncRNA, 
RP11-248E9.6, that showed positive association with NASH (r = 0.51; FDR = 4,5x10-2, 
Supplementary Figure 5B), has previously been reported to be upregulated in livers with 
NAFLD compared to controls 13. However, most of our NASH-associated lncRNAs have not 
been linked to any phenotype and are of unknown function. 

In vitro validation study
As NASH is a disease with steatotic and inflammatory components, we also investigated 
if the NASH-associated lncRNAs responded to FFA or TNFα stimuli in HepG2 cells 
representing an in vitro model of NASH. In this validation RNAseq dataset, 18 NASH-
associated lncRNAs were found to respond to FFA and TNFα treatment, showing the same 
direction of dysregulation as in the human dataset (discussed in chapter 5). The average 
liver expression levels of the 18 lncRNAs are presented in Supplementary Figure 6. These 
results, in combination with previous findings, suggest a potential role for lncRNAs in 
NASH-associated pathways including inflammatory processes in the liver.

HNF4A and HNF4A-AS1 show association with NASH
Out of all the associated genes identified, the HNF4A locus appears to be particularly 
interesting in the context of this work. HNF4A regulates the transcription of several genes 
involved in the progression of NAFLD towards NASH and is the central gene in the network 
of NASH genes connected to metabolic diseases 25. Whereas HNF4A showed a suggestive 
association with NASH phenotypes (the strongest correlation was with pigmented 
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Figure 2. Genes correlated with NASH phenotypes. 
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macrophages, r = -0.36, FDR = 0.13; Supplementary Figure 7A and B), its anti-sense 
lncRNA, HNF4A-AS1, was significantly negatively associated with NASH grade (r = -0.48, 
FDR = 5.8x10-2) and lobular inflammation (r = -0.42, FDR = 9.2x10-2) (Figure 3A), which 
is a component of NASH grade phenotype. Moreover, we found a positive correlation 
between HNF4A and HNF4A-AS1 expression levels (r = 0.59, P = 1.5x10-6). 

HNF4A-AS1 shows association with inflammatory pathways
To identify the downstream genes and pathways that HNF4A-AS1 might regulate, we 
ran a “guilt by association” analysis and found that 6,112 genes were co-expressed with 
HNF4A-AS1 in the liver (Supplementary Table 3). These genes were enriched in several 
pathways, with inflammatory response, signal transduction, apoptosis and regulation of 
NF-κB signaling among the top significant pathways (Figure 3B). This is in line with our 
observation that HNF4A-AS1 was down-regulated upon FFA and TNFα exposure in HepG2 
cells (log2FC = -0.50, Padj = 3.3x10-5 at 5h) (Figure 3C). Altogether, these observations 
suggest a potential role of HNF4A-AS1 in NASH, and we hypothesize that this lncRNA may 
regulate HNF4A function.

HNF4A-AS1: chromosomal location, structure and expression
HNF4A-AS1 is an antisense lncRNA located on chromosome 20. It overlaps with the intronic 
region of the HNF4A gene but has an opposite transcription direction (Supplementary 
Figure 8). Although their genomic locations overlap, there is no overlapping exon between 
HNF4A and HNF4A-AS1. We further assessed HNF4A-AS1 structure, cellular location and 
expression levels in different tissues and cell lines. Different from the structural annotation 
given in GENCODE, our RNAseq data from both liver biopsies and HepG2 cells revealed an 
additional exon (Supplementary Figure 8A and B). The existence of this exon was confirmed 
by data from the Human Body Map Catalog (Supplementary Figure 9). Exon-exon junction 
analysis revealed that the un-annotated exon comes from the negative strand and is 
linked to the antisense transcript HNF4A-AS1 (Supplementary Figure 9A). Moreover, this 
data showed that HNF4A-AS1 has more than two transcript isoforms (Supplementary 
Figure 9B and C). PCR analysis confirmed the presence of the two annotated isoforms, as 
well as un-annotated isoforms: transcript 1 without exon 2 and isoforms containing exons 
1 and/or 2 and 3 from transcript 1 with exon 2 from transcript 2 (Supplementary Figure 
10). Furthermore, among the different cell types from the ENA database, HNF4A-AS1 
had highest expression in HepG2 cells (Supplementary Figure 11A). In line with this, the 
HNF4A-AS1 lncRNA showed liver-specific expression when we compared its expression 

A. Gene expression heatmap of NASH-associated genes (n=3,960) at FDR<0.1. Each row represents 
normalized expression of a single gene (residuals after correcting for age, age2 and gender). Each 
column represent one liver sample. Lobular inflammation, NASH grade and NAFLD status (1=normal, 
2=NAFLD and 3=NASH) are presented on the top bars. B. Bar plot representing pathway-enrichment 
analysis on genes negatively associated with NASH. C. Bar plot representing pathway-enrichment 
analysis on genes positively associated with NASH. Enriched P-values are presented on the X-axis, 
pathways on the Y-axis. GO term, Gene Ontology term.



Genome-wide transcriptome analysis of livers from obese subjects reveals 
lncRNAs associated with progression of fatty liver to nonalcoholic steatohepatitis

4

|   93   

among 20 different tissues (Supplementary Figure 11B). Liver-specific expression was also 
observed in the GTEx dataset 26.

Next, we compared the expression level of HNF4A-AS1 between different cell lines (five 
hepatocyte and two non-hepatocyte cell lines). HNF4A-AS1 showed different expression 
levels in different hepatocyte lines, but was not expressed in the non-hepatocyte cells 
(Supplementary Figure 11C). Furthermore, we found that this lncRNA is enriched in the 
cytoplasmic fraction of the cells (Supplementary Figure 11D).

HNF4A-AS1 is conserved in mice and downregulated in a diet-induced mouse mo-
del of NASH
HNF4A is highly conserved among species 27. At the HNF4A region of the murine genome, 
an antisense lncRNA is present that overlaps with the first intron of HNF4A, named 
HNF4Aos1 (Figure 4A). Interestingly, mouse HNF4Aos1 shows a high degree of sequence 
similarity with human HNF4A-AS1, indicating that this is the mouse homolog of HNF4A-

Figure 3. HNF4A-AS1 association with NASH in human livers and response to stimulation in 
HepG2 cells. 

A. Boxplot representing the correlation between HNF4A-AS1 expression (Y-axis) and NASH grade 
(X-axis). B. Bar plot representing the pathway-enrichment analysis of genes co-expressed with 
HNF4A-AS1 from the human liver dataset. C. Expression of HNF4A-AS1 (Y-axis) in HepG2 cells upon 
stimulation with TNFα (blue boxplots), FFA (green boxplots) and the control (red boxplot). Time in 
hours upon stimulation of corresponding stimuli is shown on the Y-axis. 
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AS1. An almost identical sequence is present at the 5’ end of the transcripts, in line 
with previous observations that conserved regions of lncRNAs are usually enriched at 
promoter and 1st exon regions 28. Next, we aimed to evaluate if HNF4Aos1 is dysregulated 
in an established diet-induced mouse model of NASH in which C57Bl6J mice are fed a 
HFC diet for 12 and 24 weeks. Interestingly, we observed here that hepatic expression of 
HNF4Aos1 was down-regulated 2-fold after 12 weeks on a HFC diet and down-regulated 
up to 10-fold after 24 weeks (One way ANOVA, P = 5.5x10-6) (Figure 4B). We also observed 
that these mice had pronounced liver inflammation and NASH activity score was highly 
correlated with HNF4Aos1 expression (r = -0.84, P = 3.78x10-6) but lower correlation with 
lobular inflammation (r = -0.39, P = 8.60x10-2; Figure 4C). In addition, the overlapping gene 
Hnf4a showed an up to 2-fold suppression of its expression in the 24-week HFC group 
(One way ANOVA, P = 1.9x10-4) (Supplementary Figure 12A) and a correlation with the 
NAFLD activity score (r = -0.80, P = 2.05x10-5) that was slightly lower compared to the 
antisense gene HNF4Aos1 but showed stronger correlation with lobular inflammation (r = 
-0.48, P = 3.22x10-2; Supplementary Fig. 12B). These results are in line with the results from 
both our human liver and in vitro HepG2 datasets.

Figure 4. HNF4Aos1 association with liver inflammation upon diet-induced NAFLD in mice. 

A. Chromosomal location of mouse HNF4Aos1 and HNF4A. Annotated transcript isoforms and 
location of primers used for qRT-PCR are represented. B. Relative expression of HNF4Aos1 (Y-axis) in 
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livers from mice fed chow diet for 12 week and mice fed high fat high cholesterol chow (HFC) diet for 
12 or 24 weeks (X-axis). C. Boxplots representing the correlation between the relative expression of 
HNF4Aos1 (Y-axis) and NAFLD activity score or lobular inflammation (X-axis). Lobular inflammation 
score is based on the number of inflammatory foci per five random fields at 200x magnification. All 
values per group are shown as mean ± SEM. Statistical significance was determined versus control 
group (12 weeks chow diet).

HNF4A-AS1 may regulate HNF4A expression and its downstream pathways 
To understand the function of HNF4A-AS1, we performed knock-down experiments of 
both HNF4A-AS1 and HNF4A in HepG2 cells using shRNAs. Two shRNAs were designed per 
gene, and each shRNA was designed to cover different exonic regions (Figure 5A). We first 
confirmed the suppressive effects of the shRNAs on their target genes (Figure 5B ). Next, we 
found that a 40-50% reduction of HNF4A expression led to a 70-80% reduction of HNF4A-
AS1 expression (Figure 5B). Conversely, we also observed that an 85% reduction of HNFA-
AS1 resulted in a 60-75% reduction in the expression of HNF4A (Figure 5B). Furthermore, 
many HNF4A downstream genes also showed 20-80% down-regulation in HNF4A-AS1 
knock-down cells. These down-regulated genes included the apolipoproteins APOC3, 
APOA5 and APOE; the glycolysis gene PKLR (pyruvate kinase, liver); the inflammatory gene 
MST1 (macrophage stimulating protein 1) and the coagulation factor F7 gene (Figure 
5C). However, no differences were observed in HNF4A protein levels (Figure 5D). A time-
course experiment in which cells were treated with TNFα for several periods of time (0h-
5h in intervals of 30 min) showed that HNF4A-AS1 expression was reduced by 30% at 1h 
(Supplementary Figure 13A), whereas HNF4A reduction by 30% was evident 30 min later at 
1.5h (Supplementary Figure 13B). In addition, downregulation of HNF4A-AS1 approached 
60% at 2.5 hours, whereas HNF4A was reduced by no more than 30% (Supplementary 
Figure 13A and B, respectively). Overall, these results suggest that HNF4A-AS1 and HNF4A 
may co-function in hepatocytes, particularly during NASH progression.  

Discussion
LncRNAs have been studied extensively in the last decade, particularly in the context of 
disease development. Because of their cell- and tissue-specific expression patterns under 
various conditions, lncRNAs have been suggested to play key regulatory roles inside cells, 
controlling chromatin states as well as epigenetic and post-transcriptional regulation of 
genes. In this study we detected lncRNA candidates involved in progression of NAFLD 
towards the inflammatory side of the spectrum by performing deep RNA sequencing 
of human liver samples and correlation analysis between lncRNA expression and NASH 
phenotypes. We detected 854 lncRNAs associated with NASH, 18 of which were validated 
in a cellular model of NASH. One specific lncRNA, HNF4A-AS1, showed the same direction 
of dysregulation in human and murine NASH. We propose that this lncRNA plays a role in 
the inflammatory component of NASH development.
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LncRNAs control several important aspects of liver function and have been reported to 
play significant roles in the pathophysiology of human liver injury and disease 29. It has 
been found that a set of lncRNAs is induced in response to inflammation and can regulate 

Figure 5. Effects of HNF4A-AS1 knockdown in HepG2 cells. 

A. Chromosomal location of human HNF4A-AS1 and HNF4A genes. Location of shRNAs (red bars) 
and primers (black arrows) used in the experiments are represented. B. Bar plots representing 
relative expression of HNF4A-AS1 (left) and HNF4A (right) genes on the Y-axis in HepG2 knockdown 
cells using four different shRNAs and one mock shRNA (X-axis). C. Bar plots representing relative 
expression of six HNF4A downstream target genes (Y-axis) in HepG2 cells knocked down with two 
shRNAs targeting HNF4A-AS1 and mock shRNA (X-axis). In all experiments, B-actin gene expression 
was used as control. Three replicates were included per condition. All values per group are shown as 
mean ± SEM. D. Western blot on HNF4A protein levels in HepG2 cells upon knock down of HNF4A-
AS1 with two shRNAs. Mock shRNA was used as control. Values represent mean of three replicates ± 
SEM, * = P≤0.05, ** = P<0.01.       
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inflammatory responses 30. Of the NASH-associated genes that we detected in the current 
study, several protein coding genes and lncRNAs were previously reported to have a role in 
inflammation. For example, lncRNA RP11-875O11.1, previously shown to be upregulated 
in PBMCs from patients with systemic lupus erythematosus 31, showed upregulation both 
in our human NASH samples and FFA/TNFα-exposed HepG2 cells. In addition, thymic 
expression levels of lncRNA AJ006998.2 were associated with an autoimmune disease risk 
SNP 32. Furthermore, lncRNA RP1-239B22.5 have been identified as candidate biomarker 
for myocardial infarction by analyzing microarray data from blood samples 33. RP11-91K9.1 
was upregulated upon stimulation with pro-inflammatory cytokines IL1α and platelet-
derived growth factor in smooth muscle cells 34, which is in line with our data showing 
upregulation of RP11-91K9.1 upon TNFα stimulation (chapter 5). In addition to these 
lncRNAs, our list of NASH-associated lncRNA candidates contains several lncRNAs for 
which the functions remain to be deciphered in functional experiments. Our results will 
therefore help to define the potential role of lncRNAs in NASH-associated inflammatory 
processes, and some of the lncRNA candidates may not be restricted to liver inflammation 
but to inflammation in general.

For further functional studies, we selected a lncRNA located in the intron of hepatocyte 
nuclear factor 4A (HNF4A): HNF4A-AS1. The functions of this lncRNA had not been 
reported so far. We found that HNF4A-AS1 is downregulated during NASH progression 
in both human and mouse livers. In HepG2 cells, downregulation was observed upon 
stimulation with the inflammatory cytokines TNFα and IL1β. Knock-down of this lncRNA 
had marked effects on HNF4A expression and on its downstream genes, supporting the 
idea that HNF4A-AS1 may regulate HNF4A and its downstream processes. Many studies 
have linked HNF4A function to liver inflammation. HNF4α represents a central regulator of 
gene transcription in hepatocytes during the acute-phase response (APR), by controlling 
the synthesis of many acute-phase proteins. A study performed in HepG2 cells revealed 
that the induction of an APR by the combined action of IL-1β, TNF-α and IL-6 reduced 
the expression of HNF4α-dependent APR genes by inhibiting its interaction with the 
coactivator Peroxisome proliferator-activated receptor-gamma coactivator-1 35. HNF4α 
has also shown sensitivity to the NF-κB pathway, a crucial signaling pathway that dictates 
cellular inflammatory responses. For example, it has been reported that exposure of 
HepG2 cells to TNF-α inhibits apolipoprotein C3 expression through its influence on NF-
κB, which targets HNF4α DNA binding affinity and transactivation activity 36. Control of 
HNF4α activity by cytokines could also be at the level of its interactions with the cofactors 
necessary to promote its optimal transcriptional activity. HNF4A-AS1 may be involved in 
some of these processes taking place in the cytoplasm, for example by regulating post-
transcriptional processes of HNF4A molecule. This is consistent with the results of our 
time-course experiments, which revealed that TNFα-induced HNF4A-AS1 downregulation 
preceded downregulation of HNF4A. However, we have not yet assessed the direct 
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interaction between HNF4A-AS1 and HNF4A and cannot establish a causal role of HNF4A-
AS1 down-regulation in NASH development at this stage. Future functional studies are 
required to substantiate our hypothesis. Furthermore, the discrepancy between protein- 
and mRNA-levels of the HNF4A gene after lncRNA down-regulation may be due to the 
fact that there are many processes between transcription and translation. Protein stability 
is also a major factor here: the half-life of different proteins can vary from minutes to 
days, whereas the degradation rate of mRNA would fall within a much smaller range 37. 
Therefore, more detailed analysis need to be performed.

In conclusion, this study reports on known and novel lncRNAs with a potential role 
in NAFLD and NASH development and progression. As research in this area moves 
forward, new causal mechanisms involving functional roles of lncRNAs are likely to be 
defined. Increasing our understanding of the lncRNAs functioning in the regulation of 
hepatocellular processes will provide novel targets for new therapeutic strategies for 
NASH and other metabolic liver diseases. 

Materials and methods

MORE cohort 
The study design of the MORE cohort was previously reported 15. In short, liver biopsies 
were taken from 92 individuals before undergoing bariatric surgery. For the current study, 
we selected 60 MORE subjects for whom a liver biopsy was available from the following 
three groups: 16 normal samples, 8 samples with NAFLD but not NASH and 36 samples 
with different degrees of NASH. Each individual was scored for seventeen histological 
parameters of liver pathology: steatosis, fibrosis, inflammation (lobular inflammation, large 
lipogranulomas, portal inflammation and microgranulomas), liver cell injury (ballooning, 
pigmented macrophages, acidophil bodies, megamitochondria and glycogenated nuclei) 
according to the scoring system described by Kleiner 16. Circulating levels of the liver 
enzymes aspartate-amino transferase and alanine-amino transferase were also measured 
and used for the analysis. The NAFLD activity score (NAS), NASH stage and NASH grade 
were calculated according to the Kleiner scoring system. Finally, samples were classified 
as normal, NAFLD or NASH samples, a category we named NAFLD status. 

RNA sequencing and data processing
Total RNA was extracted from frozen liver biopsies using the RNeasy Mini Kit (Qiagen, 
Hilden, Germany) and RNA quality was assessed on an Agilent 2100 Bioanalyzer system 
(Agilent Technology, Santa Clara, CA, USA). The average RNA integrity number (RIN) was 8. 
cDNA libraries were prepared from total RNA using SureSelectXT RNA Target Enrichment 
for Illumina Multiplexed Sequencing (Agilent Technologies), and subjected to 100-bp 
paired-end sequencing on an Illumina HiSeq2500 Platform (Illumina, San Diego, CA, USA). 
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Sequence reads from each sample were aligned to the reference human genome (UCSC 
hg19) in TopHat2 version 2.0.13. Reads aligned in TopHat were then assembled into a set 
of expressed transcripts and Rlog normalized using the DEseq2 package in R 17. Expression 
data was then corrected for age, age2 and gender (linear model, residuals calculated). To 
compare expression between genes, the data was additionally corrected for gene length. 
Principle component analysis was calculated in R. 

Correlation and pathway analysis 
Corrected gene expression data was correlated with NASH phenotypes using the 
Spearman correlation test and corrected for multiple testing (False Discovery Rate (FDR) 
q-values). The genes were considered significantly associated with NASH phenotypes at 
FDR q-value < 0.1. The same approach was used for calculating the co-expressed genes for 
HNF4A-AS1 (“guilt by association” approach), where we assessed whether the expression 
of HNF4A-AS1 correlates with the expression of the genes in cis (within 5 Mb distance) 
and in trans (genome-wide) at FDR<0.05. All significant correlations were analyzed for 
pathway analysis using the DAVID database (https://david.ncifcrf.gov).

Cell culture and stimulation experiments 
HepG2 cells (ATCC, Manassas, VA, USA) were kept at 37°C and 5% CO2. The cells were cultured 
in Dulbecco’s Modified Eagle’s Medium (DMEM) containing Glutamax, supplemented with 
1% (v/v) Penicillin Streptomycin (PS) and 10% (v/v) Fetal Calf Serum (FCS). Before their 
use in experiments, HepG2 cells were cultured in 6-wells plate in DMEM until ~60-70% 
confluent. When confluent, the cells were starved for 24 hours with starvation medium 
(DMEM+Glutamax and 1% PS, without 10% FCS). After 24 hours, cells were exposed for 24 
hours to media containing a combination of oleic acid and palmitic acid in a ratio of 2:1 
(FFA concentration of 10mM in 10% BSA, diluted 10 times in DMEM containing Glutamax 
and 1% PS, to final FFA concentration of 1mM) or 10% BSA medium (diluted 10 times 
in DMEM containing Glutamax and 1% PS). BSA medium was used as a control because 
FFAs are conjugated to BSA. After 24 hours, the media were aspirated and either refreshed 
or changed with FFA+TNFα (1mM FFA and 10ng/ml TNFα) medium. RNA was isolated at 
different time points, 0 minutes (only stimulated with FFA or BSA for 24h), 30 minutes, 3 
hours and 5 hours (BSA, FFA and FFA+TNF), using the TRIzol reagent.

HNF4A-AS1 and HNF4A knockdown
To knock down HNF4A-AS1 and HNF4A, we designed two short hairpin RNA (shRNA) 
cassettes for cloning into the lenti-viral pLKO TRC vector. The cassettes were specifically 
designed using the full HNF4A-AS1 and HNF4A sequences without overlapping with each 
other. For this purpose, we used the siRNA selection program (http://sirna.wi.mit.edu/) 
and designed four shRNAs (two for HNF4A-AS1 and two for HNF4A) and one mock shRNA 
(table 1). Cassettes were created by annealing of forward and reverse shRNA primer pairs. 
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Upon annealing of the oligos, the shRNAs were cloned into the pLKO TRC vector, and 
lentiviral particles were produced as described previously. 

Mouse model and liver histology
C57BL/6J mice were housed individually and fed ad libitum with either standard rodent 
chow diet (RMH-B, AB Diets, the Netherlands) or, starting at 8 weeks of age, a high-fat, 
high-cholesterol (HFC) diet (45% calories from butter fat) containing 0.2% cholesterol 
(SAFE Diets) for a period of 20 weeks. Prior to sacrifice, all animals were fasted for 4 hours. 
Liver tissues were snap-frozen in liquid nitrogen. The animal studies were conducted 
with the approval of Institutional Animal Care and Use Committee of the University of 
Groningen (Groningen, the Netherlands).

Liver histological analysis was performed as described previously 18. Briefly, snap-frozen 
liver sections were stained (H&R, ORO staining) and scored blindly by an experienced 
pathologist using an established scoring system for determining level and type of 
steatosis, as well as grade of lobular inflammation 16. Total RNA from the liver was isolated 
using the TRIzol reagent and subsequent cDNA was prepared with following quantitative 
real-time PCR (qRT-PCR). Primer sequences of all analyzed genes are shown in table 1.

Gene expression analysis
After RNA isolation, RNA quantity and quality were measured on an Agilent 2100 
Bioanalyzer (Agilent Technologies). cDNA was generated using the Transcriptor Universal 
cDNA Master kit (Roche, Bazel, Switzerland) according to the manufacturer’s instructions. 
Transcripts were quantified by SYBR green fluorescence (Applied Biosystems, Foster City, 
CA, USA) using 7300 Real-Time PCR system (Applied Biosystems). Relative expression was 
quantified using beta actin as an internal reference. Primer sequences of all analyzed 
genes are shown in table 1. Results are expressed as a mean ± SEM. Statistical analysis was 
performed in R using the unpaired Student’s t test. Results with P<0.05 were considered 
significant: *P<0.05; **P<0.001.

Determination of the cellular localization of HNF4A-AS1
Nuclear and cytoplasmic fractions were separated from HepG2 cells by adding 200 µL lysis 
buffer (140 mM NaCl, 1.5 mM MgCl2, 10 mM Tris-HCl pH 8.0, 1 mM DTT and 0.5% Nonidet 
P-40) to pellets of ∼4 million cells, followed by 5 min incubation on ice and centrifugation 
at 1000 g for 3 min at 4°C. The supernatant was collected as the cytoplasmic fraction. 
The pellet containing the nuclei was washed twice with lysis buffer. 1 ml TriPure reagent 
(Roche) was added to the cytoplasmic fraction (∼200 µL), nuclear pellet and total cell 
pellet. RNA was isolated as described before. Nuclear genes were normalized to U3 RNA. 
Cytoplasmic genes were normalized to 18S RNA. As controls for the fractionation, we used 
known nuclear and cytoplasmic lncRNAs: MALAT1 and NEAT for the nuclear fraction and 
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DANCR and OIP5-AS for the cytoplasmic fraction (primer sequences were taken from 19 

and shown in chapter 5/Table 1). The log2 ratio of cytoplasmic and nuclear fractions were 
calculated and plotted for each gene.
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Table 1. Primer names and primer sequences.

Primer Name 5’-3’ primer sequence

HNF4AAS_T2_FOR1 (qTR-PCR) GCTGGGCGTGTACTATAGATG

HNF4AAS_T2_REV (qRT-PCR) AGGGCTTGGGTTAGAGCTACA

HNF4AAS_T2_REV1 TGGGGAGATGAGATGAGGGA

HNF4AAS_T1_FOR1 CAACCACTGACCAAACTCCAG

HNF4AAS_T1_REV1 GAATCCTTGACCTGGTATCTGC

HNF4AAS_T1_REV2 CTGCTCACATCTCGTTACCTC

HNF4AAS_T1_REV3 TACCTATAGTACACGCCCAGC

HNF4AAS_T1_FOR2 CAACGGCAGATACCAGGTAAC

HNF4AAS_T1_REV4 CACGATCTTGGCTCACTATCTC

HNF4A_FOR ACTCCTGCAGATTTAGCCGG

HNF4A_REV GCATTTCTTGAGCCTGCAGT

APOC3_FOR GTGCAGGAGTCCCAGGTG

APOC3_REV AGTAGTCTTTCAGGGAACTGAAGC

APOA5_FOR GCCTTGAGCAAGACCTCAAC

APOA5_REV CCATCGTGTAGGGCTTCAGT

APOE_FOR GGTCGCTTTTGGGATTACCT

APOE_REV TTCCTCCAGTTCCGATTTGT

Bactin_human_FOR AGCCTCGCCTTTGCCGA

Bactin_human_REV GCGCGGCGATATCATCATC

mouse_HNF4aos_FOR GAGCACGTGTGTCCATTTGG

mouse_HNF4aos_REV GCCTTCATTTCTTGTCTGCG

mouse_HNF4A_FOR AAACACTACGGAGCCTCGAG

mouse_HNF4A_REV TCTACCACACATTGTCGGCT

shRNA1_HNF4Aas1_FOR CCGGTCTCAGCCACTACCCTATTAGCTCGAGCTAATAGGGTAGTGGCTG

AGATTTTTG

shRNA1_HNF4Aas1_REV AATTCAAAAATCTCAGCCACTACCCTATTAGCTCGAGCTAATAGGGTAG

TGGCTGAGA

shRNA2_HNF4Aas1_FOR CCGGGGGAAGCAAGTATAGATATGACTCGAGTCATATCTATACTTGCTT

CCCTTTTTG

shRNA2_HNF4Aas1_REV AATTCAAAAAGGGAAGCAAGTATAGATATGACTCGAGTCATATCTATAC

TTGCTTCCC

shRNA1_HNF4A_F CCGGCGTGGTGGACAAAGACAAGAGCTCGAGCTCTTGTCTTTGTCCAC

CACGTTTTTG

shRNA1_HNF4A_R AATTCAAAAACGTGGTGGACAAAGACAAGAGCTCGAGCTCTTGTCTTT

GTCCACCACG

shRNA2_HNF4A_F CCGGGCCTACCTCAAAGCCATCATCCTCGAGGATGATGGCTTTGAGGTA

GGCTTTTTG
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shRNA2_HNF4A_R AATTCAAAAAGCCTACCTCAAAGCCATCATCCTCGAGGATGATGGCTTT

GAGGTAGGC

shRNA_mock_FOR CCGGTTCTCCGAACGTGTCACGTGTCTCGAGACACGTGACACGTTCGG

AGAATTTTTG

shRNA_mock_REV AATTCAAAAATTCTCCGAACGTGTCACGTGTCTCGAGACACGTGACAC

GTTCGGAGAA
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Supplementary Figures

Supplementary Figure 1. Number of NASH-associated genes and their expression.

 A. RiboZero-based RNA sequencing yielded expression profiles of 50,475 genes, including 11,843 
long non-coding RNAs (lncRNAs), 19,894 protein coding genes, 11,522 pseudogenes and 6,726 small 
non-coding RNAs (sncRNAs). The percentage of different lncRNA categories is shown on the right. 
B. Rlog gene expression corrected for gene length (X-axis) among four different gene categories.



Genome-wide transcriptome analysis of livers from obese subjects reveals 
lncRNAs associated with progression of fatty liver to nonalcoholic steatohepatitis

4

|   107   

Supplementary Figure 2. Principle component (PC) plot of NASH-associated genes. 

A. PC1 (Y-axis) and PC2 (X-axis) of liver transcriptome profiles from 60 severely obese individuals 
labeled based on NASH grade. B. PC1 (Y-axis) and PC2 (X-axis) of liver transcriptome profiles from 60 
severely obese individuals labeled according to batch of analysis.

Supplementary Figure 3. Number of correlations between genes and NASH phenotype. 

Number of significant correlations (FDR<0.1) is presented on Y-axis and 17 NASH phenotypes on 
X-axis. LncRNAs are represented in dark grey bars and all other gene categories (including protein 
coding genes) are shown in light grey bars.



108   |   Chapter 4

Supplementary Figure 4. Correlation between known and novel NAFLD genes and NASH 
grade in our data. 

A. Boxplots representing expression levels of RUNX1 (runt related transcription factor), PPARA 
(peroxisome proliferator-activated receptor alpha), SOD2 (superoxide dismutase 2) and inflammatory 
genes/ cytokines including TNFA, TLR4, IL18 on Y-axis with NASH grade shown on X-axis. B. Novel 
genes were detected to be associated with NASH: PAGE4 (P antigen family member 4) and CSNK1A1L 
(Casein Kinase 1 Alpha 1 Like) expression levels are presented on Y-axis and NASH grade on X-axis.
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Supplementary Figure 5. Correlation between lncRNAs and NASH phenotypes. 

A. Heatmap representing expression levels of 854 NASH-associated lncRNAs (Y-axis) across 60 
individuals (Y-axis). Different levels of lobular inflammation, NASH grade and disease status (normal, 
NAFLD or livers with NASH) are presented on the top bars. B. Boxplots representing the correlation 
between lncRNA genes DIO3OS and RP11-248E9.6 gene expression (Y-axis) and NASH grade on 
X-axis. 
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Supplementary Figure 6. Average liver expression levels of 18 lncRNAs associated with NASH 

and responding to TNFα and FFA treatment. 

Fragment per kilobase per million (FPKM) is presented on the Y-axis for each lncRNA (X-axis).

Supplementary Figure 7. HNF4A association with NASH. 

A. Correlation plot representing Spearman correlation coefficient values between HNF4A expression 
and NASH phenotypes. B. Boxplot representing the correlation between HNF4A expression (Y-axis) 
and pigmented macrophages (X-axis). 
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Supplementary Figure 8. Chromosomal location and exon structure of HNF4A-AS1 gene. 

A. Read distribution across exons from the liver data and B. from HepG2 data. The un-annotated 
region that revealed an extra exon is shown in both figures. Reads distribution is presented on the 
Y-axis and base pair position of chromosome 20 on X-axis.



112   |   Chapter 4

Supplementary Figure 9. Gene structure of HNF4A-AS1. 

A. Screenshot of IGV program representing the HNF4A locus from the Human body map data (RNA-
seq data). Liver coverage, exon-exon junctions and reads are represented in horizontal order (top to 
bottom). Exon-exon junctions from HNF4A (sense strand) are in red and from HNF4A-AS1 (antisense 
strand) are in blue. B. Sashimi plot (IGV) representing the number of exon-exon junctions between 
exons from Human body map (in red) aligned using reads from our data (in blue). C. Zoom in the 
HNF4A-AS1 region from B.
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Supplementary Figure 10. PCR analysis of the HNF4A-AS1 locus. 

The location of all forward and reverse primers are shown in the map (top) and results from the PCR 
analysis on electrophoresis gel (bottom).
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Supplementary Figure 11. Cell and tissue specific expression of HNF4A-AS1. 

A. Gene expression (Rlog normalized) of HNF4A-AS1 (Y-axis) across 57 different cell lines from the 
ENA dataset (X-axis). B. Expression (Rlog normalized) of HNF4A-AS1 (Y-axis) across 30 different 
tissues from the ENA dataset (X-axis). C. qRT-PCR representing HNF4A-AS1 expression relative to 
B-actin (Y-axis) in different hepatocyte cell lines (HepG2, Hep3B, Huh7, IHH: immortalized human 
hepatocytes, PHH: primary human hepatocytes) and non-hepatocyte cell lines (Hek293T and Hela). 
D. Ratio of cytoplasmic vs. nuclear expression measured by qRT-PCR (Y-axis) of HNF4A-AS1 and other 
control genes in HepG2 cells (X-axis).
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Supplementary Figure 12. HNF4A gene expression in mouse model for NASH and association 
with NASH phenotypes. 

A. Relative expression of HNF4A (Y-axis) in livers from mice fed chow diet for 12 weeks and mice fed 
HFC diet for 12 and 24 weeks (X-axis). B. Boxplots representing the correlation between the relative 
expression of HNF4A (Y-axis) and NAFLD activity score or lobular inflammation (X-axis) in mouse 
livers.
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Supplementary Figure 13. Time course of HNF4A and HNF4A-AS1 expression upon TNFα 
stimulation in HepG2 cells. 

A. Relative expression of HNF4A-AS1 (B-actin as control gene) is presented on the Y-axis and time 
after TNFα stimulation is presented on the X-axis. B.  Relative expression of HNF4A (B-actin as control 
gene) is presented on the Y-axis and time after TNF-α addition in the media is presented on the 
X-axis. qRT-PCR experiment.



Genome-wide transcriptome analysis of livers from obese subjects reveals 
lncRNAs associated with progression of fatty liver to nonalcoholic steatohepatitis

4

|   117   




	Chapter 4

