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t Long non-coding RNAs (lncRNAs) have emerged as a class of regulatory 
entities for liver diseases but their role is largely unknown. The current study 
uses a functional genomics approach to identify the contribution of lncRNAs 
to the progression of nonalcoholic steatohepatitis (NASH). We generated an 
in vitro model to mimic different stages of NASH, by exposing HepG2 cells to 
free fatty acids (FFA) to mimic steatosis, followed by stimulation with tumor 
necrosis factor alpha (TNFα) to mimic inflammation. We also conducted RNA-
seq profiling in 60 human liver samples with various degrees of steatosis and 
inflammation and identified 4,367 genes that showed significant response 
to stimulation including 109 lncRNAs. Expression of 730 coding genes and 
18 lncRNAs were significantly associated with human NASH phenotypes at 
FDR<0.1, with a consistent effect direction. Notably, one novel intergenic 
lncRNA, referred to as lncTNF, showed a 20-fold up-regulation upon TNFα 
stimulation and was also positively correlated with lobular inflammation in 
human liver samples. lncTNF silencing in HepG2 cells resulted in reduced 
NF-kβ activity and lower expression of the NF-κB target genes A20 and IKBA, 
suggesting that lncTNF is involved in the NF-kB signaling pathway. This may 
open up new avenues to prevent NASH progression.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a complex disease that develops as a result 
of fat accumulation in the liver (simple fatty liver) followed by liver inflammation (non-
alcoholic steatohepatitis - NASH) 1. During the fat accumulation processes, lipid molecules 
in the form of triglycerides accumulate in the hepatocytes, leading to liver steatosis 2,3. 
While the accumulation of triglycerides may be a protective mechanism in the liver, 
other toxic lipid molecules such as free fatty acids (FFA) may cause hepatocyte injury 
(lipotoxicity) 4,5. This process, probably in combination with other inflammatory processes 
outside the liver (e.g. via adipose tissue, gut microbiota), plays a central role in recruitment 
of innate immunity 6–9. The liver inflammation is further induced by various mediators 
including endotoxins, adipokines, cytokines and chemokines (e.g. tumor necrosis factor 
alpha - TNFα) 10. These molecules are secreted by different cells in the liver, including 
hepatocytes and immune cells such as neutrophils, macrophages, natural killer cells 
and lymphocytes 11. Furthermore, the secreted inflammatory mediators will activate 
downstream pro-inflammatory signaling pathways, including the nuclear-factor-kappa 
B (NF-kB) signaling pathway, that plays a role in NASH progression 12. NF-kB is a central 
pathway in inflammation and plays an important role in innate and adaptive immunity, 
inflammation, apoptosis and aging. 

In recent years functional genomics has become a powerful tool for understanding 
complex cellular processes by studying gene expression patterns in various conditions. 
This approach often involves high-throughput methods such as RNA-sequencing 
technology, a technique which allows scientists to detect a large proportion of functional 
RNA molecules known as long non-coding RNAs (lncRNAs) 13,14. Recently, we detected a 
liver specific lncRNA - LIVAR -  which is important for hepatocyte viability and protective 
during NASH development 15. In addition, many other lncRNAs have been linked to liver 
metabolism and liver disease 16. LncRNAs may play an important role in fat accumulation 
and liver inflammation during NASH progression, and studying non-coding and coding 
genes in parallel may lead to better understanding of underlying cellular processes. 

While much is understood about the relationship between steatosis and metabolic 
factors (e.g. over-nutrition, insulin resistance, hyperglycemia and metabolic syndrome), 
less is known about the mechanisms underlying the recruitment of immune cells and 
initiation of inflammatory response in the development of NAFLD. To identify genes 
and pathways involved in NAFLD, we generated a cellular model for NAFLD and NASH 
by stimulating human hepatocytes with FFA to mimic steatosis and with TNFα to mimic 
inflammation, then performed an RNA sequencing experiment to detect differentially 
expressed (DE) genes between these conditions at three time points. We also assessed 
whether hepatic expression of these genes and non-coding RNAs was also associated 
with NASH phenotypes by conducting RNA-seq profiling in 60 liver samples with various 
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degree of steatosis and inflammation. Our study provides a list of 4,367 genes that were 
differential expressed in stimulated hepatocytes, 763 of which were also associated with 
NASH phenotype. Furthermore, our study identified a novel lncRNA involved in the TNFα/
NF-kB signaling pathway, named lncTNF.

Results

Identification of protein-coding genes and lncRNAs response to stimulation
RNAseq profiling was conducted in HepG2 cells in 7 stimulated conditions and 4 control 
conditions: FFA stimulation (0, 30m, 3h and 5h), FFA+TNFa stimulation (30m, 3h and 5h) 
and BSA control condition (0, 30m, 3h and 5h) (Figure 1). There were three biological 
replicates at each condition. In this way, we profiled expression of 24,701 protein-
coding genes and 6,799 lncRNA transcripts in 33 samples from 11 conditions. Principal-
component analyses (PCAs) across all samples showed that HepG2 cells at different 
conditions exerted very distinct transcriptomes (Supplementary Figure 1B). Separate PCA 
analyses on 24,701 protein-coding genes and 6,799 lncRNAs showed consistently similar 
patterns (Supplementary Figure 1C and D, respectively). DE analysis was conducted 
between different conditions: 1) between FFA and BSA conditions to identify genes that 
responded to FFA stimulation, suggesting biological processes during fat accumulation; 
2) between FFA and FFA+TNFa conditions to identify genes that responded to TNFa 
stimulation, suggesting biological processes in liver inflammation; and 3) between 
FFA+TNFa and BSA controls to identify the accumulated effect of FFA and TNFa on gene 
expression.  This analysis identified 4,367 DE genes (4,258 mRNAs and 109 lncRNAs) at 
FDR<0.1 (Figure 2A and B, Supplementary Table 1), with most genes being specific to 
a certain condition while some shared between different conditions. For instance, 990 
mRNAs and 34 lncRNAs were only differentially expressed in FFA stimulation, while 807 
mRNAs and 27 lncRNAs were differential expressed in only the FFA+TNFa stimulation 
(Figure 2B). Notably, genes differentially expressed with FFA stimulation were mostly 
shared with other conditions, which was in line with the experimental setting that FFA 
stimulation is an initial step. Furthermore, Gene Ontology (GO) term analyses of regulated 
genes in each condition reveal that these regulated RNA transcriptomes clearly reflect the 
condition- specific metabolic responses. As shown in Figure 2C (Supplementary Table 2), 
TNFα DE genes were enriched in translational and transcription pathways, NF-κB signaling, 
Wnt signaling and liver development. FFA DE genes were enriched in oxidation-reduction 
processes, cell proliferation and lipid metabolism pathways. The combination of TNFa and 
FFA together showed enrichment of genes involved in cholesterol biosynthesis, ER stress, 
liver development and apoptosis. These results suggest that upon hepatocyte stimulation 
with FFA and TNFα, both protein-coding genes and lncRNAs may drive the underlying 
pathophysiological pathways described above. 
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Figure 1. Study overview: Stimulation of HepG2 hepatocytes with free fatty acids (FFA) to mimic 

liver steatosis and tumor necrosis factor alpha (TNFa) to mimic liver inflammation in NASH. BSA 

(Bovine Serum Albumin). 

Association of DE genes with NASH 
To determine which of the DE genes in the stimulated hepatocyte may have a role in 
NAFLD and NASH development, we conducted the RNAseq experiments in 60 human 
liver samples with different degrees of NASH. For this purpose, the expression values 
of 4,367 DE genes, that showed significant response in stimulated hepatocytes, were 
extracted from the human liver RNAseq dataset and correlated with NASH phenotypes. 
Spearman correlation analysis revealed that 763 of the hepatocyte DE genes showed 
association with NASH phenotypes at FDR<0.1 (Supplementary Table 3), with same effect 
directions in both datasets. This gene set includes 730 protein-coding genes, 18 lncRNAs, 
while other 15 being pseudogenes or processed transcripts. Some of the identified genes 
have been previously linked to NAFLD. For instance, we observed that genes involved in 
lipid and FFA metabolism such as APOC1, APOA2, PPARA and FADS2 were downregulated 
in both HepG2-stimulated data and in NAFLD livers (Supplementary Figure 2A-D). PPARA 
also plays a role in liver inflammation. Many other inflammatory genes including IL8, 
CCL20, TNFAIP3(A20) and TNFAIP8 were upregulated in both datasets (Supplementary 
Figure 2E-H). Furthermore, SOD2, a gene that protects cells from superoxide radicals, was 
upregulated upon FFA and TNFα stimulation (Supplementary Figure 2I), as well as in NASH 
livers. All these genes are known to play a role in NAFLD development 17–19. These results 
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show that DE genes that responded to TNFa and FFA stimulation in HepG2 cells may be 
involved in NAFLD and NASH and that the disease progression may be related to FFA- and 
TNFα-induced pathways.

Outside the established role of protein-coding genes, knowledge of the involvement 
of lncRNAs in NAFLD progression in the liver is limited. Our study identified 18 lncRNAs 
that showed consistent expression patterns in hepatocyte and human liver datasets 
(Supplementary Table 3). These lncRNAs mainly showed response to TNFα stimulation in 
hepatocytes (Supplementary Figure 3) and were associated with inflammation-related 
liver phenotypes (Figure 3A). 

lncTNF, a novel lncRNA involved in liver inflammation
An intergenic lncRNA located on chromosome 3 (q26.32), annotated as RP11-91KP.1, 
showed the strongest response to TNFα stimulation. This lncRNA was positively associated 
to lobular inflammation (r=0.58; P=9.7x10-7) in human liver samples (Figure 3B). The 
baseline expression of this lncRNA in hepatocytes was low but showed 20-fold increase 
upon TNFα stimulation after 3 hours (Figure 3C). Therefore, we named this lncRNA as 
lncTNF, that may play a role in liver inflammation. To further study the potential pathways 
in which lncTNF might be involved, we conducted pathways analysis on genes that co-
expressed with lncTNF. The RNAseq-data in the HepG2-stimulated dataset revealed 
15,381 genes co-expressed with lncTNF at FDR 0.05 (Supplementary Table 4). These 
genes were enriched in following pathways: protein polyubiquitination (FDR=1.50x10-2), 
positive regulation of apoptotic processes (FDR=1.60x10-2) and transcription processes 
(FDR=4.30x10-2) (Figure 3D). The RNA-seq data in human liver samples revealed 3,973 
genes co-expressed with lncTNF at FDR 0.05, which were enriched in inflammatory 
pathways (FDR=9.10x10-5), transcription processes (FDR=2.50x10-4) and negative 
regulation of apoptosis (FDR=1,40x10-2) (Figure 4D; Supplementary Table 5). All together, 
these results suggest that lncTNF may be involved in liver inflammation by regulating 
protein degradation, transcription processes, apoptosis and protein modification.

When comparing across different tissue types from public datasets, lncTNF showed 
highest expression in the liver and lower expression in breast, kidney, pancreas and 
parathyroid gland (Supplementary Figure 4A). In the same public dataset, we observed 
low expression of lncTNF in HepG2 cells (which is in line with our non-stimulated HepG2 
cells) and high expression in epithelial cell lines derived from mammary gland and 
pancreas (Supplementary Figure 4B). Next, lncTNF has two possible isoforms annotated 
in GENCODE. However, our RNAseq data supported the presence of the 2nd transcript 
isoform but very likely with a longer exon 3 (Figure 4A). We further conducted a qRT-PCR-
based analysis to confirm the response lncTNF upon TNFα stimulation. We assessed its 
expression every 30 minutes after stimulation. The data showed that lncTNF up-regulation 



Functional genomics of stimulated human hepatocytes reveal a novel 
long non-coding RNA involved in liver inflammation via the NF-kB pathway

5

|   125   

Figure 2. Differentially expressed genes upon FFA and TNFa stimulation. 

A. Heatmap of differentially expressed (DE) genes in each condition at FDR<0.1. Fold change of 
gene expression Z-scores is presented. B. Number and Venn diagrams of DE genes at FDR<0.1 in 
each condition for coding (left) and non-coding genes (right). C. Pathway analysis for DE coding 
genes including GO terms and FDR value for each condition. 
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started at 1.5 hours and reached up to a 25-fold increase at 2 hours (Supplementary Figure 
5A). This response was specific to hepatocytes, as the expression of lncTNF either did not 
show response in HEK293T (Supplementary Figure 5B) or only modest response in THP1 
cells (Supplementary Figure 5B). Interestingly, we noticed that lncTNF also responded 
to pro-inflammatory stimuli - specifically interleukin 1β (IL1β) - in a similar fashion 
(Supplementary Figure 5C). Both TNFα and IL1β activate the NF-κB pathway, suggesting a 
role for lncTNF in liver inflammation through NF-κB signaling. 

LncTNF is activated by NF-κB
To assess if the expression of lncTNF is activated by the nuclear factor NF-κB, we transduced 
HepG2 cells with adenovirus containing IκBα dominant negative construct (Ad5IκB). IκBα 
inhibits NF-κB by masking the nuclear localization signals of NF-κB proteins and keeping 
them in inactive state in the cytoplasm. TNFα-stimulation increased the expression of 
lncTNF but cells transduced with Ad5IκB blunted the TNF-induced expression of lncTNF 
(p=0.0006 at 2h and p=0.01 at 3h upon TNFα stimulation; Figure 4B). This suggests that 
the expression of lncTNF is controlled by NF-κB. In addition, we identified a putative NF-
κB binding site in the vicinity of the lncTNF promoter, indicating that the expression of 
lncTNF is directly regulated by NF-κB.

To investigate the role of lncTNF in inflammation, we stably silenced the expression of 
lncTNF using the pLKO-TRC lentiviral system and two shRNAs targeting different regions 
of lncTNF (Figure 4A). In non-stimulated and TNFα-stimulated cells, the expression of 
lncRNA was reduced by 30-50% upon shRNA expression (Figure 4C). We assessed the 
effect of lncTNF on global NF-kB activity, using a reporter assay to measure NF-kB activity 
in lncTNF-KD cells and control cells. The cells were transfected with NF-κB-reporter 
vector, as described in the materials and method section, and stimulated with TNFα. The 
activity of NF-kB (as measured by luciferase/renilla ratio) in lncTNF-KD cells was lower 
compared to the control cells, showing border-line significance at 12h (p=0.05) upon 
TNFα stimulation (Figure 4D). Next, we determined the expression of several NF-κB target 
genes and observed that the expression levels of TNFAIP3 (A20) and NFKBIA (IKBA) were 
reduced in lncTNF-silenced cells but was not statistically significant (Figure 4E). This was 
observed when cells were stimulated with TNFa but not in the control condition (non-
stimulated cells). However, the protein levels were not changed (Figure 4F). Furthermore, 
lncTNF expression was much higher in the cytoplasm compared to the nucleus of HepG2 
cells (Supplementary Figure 6). Altogether, these results suggest that lncTNF may act 
in the cytoplasm to control activity of NF-kB, however higher efficiency of knock-out 
experiments would be needed. 
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Figure 3. lncTNF expression in FFA- and TNFα-exposed HepG2 cells, and its correlation with 
NASH phenotypes in human livers. 

A. Correlation plot representing the correlation coefficients (Spearman) between 18 NASH-
associated lncRNAs that showed the same direction of dysregulation in the HepG2 model of NASH. 
Positive correlations are shown in yellow and negative correlations in blue. lncTNF, corresponding 
to RP11-91KP.1, is marked with a red arrow. Rows represent genes and columns represent NASH 
phenotypes. B. Correlation between normalized lncTNF expression (Y-axis) and NASH grade (X-axis) 
in human liver samples. C. Normalized lncTNF expression (Y-axis) in HepG2 cells upon exposure to 
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free fatty acids (FFA, green line), tumor necrosis factor alpha (TNFα, blue line) or control conditions 
(BSA: Bovine Serum Albumin, red line). Mean values for three replicates are presented. X-axis 
represents exposure time in hours. D. Gene ontology (GO) terms (Y-axis) and FDR corrected p-value 
(X-axis) as defined by DAVID. Genes co-expressed with lncTNF at FDR<0.05 were used as input for 
this analysis. Results from the HepG2 stimulated data are presented on the upper bar plot and from 
the human liver data on the lower bar plot.

Figure 4. LncTNF structure and function. 

A. Chromosomal location of lncTNF and read distribution based on the RNA sequencing in control 
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Discussion 
Hepatocytes are the most abundant liver cell type and are important in NASH 
development. NASH phenotypes like steatosis and ballooning occur in the hepatocytes 
20–22. In addition, many stress signals (e.g. lipotoxicity, oxidative stress, ER stress and 
inflammation) can affect hepatocyte function 21,23–27. In our study, we used the human 
hepatocyte cell line HepG2 as a model for NASH and stimulated it with FFA to mimic 
steatosis and with TNFα to mimic inflammatory processes in the liver. This allowed us to 
detect genes involved in different pathways, including redox processes, lipid metabolism, 
ER stress and NF-kB signaling. These processes have been shown to have important role in 
NAFLD pathogenesis 28, confirming the validity of our data. Furthermore, we detected 18 
lncRNAs with unknown function showing differential expression between the stimulated 
cells in different conditions, but also in the livers of NASH patients.

One of the most promising lncRNA candidates, RP11-91K9.1 (lncTNF), was shown to 
be upregulated after stimulation with the pro-inflammatory cytokines TNFα and IL1β. 
Furthermore, lncTNF positively correlated with inflammation in the livers of NASH patients. 
In line with our data, another study reported lncTNF upregulated upon stimulation with 
pro-inflammatory cytokines IL1α and platelet-derived growth factor (PDGF) in smooth 
muscle cells 29. Both TNFα and IL1β cytokines can activate the NF-κB signaling pathway, 
one of the main signaling pathways linked to liver inflammation 12,30. Prompt activation 
of NF-κB is critical for host defense against various classes of pathogens. After activation, 
NF-κB activates the expression of a set of genes, involved in different processes, such as  
proliferation, survival and differentiation of cells, as well as factors such as proinflammatory 
cytokines that control immune and inflammatory responses 31. Our data indicate that 
lncTNF is also an NF-κB target gene, as seen in the strong inhibition of lncTNF expression 
after overexpressing IkBa-SD. Near the transcription start site (TSS) of lncTNF, there are 
transcription factor binding sites (TFBS) for NF-kB suggesting direct regulation by NF-kB. 
However, the locus also consists of other TFBS for transcription factors that are NF-κB target 

(BSA treated, all time points) and TNFa stimulated cells (all time points). qPCR primers are located in 
exon 1 (forward primer) and exon 2 (reverse primer). shRNAs used for knock-down experiments are 
located in exon 1 (shRNA1) and exon 2 (shRNA2). B. Gene expression of lncTNF relative to the Bactin 
(Y-axis) measured by qPCR in HepG2 cells transduced with adenovirus containing IκBα dominant 
negative construct (Ad5IκB; IkBa-DN) and cells transfected with Cre adenovirus used as control 
(X-axis). Three time points were analyzed (0h or no stimulation, 3h and 5h of TNFa stimulation). C. 
Gene expression of lncTNF relative to Bactin (Y-axis) upon lncTNF knock down using two different 
shRNAs (shRNA1 and 2) and three time points (X-axis). As control, scrambled shRNA sequence was 
used (mock). D. The activity of NF-kB measured by luciferase/renilla ratio (Y-axis) in lncTNF-KD cells 
(shRNA1) compared to mock control cells (X-axis). Transfected cells were stimulated with TNFα for 6, 
12 and 24h or not stimulated at 0h. E. Gene expression level of A20 and IKBA relative to Bactin (Y-axis) 
in lncTNF-KD cells and mock control cells upon 3h TNFα stimulation. Western blots are represented 
from the same time points for A10 and IkBa proteins and Bactin as control. Values represent mean 
of three replicates ± SEM, * = P≤0.05, ** = P<0.01.  
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genes: c-Jun, CEBPB, p300, FOXA1 and FOXA2. The closest one is CEBPB (-9nt from TSS), a 
transcription factor that regulate genes involved in immune and inflammatory responses, 
and has a promitotic effect on many cell types such as hepatocytes and adipocytes 32. 
Therefore, the expression of lncTNF may be directly and/or indirectly regulated by NF-κB 
transcription factor.

NF-κB activation occurs in the cell cytoplasm. Canonical activation of NF-κB by TNFa 
occurs via recruitment of protein complexes that mediate signal-specific activation of IKK 
33. Upon activation, IKK phosphorylates IκB proteins (IκBα, IκBβ and IκBε) which triggers 
their K48-linked polyubiquitination and subsequent degradation by the proteasome. The 
three IκB proteins are regulated by different NF-κB mechanisms and IκBα is degraded 
most rapidly in response to inflammatory stimuli compared to other IκB proteins 34. These 
events allow translocation of NF-κB into the nucleus and activation of NF-κB target genes. 
In this way, genes that encode IκBα and A20 are being activated. After protein synthesis, 
IκBα binds to nuclear NF-κB complexes and inhibits their function by translocating NF-κB 
back into the cytosol 35. The ubiquitin-editing enzyme A20 also down-regulates NF-κB thus 
constitutes an additional negative feedback loop 36. A20 removes polyubiquitinin chains 
from RIP1 (one of the protein complexes that mediate signal-specific activation of IKK ) 
and IKKγ, which leads to destabilization of the IKK-activation complex. This process shuts 
down the inflammatory response. lncTNF knock down resulted in lower NF-kB activity 
and slight down-regulation of A20 and IκBα gene levels but not protein levels. The reason 
for this may be that the knockdown efficiency levels are modest (30-50% reduction), and/
or the proteins are stable for longer period 37. Based on our data, one hypothesis could be 
that lncTNF regulates polyubiquitination processes, a pathway that was also suggested by 
our pathway analysis, thereby regulating the inflammatory NF-κB response. However this 
hypothesis need further functional validation.

In summary, we presented a functional genomics approach that systematically compared 
HepG2 stimulation experiments to mimic NASH progression and the human liver samples 
with different degree of NASH. We reported 763 genes from which 18 are lncRNAs that 
are likely contributing to NASH progression. In particular, one lncRNA, lncTNF may have 
an important role in NF-kB signaling and regulate inflammation in hepatocytes and liver. 
Currently treatments options for NASH are limited and the mechanisms of progression of 
NAFLD into NASH are not completely understood. The discovery of lncRNAs associated 
with NASH can thus lead to a better understanding of NASH progression, and these 
lncRNAs may represent be possible targets or biomarkers for treatment of NASH. 
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Materials and Methods

Cell culture and stimulations experiment
HepG2 (ATCC) cells 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 stimulation, 
HepG2 cells were cultured in a 6-well 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 stimulated for 24 hours with 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 first bound to 
the BSA to increase the uptake of FFAs in the cells. After 24 hours, the media were aspirated 
and either refreshed or changed with FFA+TNFα (1 mM FFA and 5 ng/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+TNFα). In total we generated 33 
samples: 11 conditions with triplicates per condition. Before performing RNA sequencing, 
FFA stimulation was confirmed by performing Oil Red O staining (as described below) on 
HepG2 cells in an extra 6-well plate. TNFα stimulation was confirmed by qRT-PCR analysis 
assessing the gene expression of two well-established NF-κB downstream genes - A20 
and IκBα (Supplementary Figure 7A and B).

Oil Red O staining
Lipid droplets were stained with Oil Red O, according to the manufacturer’s instructions 
(Biovision, Lipid (Oil Red O) Staining Kit). Nuclei were stained with haematoxylin. HepG2 
cells were cultured in 6-well plates. When confluent, the cells were starved for 24 hours by 
adding serum free media in order to eliminate the effect of lipids from the serum. After 
starvation, cells were cultured in either FFA or BSA medium for 24 hours. Next, the cells 
were washed twice with PBS, followed by fixation in 4% formaldehyde for at least 1 hour. 
The cells were than washed twice with dH2O. After washing, 60% isopropanol was added 
for 5 minutes. Isopropanol was then aspirated, and cells were incubated 10-15 minutes in 
ORO solution while shaking the plate gently. Cells were than washed 5 times with dH2O to 
remove the excess ORO solution. After washing cells were stained with haematoxylin for 
30 seconds and washed thoroughly 5 times with dH2O to remove excess haematoxylin. 
Presence of lipid droplets was confirmed by light microscopy (Supplementary Figure 7C 
and D), followed by Oil Red O extraction from the lipid droplets using 100% isopropanol. 
Optical density was measured by ELISA plate reader at 500 nm (Supplementary Figure 7E).
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RNA sequencing and data processing
RNA was isolated using the Trizol method: 1 ml of Trizol was directly added to the cells 
in the 6-wells plates and RNA was isolated according to the standard protocol. RNA 
concentration was measured with Nanodrop 1000 and RNA quality with LabChip GX. 
Average RNA integrity number (RIN) was 8. Sample preparation (n=33) was done using the 
BiooScientific Nextflex kit, and paired-end sequencing was performed on the NextSeq500 
sequencer. On average, ~20 million reads (40 million pairs) were produced per sample 
(Supplementary Figure 1A). All RNA-seq reads were aligned to the human genome (hg19) 
using STAR 38 and Rlog normalized using the R package “DESeq2” 39. Principal component 
plots on all samples and conditions are presented in Supplementary Figure 1B-D. The 
DESeq2 package was also used to analyze DE genes in the conditions versus controls. 
We performed the following DE analysis: FFA vs BSA, FFA+TNFα vs BSA and FFA+TNFα vs 
FFA. DE genes were considered significant at FDR <0.1 and intersected with the human 
liver data as described below. The significantly DE genes at False Discovery Rate (FDR) 
<0.1 were used for pathway enrichment analysis using the DAVID database 40. Spearman’s 
rank correlation coefficients were used to calculate the co-expressed genes (“guilt by 
association” approach). The analyses were performed in R version 3.4.1.

RNA sequencing from liver samples
Liver biopsies from morbidly obese individuals (n=60; 16 normal samples, 9 with NAFLD 
but no NASH and 35 samples with different degrees of NASH) were taken before they 
underwent bariatric surgery 41,42. Total RNA was extracted from frozen liver biopsy samples 
using 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 
RIN was 7. cDNA libraries were prepared from total RNA, using SureSelectXT RNA Target 
Enrichment for Illumina Multiplexed Sequencing (Agilent Technologies), and were 
subjected to 100-bp paired-end sequencing on an Illumina HiSeq2500 Platform (Illumina, 
San Diego, CA, USA). Sequence reads from each sample were aligned to the reference 
human genome (UCSC hg19) in TopHat2 version 2.0.13 43. Reads aligned in TopHat2 were 
then assembled into a set of expressed transcripts and Rlog normalized using the DEseq2 
package in R 39. Expression data was than corrected for age, age2 and gender. Corrected 
gene expression data was correlated with NASH phenotypes using the Spearman 
correlation test and corrected for multiple testing (FDR q-values). The same approach was 
used to calculate the co-expressed genes (“guilt by association” approach). The analyses 
were performed in R version 3.4.1.

Correlation of lncRNA expression profiles with NASH phenotypes
The data was corrected for age, age2 and gender using a linear model that was run for 
all expressed genes. To determine the correlations between gene expression (n=763 DE 
genes from the hepatocyte data) and NASH phenotypes, Spearman’s rank correlation 
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coefficients were determined between gene expression values and the values of the 
measured traits, including NASH phenotypes. For these correlations, permutation testing 
was performed to estimate the FDR-corrected P-values. The same approach was used to 
calculate the co-expressed genes (the “guilt by association” approach). For these genome-
wide correlations, we made use of the FDR-corrected P-value. 

Recombinant adenovirus Ad5IκB and viral infection
The recombinant replication-deficient adenovirus Ad5IκB was generated as described 
previously 44. It encodes hemagglutinin-tagged dominant negative human IκB (IκBα 
S32A/S36A) under the control of CMV promoter. As control, Cre vector was used, which 
is under control of the CMV promoter as well as the IκBa vector. Ad5IkB was grown in 
HEK293 cells and purified by double cesium gradient and titered as described previously 
44. HepG2 were grown in 6-well culture plates in DMEM supplemented with 10% FBS and 
1% P/S. At 70% confluency, HepG2 cells were infected with Ad5IkB at a multiplicity of 
infection of 50. After 48h, virus-containing media was replaced with fresh media (controls) 
or media supplemented with TNFa (5 ng/ml) for 3 and 5h. All conditions were run in 
triplicates. After the indicated time intervals, cells were washed with ice-cold PBS, and 
RNA was isolated using the Tri-reagent as described below. cDNA was generated using 
cDNA Master kit (Roche) according to the manufacturer’s instructions. Quantitative real-
time PCR was used to measure the expression level of lncTNF. As a control gene, we used 
A20 gene expression (Supplementary Figure 8). Bactin was used as a housekeeping gene. 
All primer sequences are shown in table 1.

lncTNF knockdown
To knockdown lncTNF, we designed three short hairpin RNA (shRNA) cassettes for cloning 
into the lenti-viral pLKO TRC vector. The cassettes were specifically designed using the 
annotated lncTNF sequence. For this purpose, we used the siRNA selection program 
(http://sirna.wi.mit.edu/) and designed two shRNAs and one mock shRNAs. Cassette 1 was 
created by annealing of shRNA1_FOR: 

CCGGTTGCCAGAGTCTAGGAGTTAACTCGAGTTAACTCCTAGACTCTGGCAATTTTTG; 
and shRNA1_REV: 
AATTCAAAAATTGCCAGAGTCTAGGAGTTAACTCGAGTTAACTCCTAGACTCTGGCAA. 
Cassette 2 was created by annealing of shRNA2_FOR: 
CCGGGAGCGTCATCCATTAATGCTTCTCGAGAAGCATTAATGGATGACGCTCTTTTTG; 
and shRNA2_REV: 
AATTCAAAAAGAGCGTCATCCATTAATGCTTCTCGAGAAGCATTAATGGATGACGCTC. 
A mock shRNA hairpin was created based on oligos shRNA_mock_FOR : 
CCGGTTCTCCGAACGTGTCACGTGTCTCGAGACACGTGACACGTTCGGAGAATTTTTG; 
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and shRNA_mock_REV: 
AATTCAAAAATTCTCCGAACGTGTCACGTGTCTCGAGACACGTGACACGTTCGGAGAA. 

Upon annealing of the oligos, the shRNAs were cloned into the pLKO TRC vector and 
lentiviral particles were produced as described previously 45. Briefly, at 70% confluency, 
Hek293T cells were transfected (using PAI) with the vector containing lncRNA oligos 
together with the packaging vectors for lentiviral generation. After 48 hours, virus media 
was collected and filtered to remove cell debris. The media was used to transduce target 
cells (HepG2). At 70% confluency, HepG2 cells were transduced with virus media (in 6-well 
plates using 3 wells per virus media). GFP-transduced cells were used as a control for the 
transduction. After 48h, the media was changed with fresh DMEM medium without virus. 
The next day, puromycin selection was started (1 mg/ml medium) for up to 7 days when 
stable cells were generated.

Cytoplasmic/nuclear fractionation
Subcellular fractionation was performed as previously described 15. Briefly, full T75 flasks 
of HepG2 cells were harvested by trypsinization and centrifuged at 1000 x g for 5 minutes. 
Cell pellet was resuspended in 300µl of lysis buffer (140 mM NaCl, 1.5mM MgCl2, 10mM 
Tris-HCl pH8.0, 1mM DTT, 0.5% Nonidet P-40). Cells were incubated on ice for 5 minutes, 
followed by centrifugation for 5 minutes at 4°C and 1000 x g. The supernatant was 
collected in 2ml Eppendorf tubes as the cytoplasmic fraction. Another 200µl of lysis buffer 
was added to the remaining pellet, followed by centrifugation for 5 minutes at 4°C and 
1000 x g. Supernatant was transferred to the cytoplasmic fraction. The nuclear fraction 
was washed once more with 200µl of lysis buffer, followed by centrifugation for 5 minutes 
at 4°C and 1000 x g. The supernatant was discarded and the remaining pellet was used as 
nuclear fraction. RNA was isolated and samples were used for qPCR analysis.

RNA isolation, cDNA generation and qRT-PCR experiments
RNA was isolated using TRIzol reagent as described previously 15. Isopropanol- precipitated 
and ethanol (70%) – washed RNA pellets were dissolved in RNase/DNase free water. 
cDNA was generated from 1mg of RNA using the Transcriptor Universal cDNA Master kit 
(Roche) according to the manufacturer’s instructions. Gene expression was analyzed by 
quantitative real-time PCR (qRT-PCR) in an end volume of 10µl, with 5µl SYBR Green, 2µl 
cDNA template (20 ng), 2µl RNAse/DNase free water (MQ) and 0.5µl 6µM forward and 
reverse primers. The following program was used: 50°C/2 min; 95°C/10 min; 40 cycles with 
95°C/15 sec and 60°C /1 min. The plate was run on QuantStudio 7 Flex Real-Time PCR 
System (Applied Biosystems/ ThermoFisher Scientific) and the data was analyzed using 
standard curve method on QuantStudio Real-Time PCR software. Primer sequences are 
shown in table 1. Results are expressed as a mean ± SEM. Statistical analysis was performed 
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in R using the unpaired Student’s t test. Results with P<0.05 were considered significant: 
*P<0.05; **P<0.001.

Western Blot
The protein levels of A20 and IkBa were assessed by western blotting. Total cell lysates 
were extracted from cells treated with virus particles expressing shRNA1, shRNA2 or 
control (mock) shRNAs. Protein concentration was determined by Bradford assay (Bio-
Rad Laboratories, Hercules, USA) and proteins were separated by 10% SDS-PAGE and 
then transferred to PVDF membranes. The membranes were probed with A20 antibody 
of 89 kDa (1:1000) (Cell Signaling Technology) and IkBa antibody of 39 kDa (1:1000) (Cell 
Signaling Technology). Anti-beta actin antibody (1:1000) was used as a control (42 kDA, 
Cell Signaling Technology). Membranes were incubated overnight at 4°C, followed by 
1 hour incubation with HRP-labeled secondary antibody. The Femto kit (Thermo Fisher 
Scientific) was used for detection and the signal was quantified using the ChemiDoc 
XRS gel documentation system (Bio-Rad Laboratories). Experiments were performed in 
triplicate for all time points (3 and 5 hours of TNFα stimulation). The results were similar at 
all time points, therefore only the results at 3h TNFa stimulation are presented.

Dual luciferase reporter assay for measurement of NF-κB activity
The dual luciferase assay was used to explore the activity of NF-kB transcription factor 
in HepG2 cells expressing shRNA1/ shRNA2/ mock vector, upon TNFa stimulation. For 
these purpose, we used a κB-responsive luciferase reporter plasmid containing two 
canonical κB sites46. Renilla luciferase pRL-SV40 vector was used to normalize and reduce 
differences in transfection efficiencies and subsequent variations in these experiments. 
Cells were seeded in 6-well plates in triplicate for each condition. After attachment, at 
60-70% confluency, cells were co-transfected with 1900 ng of the 2κB-luc construct, 50 ng 
pRL-SV40/Renilla vector and 50 ng empty vector using Lipofectamine 3000 (Invitrogen, 
Carlsbad, CA). Transfection was performed according to the manufacturer’s protocol, 
using 7,5 ml Lipofectamine 3000 reagent. TNFa (10 ng/mL) was added into the wells of 
the stimulation group 48 h later. After incubation of 6, 12 and 24h with cell culture media 
containing TNFa, the cells were lysed in passive lysis buffer (Promega, Wisconsin, USA). 
Firefly and Renilla luciferase signals were measured by the Dual-Luciferase® Reporter 
Assay System (Promega) in Synergy H4 Hybrid Microplate Reader (BioTek, Winooski, USA). 
Relative luciferase activity (Luc), calculated by the ratio of Firefly and Renilla luciferase 
signals, was used to monitor NF-kB activity in lncTNF knock-down cells vs controls.
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Table 1. qRT-PCR primer names and primer sequences.

Primer Name 5’-3’ primer sequence

Bactin Forward AGCCTCGCCTTTGCCGA

Bactin Reverse GCGCGGCGATATCATCATC

RP11-91K9.1 (lncTNF) Forward CCCTGTGTGCTGGGATTAAA

RP11-91K9.1 (lncTNF) Reverse TCCATATCAAGTGCATCAAGAA

A20 Forward CACTGTGTTTCATCGAGTACAG

A20 Reverse GCAGTATCCTTCAAACATGGTG

IKBA Forward CTGGGCCAGCTGACACTAG

IKBA Reverse AGTCATCATAGGGCAGCTCG

U3 snoRNA Forward AACCCCGAGGAAGAGAGGTA

U3 snoRNA Reverse CACTCCCCAATACGGAGAGA

DANCR Forward CGTCTCTTACGTCTGCGGAA

DANCR Reverse TGGCTTGTGCCTGTAGTTGT

MALAT Forward GTGCTACACAGAAGTGGATTC

MALAT Reverse CCTCAGTCCTAGCTTCATCA

NEAT Forward CCTCCCTTTAACTTATCCATTCAC

NEAT Reverse TCTCTTCCTCCACCATTACCA

DANCR Forward AGGAGTTCGTCTCTTACGTCT

DANCR Reverse TGAAATACCAGCAACAGGACA

OIP5-AS1 Forward TGCGAAGAGACCACCAAA

OIP5-AS1 Reverse AGACAACATAGAGACACTTGCC
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Supplementary material

Supplementary Figure 1. RNA sequencing reads distribution and PC analysis. 

A. Distribution of total number of mapped sequencing reads from all 33 samples. B. Principal 
component analysis (PC1 on X-axis and PC2 on Y-axis) on all expressed genes; C. on lncNAs alone 
and D. on protein coding gene alone.
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Supplementary Figure 2. Normalized expression levels of known NASH dis-regulated genes 
in the HepG2 dataset. 

X-axis represents normalized gene expression level for the indicated gene and Y-axis represents 
duration (in hours) for the stimulation/ treatment condition of HepG2 cells: BSA in red, FFA in green 
and FFA+TNFα in blue.
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Supplementary Figure 3. 

18 lncRNAs which showed consistent expression patterns in challenged HepG2 cells and in human 
liver datasets. A heatmap representing the fold change of each lncRNA gene (Y-axis) relative to the 
BSA (control) or FFA treatment conditions (X-axis). 

Supplementary Figure 4. Exprssion levels of lncTNF in publicly available RNAseq datasets 
(European Nucleotide Archive). 

A. Normalized expression levels of lncTNF (Y-axis) across 30 different tissues (X-axis). B. Normalized 
expression levels of lncTNF (Y-axis) across 66 different cell lines (X-axis).
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Supplementary Figure 4. Exprssion levels of lncTNF in publicly available RNAseq datasets 
(European Nucleotide Archive). 

A. Normalized expression levels of lncTNF (Y-axis) across 30 different tissues (X-axis). B. Normalized 
expression levels of lncTNF (Y-axis) across 66 different cell lines (X-axis).
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Supplementary Figure 5. qRT-PCR expression of lncTNF upon different cytokine treatments 
and among different cell lines. 

A. Expression of lncTNF relative to B-actin (Y-axis) in HepG2 cells untreated (0h) or treated with TNFα 
for 30min-5h time intervals (X-axis). B. Expression of lncTNF relative to B-actin in HepG2, Hek293T 
and THP1 cells in untreated (0h) or TNFα treated (5h) cells. C. Expression of lncTNF relative to B-actin 
in HepG2 cells untreated (0h) or treated with IL1β for 3 and 5h.
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Supplementary Figure 6. Cellular localization of lncTNF in HepG2 cells.

The localization was assessed by measuring nuclear/ cellular expression ratio of lncTNF. DANCER 
and OIPS-AS1 were used as controls for lncRNAs expresssed in the cytoplasm, whereas MALAT1 and 
NEAT1 as controls for lncRNAs expressed in the nucleus.
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Supplementary Figure 7. Induction of inflammation and steatosis in HepG2 cells. 

A. qRT-PCR analysis assessing gene expression of A20 and B. IKBA genes to confirm successful TNFα 
treatment. C. D. Microscopy images to confirm induction of cellular steatosis by performing Oil Red 
O staining on HepG2 cells (BSA treated cells in C and FFA treated cells in D). Upper figures represent 
20x magnification and lower 40x magnification. E. Oil Red O extraction from lipid droplets of BSA 
(control) and FFA treated cells, measured by OD assessment on ELISA plate reader at 500 nm.
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Supplementary Figure 8. qRT-PCR measurement of A20 gene expression relative to B-actin 
gene (Y-axis) in HepG2 cells treated with Cre adenovirus (Ctrl) and Ad5IκB (IκBα-DN) 
adenovirus media (X-axis). 

Upon 48h transduction, cells were treated with TNFα for 0h, 2h or 3h as indicated on the X-axis.  
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