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Abstract  

Background and aims Non-alcoholic fatty liver disease (NAFLD) is the most 

common cause of liver disease in developed countries. An in vitro NAFLD model 

would permit mechanistic studies and enable high-throughput therapeutic screening. 

While hepatic cancer-derived cell lines are a convenient, renewable resource, their 

genomic, epigenomic and functional alterations mean their utility in NAFLD 

modelling is unclear. Additionally, the epigenetic mark 5-hydroxymethylcytosine 

(5hmC), a cell lineage identifier, is rapidly lost during cell culture, alongside 

expression of the Ten-eleven-translocation (Tet) methylcytosine dioxygenase 

enzymes, restricting meaningful epigenetic analysis. Hepatocyte-like cells (HLCs) 

derived from human embryonic stem cells can provide a non-neoplastic, renewable 

model for liver research. Here, we have developed a model of NAFLD using HLCs 

exposed to lactate, pyruvate and octanoic acid (LPO) that bear all the hallmarks, 

including 5hmC profiles, of liver functionality. 

Methods We exposed HLCs to LPO for 48hours to induce lipid accumulation. We 

characterised the transcriptome using RNA-seq, the metabolome using ultra-

performance liquid chromatography-mass spectrometry and the epigenome using 5-

hydroxymethylation DNA immunoprecipitation (hmeDIP) sequencing.  

Results LPO exposure induced a NAFLD phenotype in HSCs with transcriptional and 

metabolomic dysregulation consistent with those present in human NAFLD. HLCs 

maintain expression of the Tet enzymes and have a liver-like epigenome. LPO 

induced 5hmC enrichment at lipid synthesis and transport genes. 

Conclusions HLCs treated with LPO recapitulate the transcriptional and metabolic 

dysregulation seen in NAFLD and additionally retain Tet expression and 5hmC. This 
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in vitro model of NAFLD will be useful for future mechanistic and therapeutic 

studies. 

 

 

Lay summary 

Non-alcoholic fatty liver disease (NAFLD) is the most common cause of liver disease 

in developed countries. The mechanisms leading to NAFLD development are not well 

understood and there are few effective treatments. Here we have developed a model 

of ‘NAFLD in a dish’ which will allow us to understand disease mechanisms and to 

develop and test new treatments rapidly. 
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Introduction 

Non-alcoholic fatty liver disease (NAFLD) now affects around 25-33% of the 

population and up to 75% of obese individuals in developed countries (1, 2). NAFLD 

encompasses a spectrum of liver disease and whilst simple steatosis is considered 

relatively benign, it can progress to non-alcoholic steatohepatitis (NASH), fibrosis 

and cirrhosis, and ~25% of those with cirrhosis will develop hepatocellular carcinoma 

(HCC) (3, 4). Progression is highly variable between individuals, with only a minority 

of individuals reaching end-stage liver disease and/or developing HCC (5). Such 

inter-individual variability, coupled with a lack of understanding of the underlying 

mechanisms has limited the development of effective therapeutic interventions.  

 

Studies in whole liver may be confounded by shifting cell populations, and therefore 

the possibility of recapitulation of multiple facets of human NAFLD in a single cell 

type in vitro would be a key advance; permitting the dissection of disease processes in 

mechanistic studies and enable high throughput screening for new medicines. 

Exposure of cancer cell lines to saturated (typically palmitate) or unsaturated 

(typically oleate) long chain fatty acids results in steatosis accompanied by 

upregulation of cytokines, interruption of insulin signalling, increased reactive oxygen 

stress and apoptosis signalling (6-9). However, whilst hepatic cancer-derived cell 

lines are a convenient, renewable resource, they have many genomic and functional 

alterations so that their utility in modelling diseases of overnutrition is unclear (10, 

11). Primary hepatocytes isolated from human tissue have also been employed to 

model disease and predict drug toxicity, however purification is technically 

challenging and isolated cells rapidly lose phenotype in cell culture (12). Further, the 

gene expression changes that occur with adaptation to culture resemble alterations 
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present in liver disease and may additionally be influenced by the donor’s hepatic 

phenotype and pharmacological history (13). The renewable, pluripotent nature of 

embryonic stem cells (ESCs) presents an opportunity for human differentiated tissue 

to be reproducibly generated in vitro for the investigation of human disease processes.  

Exposure of ESCs to a refined regime of chemical and biological growth stimuli over 

a 3-4 week period allows robust, scalable generation of hepatocyte like cells (HLCs) 

which exhibit a similar morphology, function and transcriptome to human hepatocytes 

(13, 14).  As a consequence, HLCs have been used extensively in mechanistic studies 

of drug induced liver injury, hepatitis viral replication, foetal xenobiotic exposure and 

the characterisation of inherited disorders of lipid metabolism (15-18). 

 

Recent studies in human liver biopsy specimens and in animal models suggest that 

epigenetic dysregulation could play a role in NAFLD pathogenesis and progression 

(19-21). Our studies suggest that the cytosine modification 5-hydroxymethylcytosine 

(5hmC) may be useful as a biomarker of both normal and abnormal liver physiology 

(22, 23). However, 5hmC is rapidly lost during somatic cell adaptation to culture, and 

in all tested hepatocyte cell lines (24, 25) making it difficult to undertake meaningful 

epigenetic analyses (particularly 5hmC) in cultured cell line models. Here we show 

that HLCs derived from human embryonic stem cells retain the ability to form 5hmC, 

providing a non-neoplastic and renewable source of human cells for liver research. 

Additionally, exposure of HLCs to a nutrient cocktail of lactate, pyruvate and 

octanoic acid produces a robust NAFLD-like phenotype in vitro. We believe this 

model will be of importance for further mechanistic studies of NAFLD on defined 

genetic backgrounds. 
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Materials and methods 

ESC derived hepatocyte differentiation and LPO treatment 

Female H9 ESCs were differentiated into HLCs as previously described (14). At day 

20 of differentiation, cells were exposed to Sodium L-Lactate (L), Sodium Pyruvate 

(P) and Octanoic Acid (O) (all Sigma, Gillingham, UK) at low (L:P:O 

10mM:1mM:2mM) or high dose (L:P:O: 20mM:2mM:4mM) for 48 or 96 hours to 

determine optimal conditions for further study. The automated high throughput 

system for HLC differentiation, staining and objective image analysis is depicted in 

Figure 1A, for detailed methods see Supplementary Material.  

 

Transcriptome profiling 

RNA was extracted and DNase treated using Qiazol, DNaseI and an RNeasy Minikit 

(Qiagen, Manchester, UK). RNA labelling was performed on 500ng RNA using the 

Illumina Total Prep RNA Amplification Kit (Life Technologies. Paisley, UK). 

Hybridisation of biotinylated RNA to Illumina HT-12 beadchip arrays (control n=4, 

LPO treated n=6) with Illumina Whole Genome Gene Expression Direct 

Hybridisation Assay (WGGX kit, Illumina, Cambridge, UK) was performed at the 

University of Edinburgh Genomics Core (Western General Hospital, Edinburgh, UK). 

Imaging was performed and analysed using the Illumina HiScan platform and 

genotypes called automatically using GenomeStudio Analysis software version 

2011.1. Background subtraction, quartile normalisation and differential expression 

were performed using R version 3.2 with Lumi and Limma package respectively. 

Gene ontology was performed using GOstats and KEGG pathway analysis using 

Pathview (www.Bioconductor.org). Unsupervised clustering was performed using 

Euclidean distance. Where multiple probes mapped to the same gene, the median was 



 9

used. Data have been uploaded to EBI-Array Express, accession number E-MTAB-

6227.   

 

For validation, 800ng mRNA was reverse transcribed using the High Capacity cDNA 

Reverse Transcriptase Kit (Life Technologies, Paisley, UK). Quantitative real time 

PCR validation was performed using the Roche Universal Probe Library (Roche, 

Burgess Hill, UK) or Taqman PCR assay (Life Technologies, Paisley, UK) on the 

Roche Lightcycler 480 (Roche, Burgess Hill, UK) and normalised to endogenous 

controls as indicated. Primers are in Supplementary Table 1A.   

 

Metabolome profiling  

Metabolome profiling on cell media and HLCs was undertaken using ultra-

performance liquid chromatography-mass spectrometry (UPLC-MS) using a Thermo 

Scientific Ultimate3000 UPLC system coupled to an electrospray Q Exactive Focus 

mass spectrometer. A HILIC assay to investigate water-soluble metabolites and a C18 

reversed phase method to investigate lipid metabolites were applied. Univariate and 

multivariate data analysis were performed in MetaboAnalyst 3.0 (26), including 

Principal Components Analysis (PCA), Mann Whitney U tests or Kruskal-Wallis tests 

to identify metabolites demonstrating a statistically significant change in relative 

concentrations between two or three biological classes. Fold changes were calculated 

by division of the mean peak response for one biological class by the mean peak 

response of the second biological class. For detailed methods see Supplementary 

Material. 

 

5hmC profiling  
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For slot blotting, serial dilutions of extracted DNA were blotted onto Hybond N+ 

nitrocellulose membrane (Amersham, Buckinghamshire, UK) using a slot blot 

manifold (HSI, GE Healthcare, Buckinghamshire UK), washed in 2xSSC buffer and 

dried overnight. Membrane was then probed with 1:10000 anti 5hmC antibody 

(Active Motif, cat: 39769) for 1hour at room temperature followed by goat anti-rabbit 

IRDye 800CW (1:10000) for 1hour at room temperature and subsequent imaging on 

the Li-cor Odyssey infrared imaging system (both Li-cor, Cambridge, UK). DNA 

loading was confirmed by staining with 0.02% methylene blue in 0.3M sodium 

acetate (pH 5.2) and destaining with ddH2O.   

 

5hmC DNA immunoprecipitation (hmeDIP) was performed and libraries sequenced 

on an Ion Torrent semiconductor sequencer using the Ion PI™ Hi-Q™ Sequencing 

Kit and an Ion PI™ Chip Kit v3 (Thermo Fisher Scientific, Paisley, UK) to a depth of 

~30 million reads (see Supplementary Material). Raw sequencing data were quality 

controlled, filtered and aligned using Ion Torrent suite software (Life Technologies, 

Paisley, UK) and then normalised to total reads in R using bespoke scripts. Relative 

5hmC levels per 150bp window were determined using the ‘sliding windows’ 

function on the Galaxy server. Genomic annotation data for human (hg19) analyses 

were downloaded from the University of California Santa Cruz Genome 

Bioinformatics Resource. Further details on hmeDIP bioinformatic processing can be 

found in Thomson et al (27). Raw and processed data files are available for download 

from the GEO repository accession number GSE109139. 

 

Statistics  
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Prism GraphPad software (GraphPad Software Inc.) was used for analysis of qPCR 

and cell culture variables. Data were routinely analysed for outliers and normality of 

distribution. Non-parametric or data with significant outliers were log10 transformed. 

If data remained non-parametric a non-parametric test was used as indicated. Data 

point and bar graphs are shown as mean ± SEM.  
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Results 

Exposure of HLCs to lactate, pyruvate and octanoate leads to steatosis and 

upregulation of genes implicated in NAFLD pathogenesis.  

At day 21, HLCs formed a stable sheet of cells in a 2D layer with square or polygonal 

shapes and cytoplasmic lipid droplets (Supplementary Figure 1A). During 

differentiation, cells displayed a reduction in the pluripotency markers POU class 5 

homeobox 1 (POU5F1) and Nanog homeobox (NANOG) to near undetectable levels 

with a concurrent increase in the hepatocyte-specific markers ALB and hepatocyte 

nuclear factor 4 alpha (HNF4α) (Supplementary Figure 1B). At day 21, high levels of 

CYP1A2 and CYP3A4 activity and secreted human albumin were also confirmed 

consistent with previous reports (28, 29) (Supplementary Figure 1C and D).  

 

HLC LPO exposure induced a dose and time dependent increase in lipid vacuoles 

(Figure 1B and C). LPO exposure increased mitochondrial stress in a dose dependent 

manner at both 48 and 96 hours of exposure as determined by an increase in 

mitochondrial inner membrane potential allowing uptake of MitoTracker Deep Red 

dye (https://www.nature.com/protocolexchange/protocols/3673#/equipment Figure 

1D). While LPO treatment did not affect cell functionality as determined by CYP3A 

assay (Figure 1E), high dose LPO over a longer duration increased apoptosis (Figure 

1F). Thus, to avoid the effects of apoptosis, we used low dose LPO treatment for 

48hours in all further analyses. qPCR analysis showed that LPO exposure consistently 

stimulated the expression of multiple putatively causal genes in NAFLD pathological 

processes including fatty acid synthesis (ACACA, LXR, FASN, SREB1c), 

gluconeogenesis (PCK, G6PD) and lipid vesicular transport proteins Perilipin 1 and 2 

(PLIN1, PLIN2) (Figure 1G).  
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48 hours LPO exposure induces transcriptional dysregulation  

We examined changes in transcription following 48hours LPO exposure using the 

Illumina HT-12 beadchip microarray (Illumina, San Diega, US). PCA demonstrated 

clear separation between treated and control populations (Figure 2A). 48hour LPO 

treatment resulted in the dysregulation of 2618 transcripts (adjusted p value <0.05, 

Benjamini Hochberg FDR), with upregulation of 1309 transcripts corresponding to 

1083 genes and downregulation of 1309 transcripts mapping to 980 genes (>10% 

transcriptional change, Benjamini-Hochberg adjusted p value 0.05) (Figure 2B and 

Supplementary Table 2). The magnitude of change is consistent with a number of 

human datasets (20, 30). GO terms with the greatest enrichment in upregulated 

transcripts included "GO:0044255" "cellular lipid metabolic process", "GO:0090208" 

"positive regulation of triglyceride metabolic process" and "GO:1901617" "organic 

hydroxyl compound biosynthetic process” (Supplementary Figure 2A). A specific 

cluster of five genes were induced to a particularly high degree of significance: the 

lipid vesicle transport proteins Cell Death-Inducing DFFA-Like Effector C (CIDEC), 

PLIN2, Apolipoprotein A4 (APOA4) and the steroid hormone synthesis enzymes 

aldo-keto reductase family 1, members C2, C4 (Supplementary Table 2).  

 

LPO-induced transcriptional and metabolic dysregulation is consistent with 

mitochondrial dysfunction. 

We undertook metabolomic profiling in cells and media following 48hours of LPO 

exposure using UPLC-MS. PCA demonstrated clear separation between treated and 

control populations (Supplementary Figure 3A and B). Mitochondrial dysfunction is a 

central feature of NAFLD and the degree of dysfunction may be important in 

determining the risk of progression from steatosis to NASH (31). Mitochondrial 



 14

oxidative function encompasses many processes, including tricarboxylic acid (TCA) 

cycle metabolism, β-oxidation, ketogenesis, respiratory chain activity and ATP 

synthesis. In agreement with previous studies in mice and human liver tissue (32, 33), 

LPO-exposure induced significant TCA cycle dysregulation with altered expression 

of a number of enzymes, including downregulation of isocitrate dehydrogenase type 1 

and 2 (IDH1 and 2) and malate dehydrogenase type 1 (MDH1); and upregulation of 

IDH3A, alpha-ketoglutarate dehydrogenase (OGDH) and succinate dehydrogenase 

subunit A (SDHA) (Supplementary Figure 4A, Table 1). We also observed an 

increase in the metabolite oxalosuccinate, an intermediate formed during the oxidative 

carboxylation of isocitrate to alpha-ketoglutarate (Supplementary Figure 4A).  

 

Breakdown of free fatty acids in liver involves β-oxidation. Initial transport of 

unmodified long chain fatty acids through the mitochondrial membrane requires the 

addition of carnitine by carnitine palmitoyl transferase 1 (CPT1), generating acyl 

carnitine species which are shuttled into mitochondria by carnitine-acylcarnitine 

translocase (CACT). Consistent with previous data (31), LPO-induced steatosis was 

associated with activation of the β-oxidation transcriptional pathway (Supplementary 

Figure 4B), with upregulation of long-chain-fatty acid-CoA ligase 1 (ACSL1), 

CPT1A, acyl Coenzyme A dehydrogenase (ACADM), very long-chain specific acyl-

CoA dehydrogenase (ACADVL), and acetyl CoA acetyltransferase (ACAT1) 

(Supplementary Figure 4B). Defective β-oxidation in NAFLD results in the 

accumulation of acyl carnitines and diacylglycerols (31), and in support of this we 

observed substantial dysregulation of carnitine and acyl carnitine metabolites and 

glycerol species in cells and media with LPO (Figure 3A). Further, we observed 

marked alterations in fatty acids, oxidised fatty acids and acyl glycine species in LPO-
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treated cells and media (Figure 3B). Defective oxidative phosphorylation is also 

feature of NAFLD (31) and we identified altered expression of transcripts involved in 

all five of the mitochondrial complexes in LPO-treated HLCs (Table 1).    

 

When β-oxidation is saturated/dysfunctional, surplus fatty acids can be degraded 

through microsomal ω-oxidation, to produce hydroxylated fatty acids. Crucially, this 

comparatively inefficient process increases cellular oxidative stress, a key 

pathological mechanism in NAFLD progression. LPO treatment was associated with 

activation of ω-oxidation, with upregulation of cytochrome P450 4A11 (CYP4a11) 

(Table1) and accumulation of hydroxylated fatty acids in cells and media (Figure 3C). 

An alternative method of fatty acid clearance involves the synthesis and sequestration 

of triglycerides within lipid vesicles, the primary histological finding in hepatic 

steatosis. Our findings of an LPO-induced increase in glycerol-3-phosphate within 

cell media with induction of phospholipid phosphatase 2 (PLPP2) and suppression of 

the lipolytic enzyme carboxyl ester lipase (CEL) support an increase in triglyceride 

synthesis in LPO treated HLCs (Table 1). In addition to this, upregulation of the lipid 

vesicle transport proteins PLIN1, PLIN2 (Figure 1E) and CIDEC and the structural 

lipoprotein APOA4 (Figure 2B) are reflected in the increase in lipid vacuoles with 

LPO exposure.  

 

Other aspects of LPO-induced transcriptional and metabolic dysregulation are 

consistent with NAFLD. 

LPO treatment was associated with increased expression of cytosolic 

phosphoenolpyruvate carboxykinase (PCK1, Table 1, Supplementary Table 2), the 

rate-limiting enzyme in gluconeogenesis and an important regulator of TCA cycle 
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activity. An increase in gluconeogenesis in LPO-exposed HLCs was supported by 

increased phosphoenolpyruvate and glucose in cell media (Table 2). PCK1 may be an 

important therapeutic target, since knocking down PCK1 can prevent oxidative stress 

and inflammation in mice on a high-fat diet (33). Examination of the KEGG pathway 

for NAFLD (hsa04932) demonstrated transcriptional dysregulation of mediators of 

insulin resistance (IRS2, P1K3R1, AKT1), steatohepatitis (JUN, ERN1) and 

neutrophil infiltration and inflammation (CXCL8) (Table 1). 

 

HLCs maintain 5hmC and Tet enzyme expression in culture.  

Global epigenetic DNA modification levels and patterns are frequently altered in 

cultured cells, particularly 5hmC which is vastly reduced genome-wide (24). To test if 

our system maintained a normal 5hmC landscape, we carried out an antibody-based 

quantitative analysis of 5hmC in HLCs and compared these to ESCs and HepG2 cells. 

HLCs retain 5hmC levels at equivalent levels to mouse liver, which is much higher 

than the minimal level observed in HepG2 cells (Figure 4A). Additionally, although 

mammalian cell culture is associated with loss of Ten-eleven-translocation (TET) 

enzyme expression (24), the expression of all three Tet isoforms is maintained in 

HLCs (Figure 4B). Tet1 is highly expressed in ESCs and plays critical role in the 

maintenance of pluripotency (34) and consistent with this, TET1 mRNA expression is 

downregulated at the later stages of the hepatic differentiation protocol. TET2 is the 

dominant TET isoform expressed in liver and expression was appropriately increased 

during differentiation (35). In order to validate that HLCs have a liver-like 

hydroxymethylome and have transitioned from an ES cell state, we performed 

hmeDIP-seq on HLCs and compared profiles with published datasets for 5hmC in 

human liver and human ESCs (36, 37). We additionally performed hmeDIP-seq on 
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human kidney to assess tissue-specificity. Accordingly, we observed high levels of 

5hmC across key liver genes e.g. albumin (Alb) exclusively in HLCs and human liver 

datasets, whilst low levels of 5hmC were observed over ESC and kidney 5hmC-

enriched loci e.g. the HoxA cluster (Supplementary Figure 5A and B). In both human 

ES cells and liver, high levels of 5hmC are present at TSS, distal promoter and 

proximal gene body regions (38, 39) and bioinformatic analysis of 5hmC datasets in 

HLCs showed a similar 5hmC profile (Figure 4C). As in previous studies, 5hmC 

patterns followed transcriptional states, with highly transcribed genes containing more 

gene body 5hmC than lowly transcribed genes (40) (Figure 4C). Thus, 5hmC profiles 

are consistent with a liver-like epigenome, supporting the utility of this cell line for 

the study of human metabolic liver disease. We also profiled 5hmC in LPO-treated 

and control HLCs using hmeDIP-seq. Sliding window analysis showed no global 

change in 5hmC in LPO-exposed HLCs (Figure 4D) although we observed some 

5hmC enrichment within bodies of induced genes involved in lipid synthesis and 

transport (Supplementary Figure 6). Such changes allowed for stratification by 

treatment (Figure 4E) and highlight the utility of combined transcriptomic and 

epigenetic profiling to investigate molecular mechanisms.  
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Discussion 

NAFLD is strongly associated with obesity, insulin resistance (IR), type 2 diabetes 

(T2DM) and cardiovascular disease (1) and the increasing prevalence of these 

disorders is a substantial public health burden. Indeed, NAFLD is an early predictor 

of, and important determinant for, the development of T2DM and the metabolic 

syndrome (41). Whilst the use of rodent models of NAFLD to explore mechanisms 

and test therapies is common, lipid metabolism in mice and humans differs so that the 

applicability of mouse models to human disease is unclear. The development of high-

throughput in vitro human-relevant models of NAFLD would facilitate the 

development of reliable biomarkers of risk, the rapid screening of novel or existing 

therapies and the accurate prediction of toxicity in response to pharmacological 

compounds, enabling the development of safe, efficacious and cost-effective 

medicines. 

 

Human HLCs possess hepatocyte-like morphology, gene expression and function 

(14). They can be derived from renewable cell populations at scale, are robust, and are 

comparable to cryopreserved human hepatocytes in terms of predicting human 

compound toxicity and model metabolic differences (29). Exposure of cells to fatty 

acids has been employed to model NAFLD in cell culture systems with various 

reports of effects on steatosis, insulin signalling and activation of apoptosis pathways 

(6, 7, 9). The one previous report of the use of HLCs to model NAFLD used oleic 

acid-induced steatosis and reported perturbation of multiple metabolic pathways, 

including activation of the proliferator-activated receptor (PPAR) pathway (42). 

However, the aetiology of NAFLD may also include the response to nutritional 

excess, hyperinsulinaemia, oxidative stress, adipokine fluctuations, cytokine 
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signalling and the influence of gut-derived factors (43) therefore, more representative 

models are required. The high-energy substrates lactate and pyruvate have been used 

in combination with the medium chain fatty acid octanoate and ammonia (LPON) to 

mimic energy excess in human hepatoblastoma cell lines (44, 45). This cocktail 

generates hepatic steatosis, impaired mitochondrial function, increased reactive 

oxygen species and perturbs energy metabolites and the cellular proteome, without 

compromising cellular viability (43, 44). Here we show that HLC exposure to LPO 

induces an increase in cellular steatosis and stimulates the expression of multiple 

genes associated with NAFLD, demonstrating the importance of HLCs as a cell-based 

model of human NAFLD. We also identified transcriptional and metabolic 

perturbations consistent with mitochondrial dysfunction, a key feature of NAFLD, 

with multiple alterations in TCA cycle metabolism, β-oxidation and oxidative 

phosphorylation. 

 

Recent studies using both genome-wide and candidate gene analysis in human liver 

biopsy specimens and in animal models have identified alterations in DNA 

methylation in NAFLD, suggesting that epigenetic dysregulation may play a role in 

its pathogenesis and progression (19-21). DNA methylation (5-methylcytosine, 5mC) 

is important in the regulation of gene expression and plays a key role in 

transcriptional silencing (46). In contrast, the cytosine modification 5hmC is enriched 

over the bodies of expressed genes as well as at enhancer elements and some 

promoter regions (47-50). While 5hmC appears to function as part of an active DNA 

demethylation pathway, catalysed by the Tet enzymes (51), it may also act as a 

functional DNA methylation mark. We have suggested that 5hmC patterns may be 

useful as an identifier of cell/tissue type and a marker of cell state and may be a useful 
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tool to identify novel therapeutics and assess drug response (48, 52). However, 5hmC 

profiles in whole liver from animal models or human biopsy specimens may be 

confounded by changes in cell populations as a consequence of the disease process, 

since 5hmC patterns are highly cell and tissue-specific. Whilst the use of single cell 

types overcomes this problem, there are particular problems with studying 5hmC in 

vitro: 5hmC is rapidly lost during somatic cell adaptation to culture, including in all 

tested hepatocyte cell lines (24). Additionally, established HCC cell lines are 

unsuitable since resident 5mC/5hmC changes are a feature of neoplasia which would 

confound analyses in these models following interventions to induce steatosis (25, 

53). In contrast, we demonstrate that HLCs maintain Tet expression, have 5hmC 

profiles consistent with a liver-like epigenome, show 5hmC enrichment within bodies 

of induced genes and therefore represent a transformative resource with which to 

study epigenetic changes in human liver disease. 

 

In conclusion, our study shows that HLCs treated with LPO recapitulate the 

transcriptional and metabolic dysregulation seen in NAFLD and additionally retain 

expression of the Tet enzymes and 5hmC. This in vitro model of ‘NAFLD in a dish’ 

using a single cell type will be useful for future mechanistic and therapeutic studies.  
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Figure Legends 

Figure 1. Incubation of HLCs with LPO at low or high dose for 48 or 96 hours 

induces steatosis  

(A) Experimental pathway for automated high throughput cell differentiation, cell 

staining and image analysis. (B) Fluorescence microscopy demonstrating BoDIPY 

staining of neutral lipid vacuoles within HLC following exposure to LPO. (C) LPO 

induces a dose and time-dependent increase in lipid vacuoles in HLCs. (D) Exposure 

to LPO increases mitochondrial stress in a dose-dependent manner at 48 and 96 hours. 

(E) LPO treatment does not affect cell functionality as determined by a CYP3A 

activity luciferase assay. CYP3A activity data are reported as relative light units 

(RLU) normalized to protein content. (F) 96 hour high dose LPO increases apoptosis 

as determined by ATP production assay. Data are reported as relative light units 

(RLU) normalized to protein content. (G) qPCR of mRNA levels of genes relevant to 

human NAFLD in control (Con, blue) versus 48 hour LPO-treated (red) HLCs. Data 

are expressed relative to the mean of control genes PPIA/B2M and were analysed by 

one-way ANOVA with Bonferroni correction. The minimum number of biological 

replicates is shown for each experiment. *p<0.05, **p< 0.01, ***p<0.001, NS=non-

significant 

 

Figure 2. LPO-treated HLCs show transcriptional derangement 

(A) Principle component (PC) analysis of transcriptome from microarray studies 

following 48 hour low dose LPO exposure shows clustering of control (CON) and 

LPO-treated HSCs. (B) Transcriptome analysis volcano plot of mRNA expression 

following LPO treatment. PLIN2, CIDEC, APOA4, AKR1C2 and AKR1C4 are 
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highly induced. Blue/red colours indicate 1.5 fold down- and upregulated genes, 

adjusted p value < 0.05. n = 4 control and n = 6 LPO.   

 

Figure 3. LPO treatment of HLCs induces dysfunction of oxidative 

phosphorylation 

(A) Metabolomics analysis demonstrating that LPO induces a reduction in 

intracellular acylcarnitines and dysregulation of acyl carnitine species (Log2FC 

versus control, FDR < 0.01). (B) LPO treatment induced a reduction in native fatty 

acid species in media (hatched bars) and cell (clear bars) and (C) an accumulation of 

ω oxidation products. 

 

Figure 4: HLCs retain Tet expression and 5hmC and demonstrate genic 5hmC 

enrichment in activated lipid synthesis and transport genes on LPO exposure 

(A) 5hmC immune slot/blot of mouse liver, HLCs and HepG2 cells. Oligonucleotides 

of the APC gene promoter were used as controls. (B) qPCR of TET isoform mRNA 

expression during differentiation. Values are normalised to internal controls PPIA and 

B2M and expressed as fold change from undifferentiated ESCs. TET1 and TET3 

expression decreases and TET2 expression increases during hepatic differentiation 

(*p<0.05, *p<0.01, *p<0.001 one-way ANOVA with Bonferroni multiple test 

correction versus ESCs) (C) Sliding window analysis of hmeDIP-seq displaying 

5hmC profiles of HLCs stratified by expression quintile in relation to relative gene 

length (mean of 2 separate hmeDIP-seq experiments). (D) Sliding window analysis of 

all genes in control and LPO-treated HLCs (n=3/group) shows no differences in 

global 5hmC levels. Error bars = SD. (E) Heatmap analysis and unsupervised 
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clustering of change in genic 5hmC specifically over induced genes of lipid synthesis 

and transport following LPO exposure.  

  



 30

Table 1:  Microarray analysis showing dysregulated transcripts in KEGG pathways 

relevant to energy metabolism. Adj P Value = adjusted P value (Benjamini-Hochberg 

correction).  

KEGG PATHWAY Gene Name Log2FC Adj P Value 

TCA cycle 
hsa00020 

IDH2 -0.285 0.004 

IDH3A 0.271 0.017 

MDH1 -0.192 0.025 

OGDHL 0.360 0.001 

SDHA 0.236 0.045 

PCK1 0.635 0.007 

Fatty Acid Degradation 
hsa00071 

ACSL1 0.459 0.007 

CPT1A 0.281 0.001 

ACADM 0.324 0.009 

ACADVL 0.727 0.000 

ACAT1 0.213 0.008 

ADH1A -0.305 0.008 

ALDH2 -0.274 0.026 

CYP4A11 0.814 0.008 

Oxidative phosphorylation  
hsa00190 
 
 

NDUFB3 -0.213 0.023 

SDHC -0.252 0.031 

SDHA 0.236 0.045 

UQCRC1 0.226 0.019 

ATP5J2 -0.225 0.013 

ATP5I -0.310 0.005 

ATP6V0E2 0.308 0.005 

ATP6V0D1 -0.206 0.018 

COX11 0.173 0.031 

Glycolysis/Gluconeogenesis 
hsa00010 
 

GLYCTK -0.454 0.004 

AKR1A1 -0.170 0.040 

AKR1B10 1.139 0.000 

PLPP2 0.385 0.006 

CEL -0.319 0.014 

  
NAFLD 
hsa04932 

LEP -0.793 0.001 

CXCL8 0.772 0.043 

CDC42 -0.500 0.001 

IRS2 0.485 0.001 

CDC42 -0.463 0.000 

JUN 0.427 0.009 

PIK3R1 -0.349 0.003 

ADIPOR2 0.292 0.001 

AKT1 -0.193 0.017 

ERN1 0.180 0.038 
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Table 2. Metabolite analysis: Metabolites from media and cells showing differences 

between control and LPO-treated HLCs. FDR = false discovery rate correction for 

multiple testing. 

Metabolites Sample KEGG Pathway/Compound group 
Fold 
Change 

FDR 

1H-Indole-3-carboxaldehyde 

Cells 

Aromatic metabolites 
0.264 0.001 

N'-Formylkynurenine 0.116 0.000 

Butyrylcarnitine 
Carnitine and acyl carnitine 
metabolism 

0.221 0.001 

Octanoylcarnitine 0.066 0.000 

Propionylcarnitine 3.145 0.050 

octadecenol Fatty acids and oxidised fatty acids 0.161 0.045 

Arginine 

Media 

Arginine metabolism 
1.221 0.007 

Argininosuccinic acid 1.523 0.000 

1H-Indole-3-acetamide 

Aromatic metabolite metabolism 

1.096 0.008 

1H-Indole-3-carboxaldehyde 1.252 0.001 

lactic acid 0.517 0.000 

5-Hydroxy-L-tryptophan 0.684 0.000 

5-Hydroxy-N-
formylkynurenine 

0.777 0.001 

5-Hydroxyindoleacetic acid 1.888 0.000 

Dihydroxyindole 0.833 0.004 

Formyl-5-
hydroxykynurenamine 

1.185 0.006 

Hydroxyphenylacetylglycine 1.803 0.000 

Indole 0.670 0.000 

N'-Formylkynurenine 36.59 0.000 

Phenylethylamine 0.006 0.000 

Tryptophan 1.683 0.001 

Butyrylcarnitine 

Carnitine and acyl carnitine 
metabolism 

1.450 0.000 

Carnitine 1.139 0.001 

Hydroxy-
hexadecenoylcarnitine 

3.116 0.005 

Hydroxy-
tetradecadiencarnitine 

2.684 0.000 

Hydroxy-
tetradecenoylcarnitine 

5.062 0.001 

Octanoylcarnitine 0.060 0.000 

Propionylcarnitine 23.13 0.000 

Thiocysteine Cysteine and methionine metabolism 5.485 0.001 

Dihydroxy-oxo-
octadecenoic acid 

Fatty acid and oxidised fatty acids 

0.566 0.001 

Hydroxy-octadienoic acid 1.148 0.005 

Hydroxydecanoic acid 0.428 0.001 

Hydroxydodecanoic acid 295.9 0.003 
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Hydroxyhexadecanoic acid 

Media 

1.498 0.006 

Hydroxynonanoic acid 1.481 0.000 

Hydroxynonanoic acid 2.262 0.000 

octadecenol 0.403 0.006 

octenedioic acid 0.780 0.001 

Glucose Glycolysis/Gluconeogenesis 
hsa00010 

1.179 0.000 

Glycerol-3-phosphate 37.34 0.001 

Glyceric acid  

Glycolysis 
 

0.644  0.003 

Lactic acid 0.577 0.000 

Phosphoenolpyruvic acid 1.474 0.004 

Phosphoglyceric acid 1.416 0.000 

Imidazolepropionic acid Histidine metabolism 
 

86.98 0.000 

Imidazole-4-acetaldehyde 0.004 0.000 

7-Methylguanosine 

Purine and pyrimidine metabolism 
 

56.27 0.000 

Cytidine 0.587 0.004 

Deoxycytidine 0.438 0.004 

Dihydroxypurine 0.606 0.000 

Glutamine TCA cycle and oxidative 
phosphorylation 
 

1.298 0.003 

Oxalosuccinic acid 1.325 0.002 

2-Methyl-1-hydroxypropyl-
ThPP 

Valine, leucine and isoleucine 
metabolism 
 

1.162 0.001 

Isopropylmaleate 2.590 0.005 

Leucine 594.2 0.000 

S-(2-Methylpropionyl)-
dihydrolipoamide-E 

1.188 0.001 
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1. Supplementary Methods 

Cell culture, quantification of lipid vacuoles and analysis of mitochondrial stress in HLCs 

Gene expression, lipid staining, epigenetic and metabolomics experiments were conducted 

utilising matrigel (Corning, Tewksbury, USA).  Experiments performed which examine lipid 

vacuole formation, mitochondrial stress and ATP production were performed on laminin 521 

(BioLamina, Sundbyberg, Sweden).  

 

For quantification of lipid vacuoles and analysis of mitochondrial stress, HLCs were cultured 

in a 96 well format. After the LPO induction, cells were stained with the cell painter assay 

adapted from Bray et al (1). Briefly, cells were stained with 30l of MitoTracker Deep Red 

(500nM stock solution) (ThermoFisher, Cat: M22426) as previously described (1). Cells were 

then washed with 100μl/well of 1xHBSS (10×; Invitrogen, cat. no. 14065-056) and fixed 

with 50μl of 4% (wt/vol) Paraformaldehyde (PFA), methanol free (Electron Microscopy 

Sciences, cat. no. 15710-S) for 20 minutes at room temperature in the dark. Cells were 

permeabilised with 50 μl/well of 0.1% (vol/vol) Triton X-100 (Sigma-Aldrich, cat. no. 

T8787) for 15 minutes. Cell membranes were stained with 1X HCS Green CellMask™ 

Plasma Membrane Stains (Invitrogen, cat no. H32714) and F-Actin was stained with Alexa 

Fluor™ 546 Phalloidin (ThermoFisher, Cat: A22283) by adding 50μl/well for 30 minutes in 

the dark at room temperature. Cells were washed with 100μl/well of 1xHBSS and incubated 

with 50μl/well of NucBlue Live ReadyProbes® Reagent (Molecular Probes R37605) two 

drops/ml in 1xHBSS for 5 minutes in the dark at room temperature. After the incubation a 

final wash of 100μl/well of 1xHBSS was done. Images were acquired using the Operetta high 

content analysis system and Columbus analysis software (Perkin Elmer, Buckinghamshire, 

UK). Seven fields were acquired across each well to obtain an average representation of the 

well. Phenotypic screening of untreated and LPO treated cells was done by measuring 
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changes in intensity and texture in the different channels which stained for different 

organelles of the cell. Normalisation over the median value of the plate was done for all the 

different parameters analysed.  

 

CYP3A4 and CYP1A2 activity were measured on day 21 of maturation in 96 well (Figure 

1E) and 24 well formats (Supplementary Figure 1C) using pGlo technology (Promega, 

Southampton, UK) according to the manufacturer’s instructions. Briefly, P450-Glo™ 

CYP1A2 5mM Luciferin-ME substrate was diluted 1:25 and CYP3A4 Luciferin-BE 5mM 

substrate was diluted 1:20 before assays commenced and for each reaction 120 µl of substrate 

was used. Cells were incubated with luciferase P450 substrate for 5 hours at 37°C before 

collection of media. 50µl of media was then incubated with 50µl of luciferase detection 

reagent for 20 minutes and luminescence measured on a Luminometer (Promega, 

Southampton, UK). Media in a well with no cells was used as a negative control and 

subtracted from final readings. Activity is expressed as relative light units per millilitre of 

media per mg of protein (Pierce BCA assay, Fisher Scientific, Loughborough, UK). Albumin 

production was assessed at day 21 of maturation using a human albumin ELISA kit (Alpha 

Diagnostic International, San Antonio, US). This is a well-validated assay in which human 

albumin only is detected against a standard curve of human albumin serial dilutions (2).  

Fresh media serves as a blank and is subtracted from the final value thus leaving signal from 

human albumin measured in the final result. Samples were run in triplicate and analysed on a 

FLUOStar Omega multi-mode microplate reader (BMG Labtech, Ortenberg, Germany). 

Protein production was expressed as nanograms of protein per millilitre of medium per cm2 

of coalescent cells. 

 

Metabolome profiling 
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Cell media (metabolic footprint) was sampled by direct collection of 200l aliquots followed 

by centrifugation (12,000xg, 15 minutes) and freezing at -80°C. Prior to cellular collection, 

media was removed and cells were washed with three aliquots of Phosphate-Buffered Saline. 

Following this, 0.9ml of a 40/40/20% solution of acetonitrile, methanol and water (Sigma-

Aldrich) at a temperature of approximately -40°C was added to each well and plates were 

frozen at -80°C for 15 min to provide quenching of metabolism and cell lysing. Cells were 

scraped off the wells and the suspension was centrifuged at 12,000xg (4°C) for 10 min to 

separate the extraction supernatant from cell pellet. The extraction supernatant was dried 

applying a vacuum centrifugal evaporator (Thermo Scientific Savant SPD111V speedvac 

concentrator coupled to a Savant RVT5105 vapour trap). 100l of media samples were dried 

applying the same process. Pooled QC samples were prepared for cell media analysis (by 

pooling of 100l aliquots of all biological samples) and cell extract analysis (by pooling of 

200l aliquots of all cell extract samples).  

 

Samples were analysed applying ultra-performance liquid chromatography-mass 

spectrometry (UPLC-MS) using a Thermo Scientific Ultimate3000 UPLC system coupled to 

an electrospray Q Exactive Focus mass spectrometer. Two assays were applied to increase 

the number of metabolites detected, a HILIC assay to investigate water-soluble metabolites 

and a C18 reversed phase method to investigate lipid metabolites. The HILIC method applied 

a Thermo Scientific Accucore 150 Amide HILIC column (100 x 2.1mm, 2.6µm) operated at 

a temperature of 35°C and a flow rate of 500µL.min-1. Solvent A was 10 mM Ammonium 

Formate in 95% Acetonitrile/5% water + 0.1% formic acid and solvent B was 10mM 

Ammonium Formate in 50% Acetonitrile/50% water + 0.1% formic acid. The gradient 

elution was applied at follows; Start at 99% A for 1 minute, followed by decreases to 85% 

and 50% at 3 minutes and 6 minutes with a curve of 5 and then a decrease to 5% A at 9 
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minutes and an increase to 99% A at 10.5 minutes with a curve of 5. The total analysis time 

was 15 minutes and the injection volume was 2µL. Mass spectral data was collected in 

positive and negative ion modes separately at a mass resolution of 70,000 (FWHM at m/z 

200). Data Dependent Analysis data was acquired for three QC samples to aid metabolite 

identification. QC samples were analysed 10 times at the start of the run and then after every 

6th biological sample with two QC samples analysed after all biological samples had been 

analysed. 

 

The C18 reversed phase method applied a Thermo Scientific Hypersil GOLD C18 column 

(100 x 2.1mm, 1.9µm) operated at a temperature of 55°C and a flow rate of 400 µL.min-1. 

Solvent A was 10 mM Ammonium Formate in 60% Acetonitrile/40% water + 0.1% formic 

acid and solvent B was 10mM Ammonium Formate in 90% isopropyl alcohol/10% 

acetonitrile + 0.1% formic acid. The gradient elution was applied at follows; Start at 80%A 

for 0.5 minutes, followed by a decrease to 0% A at 8.5 minutes with a curve of 5 and then an 

increase to 80% A at 11.5 minutes with a curve of 5. The total analysis time was 15 minutes 

and the injection volume was 2µL. Mass spectral data was collected in positive and negative 

ion modes separately at a mass resolution of 70,000 (FWHM at m/z 200). QC samples were 

analysed 10 times at the start of the run and then after every 6th biological sample with two 

QC samples analysed after all biological samples had been analysed. 

 

Raw data were converted to the mzML format applying ProteoWizard and then deconvoluted 

applying the software XCMS (3), operated on an office PC in R using previously described 

parameters (4). Putative metabolite annotations were provided using the software 

PUTMEDID_LCMS using a RT window of +/- 2 seconds and a mass error of 5ppm (5). 

MS/MS mass spectral matches of data to mzCloud (mzCloud–Advanced Mass Spectral 
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Database, https://www.mzcloud.org/, last accessed 30/10/2017) was also performed to 

enhance confidence of specific metabolite annotations. All metabolites were annotated to 

MSI Level 2 (6). The data were filtered for quality based on the QC sample data with 

metabolites with a relative standard deviation >20% or detected in less than 60% of the QC 

samples being removed (7). Univariate and multivariate data analysis were performed in 

MetaboAnalyst 3.0 (8). This included Principal Components Analysis (PCA), Mann Whitney 

U tests or Kruskal-Wallis tests to identify metabolites demonstrating a statistically significant 

change in relative concentrations between two or three biological classes. Fold changes were 

calculated by division of the mean peak response for one biological class by the mean peak 

response of the second biological class. 

 

5hmC profiling 

For 5hmC DNA immunoprecipitation (hmeDIP) from cultured cells: DNA extraction was 

performed using the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Crawley, UK) and 

RNase treated with RNase A (Purelink, Ambion, UK). Human kidney DNA was purchased 

from Amsbio (Amsbio, Abingdon, Oxfordshire). For hmeDIP, 5µg genomic DNA was 

sonicated using a Bioruptor (Bioruptor, Ougree, Belgium) to fragments between 100 and 600 

base pair length with a mean of 250 to 300 base pairs. 2.5μg of sonicated DNA was diluted to 

450μl in TE buffer and denatured for 10 minutes at 90°C in a heat block before cooling for 5 

minutes at 4°C and diluting to a final volume of 500μl immunoprecipitation buffer (10mM 

sodium phosphate (pH 7.0), 140mM NaCl, 0.05% Triton X-100). 10% input was removed at 

this stage. 1μl of anti-5hmC antibody (Active Motif, La Hulpe, Belgium) was then added to 

the remaining sample and incubated for 3 hours at 4°C on a rotating wheel. 40μl of 

Dynabeads protein G (Invitrogen, Paisley, UK) were prewashed with BSA 0.1% in PBS and 

added to the DNA/antibody mixture for 1 hour at 4°C. Beads were then collected by 
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magnetic rack and washed three times with 1ml of cold IP buffer. Beads were then re-

suspended in 250μl of digestion buffer (50mM Tris-HCl pH 8.0, 10mM EDTA pH 8.0, 0.5% 

SDS) and treated with 20μl of proteinase K 20mg/ml (Roche, UK) in a thermoshaker at 

1000rpm, 55°C overnight. Beads were removed using a magnetic rack and the enriched 

fraction and input samples purified using the Qiagen Qiaquik PCR Purification Kit (Qiagen, 

UK) with elution in 22μl of water. 1:10 dilution was used for qPCR analysis. For 

semiconductor sequencing, 10μl was amplified for 18 cycles using a SeqPlex DNA 

Amplification Kit (Sigma, Gillingham, UK).  

 

100ng of DNA was used to generate a DNA library from each sample using the Ion Xpress 

Plus Fragment Library Kit (Thermo Fisher Scientific, Paisley, UK). During this process, 

DNA fragments were end repaired and ligated to specific barcode adaptors before being 

amplified (8 cycles) and twice purified using the Agencourt AMPure XP PCR Clean Up Kit 

(Beckman Coulter, High Wycombe, UK). Libraries were quality controlled using the Agilent 

Bioanalyser DNA HS Kit (Agilent, Santa Clara, USA) and pooled in equimolar pairs prior to 

template preparation using the Ion PI™ Hi-Q™ OT2 200 Kit (Thermo Fisher Scientific, 

Paisley, UK) and sequencing on the Ion Torrent semiconductor sequencer using the Ion PI™ 

Hi-Q™ Sequencing Kit (Thermo Fisher Scientific, Paisley, UK) and an Ion PI™ Chip Kit v3 

(Thermo Fisher Scientific, Paisley, UK). For consistency, each sample was sequenced on a PI 

chip with its own input. Each sample was sequenced to a depth of ~30 million reads prior to 

quality control. Raw sequencing data were quality controlled, filtered and aligned using Ion 

Torrent suite software (Life Technologies, Paisley, UK) and then normalised to total reads in 

R using bespoke scripts. Relative 5hmC levels per 150bp window were determined using the 

‘sliding windows’ function on the Galaxy server at IGMM, Western General Hospital, UK. 

Datasets were compared to published 5hmC datasets for human liver (GSM1716958) (9) and 
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ESCs (GSM936817) (10). Visualisation and hierarchical clustering of data by Z-score 

heatmap analysis was carried out in R using the Gplots package. Genomic annotation data for 

human (hg19) analyses were downloaded from the University of California Santa Cruz 

Genome Bioinformatics Resource. Further details on hmeDIP bioinformatic processing can 

be found in Thomson et al (11). Raw and processed data files are available for download 

from the GEO repository accession number GSE109139. 

 

 

 

2. Supplementary figures 
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Supplementary Figure 1: ESC differentiation into HLC with maturity markers and 

functionality.  

(A) Differentiation of H9 ESCs into HLCs showing 10x bright field images of H9 female 

ESCs (left) and 20 day HLCs (Right). (B) qPCR analysis of mRNA levels of pluripotency 

and maturation markers of hepatocyte differentiation. Y axis is on a logarithmic scale due to 
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magnitude of differences observed. Values are normalised to internal controls PPIA and B2M 

and expressed as fold change from undifferentiated ESCs. (*p<0.001 by one-way ANOVA 

versus ESCs with Bonferroni correction for multiple comparisons) (C) Luciferase assay for 

CYP 1A2 and CYP 3A4 activity in HLCs reported as relative light units (RLU) normalized to 

protein content. (D) ELISA of human albumin levels measured on day 21 of differentiation 

protocol. Albumin levels were calculated from a standard curve of positive human albumin 

control samples with fluorescence of media control samples subtracted. 
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Supplementary Figure 2: Gene ontology analysis 

Gene ontology analysis of upregulated transcripts induced by LPO treatment. 
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Supplementary Figure 3: LPO exposure results in derangement of the metabolome  
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Principle Components (PC) Analysis of metabolome of media from control and LPO treated 

cells showing clear separation between groups. (A) C18 reversed phase negative ion mode 

(B) HILIC negative ion mode. 
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Supplementary Figure 4: LPO treatment of HLCs induces dysfunction of mitochondrial 

metabolism and fatty acid degradation 

(A) Integration of metabolomics and microarray analysis. Simplified diagram of TCA cycle 

and related pathways showing transcriptional and metabolic alterations with LPO exposure. 

Significantly downregulated genes are shown in yellow and upregulated in orange (adjusted p 

value< 0.05 Benjamini-Hochberg FDR); LPO-exposure resulted in accumulation of the TCA 

cycle intermediate oxalosuccinate. (B) Simplified diagram of fatty acid degradation pathways 

showing activation of multiple steps. Upregulated genes are shown in orange.  
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Supplementary Figure 5: HLCs show a liver-like hydroxymethylome 

(A) Screenshots of 5hmC levels over 150b windows of the human genome. 5hmC levels over 

the albumin gene are high in HLCs and human liver but low in human ESC and in kidney. 

(B) Hox A cluster 5hmC levels are low in HLC and human liver, but high in human ESC and 
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kidney. Data were visualised by Integrated Genome Viewer (Broad Institute, 

http://software.broadinstitute.org/software/igv/). The height of each histogram bar 

corresponds to the normalised 5hmC score per 150bp window at each locus.  
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Supplementary Figure 6: Changes in mean genic 5hmC on LPO treatment 

Change in mean genic levels of 5hmC following LPO exposure in all genes (grey), induced 

genes mediating lipid synthesis and transport (yellow), other induced genes (red) in promoter, 

TSS and genic regions. Experiment is the mean of three separate hmeDIP sequencing 

experiments per treatment group.  
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3. Supplementary tables 

Supplemental Table 1: Primers 

RT qPCR Primer Sequence 
Roche  UPL 

probe 

ALB reverse gtgaggttgctcatcggttt 7 

ALB forward gagcaaaggcaatcaacacc 7 

POUF51 forward caatttgccaagctcctga 7 

POUF51 reverse agatggtcgtttggctgaat 7 

HNF4A forward agcaacggacagatgtgtga 27 

HNF4A reverse tcagaccctgagccacct 27 

NANOG forward atgcctcacacggagactgt 69 

NANOG reverse cagggctgtcctgaataagc 69 

PLIN1 forward agagcgccagtagcttgg 1 

PLIN1 reverse ttggcagctgtgaactgg 1 

PLIN2 forward tcagctccattctactgttcacc 72 

PLIN2 reverse cctgaattttctgattggcact 72 

PCK1 forward agatggaggaagagggcatc 41 

PCK1 reverse ggtcagtgagagccaacca 41 

PCK2 forward cgaaagctccccaagtacaa 20 

PCK2 reverse gctctctactcgtgccacatc 20 

G6PD forward aacagagtgagcccttcttca 5 

G6PD reverse ggaggctgcatcatcgtact 5 

FASN forward catcggctccaccaagtc 1 

FASN reverse gctatggaagtgcaggttgg 1 

LXR forward gggcatgatcgagaagctc 44 
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LXR reverse cggctatggggatctggt 44 

ACACA forward tcaaactgcaggtatcccaac 1 

ACACA reverse attttcctgccagtccacac 1 

SREB1c forward gtgggcactgaggcaaag 2 

SREB1c reverse gacagcagtgcgcagactta 2 

 

5hmC-DIP qPCR primer Primer 

Gapdh Promoter forward cggctactagcggttttacg  

Gapdh Promoter reverse aagaagatgcggctgactgt  

Line-1 PA1 forward aaatggtgctgggaaaactg  

Line-1 PA1 reverse gccattgcttttggtgtttt  

UBIAD1 genic forward ctcttcctcctcctcgtcct  

UBIAD1 genic reverse catccaggaaccacagtcct  
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Supplementary table 2 Microarray analysis of gene expression following 48 hour low dose 

LPO or control treatment of HLCs. Genes with the greatest positive and negative 

derangement (1.5 fold change) reaching significance (p<0.05 BH correction) are shown.  

 

Illumina probe_ID symbol logFC adj.P.Val 

ILMN_2412336 AKR1C2 2.18 0.0000 

ILMN_1687757 AKR1C4 1.73 0.0000 

ILMN_1801077 PLIN2 1.60 0.0000 

ILMN_1675706 APOA4 1.50 0.0000 

ILMN_2174437 CIDEC 1.37 0.0000 

ILMN_2138765 PLIN2 1.35 0.0000 

ILMN_2278335 AKR1B15 1.15 0.0015 

ILMN_1672148 AKR1B10 1.14 0.0004 

ILMN_2219681 RBP2 1.10 0.0000 

ILMN_1815203 HMGCS2 1.08 0.0000 

ILMN_2387385 IGFBP1 1.03 0.0011 

ILMN_2124802 MT1H 1.02 0.0000 

ILMN_1684306 S100A4 0.97 0.0491 

ILMN_2188862 GDF15 0.95 0.0001 

ILMN_1750974 S100A9 0.94 0.0223 

ILMN_2349393 MDK 0.93 0.0000 

ILMN_1754055 APOA5 0.88 0.0002 

ILMN_1736178 AEBP1 0.88 0.0000 

ILMN_1807291 CYP1A1 0.85 0.0001 

ILMN_2108735 EEF1A2 0.85 0.0001 

ILMN_1804822 SRXN1 0.83 0.0004 

ILMN_1747067 NPAS1 0.82 0.0000 

ILMN_1735816 CYP4A11 0.81 0.0084 

ILMN_1713124 AKR1C3 0.81 0.0000 

ILMN_1684982 PDK4 0.79 0.0007 

ILMN_2212999 KIF5C 0.78 0.0001 
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Illumina probe_ID symbol logFC adj.P.Val 

ILMN_1767470 SCPEP1 0.77 0.0000 

ILMN_1666733 CXCL8 0.77 0.0433 

ILMN_3307693 WFDC2 0.77 0.0000 

ILMN_1715401 MT1G 0.76 0.0000 

ILMN_3249142 ZG16 0.75 0.0045 

ILMN_2046073 LCT 0.74 0.0001 

ILMN_1684308 DEFB103A 0.73 0.0421 

ILMN_1717056 TXNRD1 0.73 0.0000 

ILMN_2352009 ACADVL 0.73 0.0000 

ILMN_1829555 LCE6A 0.72 0.0092 

ILMN_1744817 UGT1A1 0.71 0.0005 

ILMN_2121774 ZG16 0.70 0.0049 

ILMN_1728445 IGFBP1 0.69 0.0161 

ILMN_2388484 MAP2 0.68 0.0001 

ILMN_1757387 UCHL1 0.67 0.0000 

ILMN_1757406 HIST1H1C 0.66 0.0001 

ILMN_1704531 PTGR1 0.66 0.0001 

ILMN_1758731 CYP2J2 0.66 0.0000 

ILMN_1737298 MAT2A 0.65 0.0000 

ILMN_1789733 CLIP3 0.64 0.0003 

ILMN_2324421 TXNRD1 0.64 0.0006 

ILMN_1801216 S100P 0.64 0.0000 

ILMN_1779448 EFHD1 0.64 0.0000 

ILMN_1731948 PCK1 0.63 0.0069 

ILMN_2065773 SCG5 0.63 0.0001 

ILMN_1707339 BTG3 0.63 0.0002 

ILMN_1654262 ZMAT3 0.62 0.0014 

ILMN_1653200 SLC22A17 0.62 0.0001 

ILMN_1813175 ADGRL1 0.62 0.0000 

ILMN_1794190 CCPG1 0.61 0.0000 

ILMN_1700081 FST 0.61 0.0050 
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Illumina probe_ID symbol logFC adj.P.Val 

ILMN_1786388 RNF113A 0.61 0.0012 

ILMN_1760414 AADAC 0.61 0.0005 

ILMN_1726682 NA 0.61 0.0000 

ILMN_1757467 H1F0 0.60 0.0000 

ILMN_1657744 FAM219B 0.59 0.0000 

ILMN_2401344 PPP2R2C 0.59 0.0001 

ILMN_1763999 NA 0.58 0.0005 

ILMN_2398159 DKK3 0.58 0.0000 

ILMN_1778144 SLC48A1 0.58 0.0000 

ILMN_1744381 SERPINE1 0.57 0.0035 

ILMN_1707727 ANGPTL4 0.57 0.0002 

ILMN_1764201 MAP2 0.57 0.0017 

ILMN_2305225 NDRG4 0.56 0.0000 

ILMN_1679299 IGSF1 0.56 0.0020 

ILMN_1651496 HIST1H2BD 0.56 0.0002 

ILMN_1728799 FBP1 0.55 0.0002 

ILMN_1806403 RASL12 0.55 0.0002 

ILMN_3246065 CCDC151 0.55 0.0004 

ILMN_1758034 ETFDH 0.54 0.0001 

ILMN_2347592 NMB 0.54 0.0001 

ILMN_2095660 TMEM156 0.54 0.0037 

ILMN_2374865 ATF3 0.53 0.0020 

ILMN_1768721 DPPA4 0.53 0.0002 

ILMN_3214389 NA 0.53 0.0000 

ILMN_1692661 AKR1D1 -0.53 0.0007 

ILMN_2380237 C1QTNF1 -0.53 0.0033 

ILMN_1808732 SAA1 -0.54 0.0004 

ILMN_1815205 LYZ -0.54 0.0179 

ILMN_1751814 NA -0.54 0.0003 

ILMN_3263974 NA -0.54 0.0026 

ILMN_1685079 TELO2 -0.54 0.0474 
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Illumina probe_ID symbol logFC adj.P.Val 

ILMN_3226814 NA -0.54 0.0005 

ILMN_3191922 NA -0.55 0.0023 

ILMN_1686291 DIO1 -0.55 0.0003 

ILMN_1795190 CLDN2 -0.55 0.0010 

ILMN_1705261 CAPN1 -0.55 0.0002 

ILMN_1692861 UGT2A3 -0.55 0.0001 

ILMN_1780693 HSD3B1 -0.55 0.0064 

ILMN_1666638 NA -0.55 0.0001 

ILMN_1685115 HEXIM1 -0.55 0.0003 

ILMN_1727532 OLFML3 -0.55 0.0000 

ILMN_2218604 KLHL41 -0.55 0.0001 

ILMN_1662795 CA2 -0.55 0.0003 

ILMN_1912083 NA -0.56 0.0000 

ILMN_1810910 CFH -0.56 0.0099 

ILMN_2159730 GABRB1 -0.56 0.0003 

ILMN_1749829 DLGAP5 -0.56 0.0000 

ILMN_2169966 TM4SF18 -0.56 0.0108 

ILMN_1798992 MYL3 -0.56 0.0008 

ILMN_1737728 CDCA3 -0.57 0.0000 

ILMN_1770228 KRT34 -0.57 0.0016 

ILMN_2087656 SLCO2B1 -0.57 0.0017 

ILMN_1708110 TMEM144 -0.57 0.0000 

ILMN_1673566 ADAMTS1 -0.57 0.0001 

ILMN_1801939 CCNB2 -0.58 0.0001 

ILMN_1704247 LAMA3 -0.58 0.0004 

ILMN_1745491 UNC5CL -0.58 0.0026 

ILMN_2058251 VIM -0.58 0.0021 

ILMN_1670899 FBN2 -0.58 0.0004 

ILMN_1713807 MAN1C1 -0.58 0.0001 

ILMN_1698213 RBM3 -0.58 0.0000 

ILMN_1776905 TMEM236 -0.59 0.0000 
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Illumina probe_ID symbol logFC adj.P.Val 

ILMN_1806387 NA -0.59 0.0001 

ILMN_1701613 RARRES3 -0.59 0.0001 

ILMN_3293685 NA -0.59 0.0004 

ILMN_1695658 KIF20A -0.60 0.0000 

ILMN_2179083 LOXL4 -0.60 0.0130 

ILMN_1728049 S100A16 -0.60 0.0000 

ILMN_1800573 RPS21 -0.60 0.0000 

ILMN_2218104 PAH -0.60 0.0002 

ILMN_1763837 ANPEP -0.61 0.0021 

ILMN_2213297 C11orf54 -0.61 0.0025 

ILMN_1687867 NA -0.61 0.0006 

ILMN_1734773 PRSS1 -0.61 0.0000 

ILMN_3252936 NA -0.62 0.0009 

ILMN_1813131 NA -0.62 0.0030 

ILMN_1683250 NA -0.62 0.0001 

ILMN_1753584 KRT8 -0.62 0.0001 

ILMN_1784364 STARD5 -0.62 0.0000 

ILMN_1671971 NA -0.62 0.0002 

ILMN_1728262 SAA2 -0.63 0.0006 

ILMN_1661595 C1orf53 -0.63 0.0000 

ILMN_1679194 NA -0.64 0.0039 

ILMN_3178307 NA -0.64 0.0005 

ILMN_2125869 ACTA1 -0.64 0.0000 

ILMN_1690866 KLHL41 -0.64 0.0001 

ILMN_1679262 DPYSL3 -0.64 0.0000 

ILMN_3251409 PDE6A -0.65 0.0000 

ILMN_1777325 STAT1 -0.65 0.0000 

ILMN_1702489 TRIM63 -0.65 0.0002 

ILMN_1760087 SLC26A3 -0.65 0.0025 

ILMN_1737517 RPL29 -0.65 0.0001 

ILMN_1791726 TUBB3 -0.65 0.0000 
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Illumina probe_ID symbol logFC adj.P.Val 

ILMN_3280565 NA -0.65 0.0006 

ILMN_1788122 GSTA5 -0.66 0.0001 

ILMN_1716859 TDO2 -0.66 0.0007 

ILMN_1698246 MTMR11 -0.66 0.0020 

ILMN_1719543 MAF -0.67 0.0000 

ILMN_1754576 KRT6C -0.67 0.0186 

ILMN_1720710 HSPB3 -0.67 0.0004 

ILMN_2358074 MAD1L1 -0.67 0.0005 

ILMN_1755720 SLC2A2 -0.67 0.0019 

ILMN_2133205 GPX2 -0.67 0.0000 

ILMN_1696302 FABP5 -0.68 0.0000 

ILMN_2219002 KRT6A -0.68 0.0062 

ILMN_1789648 SCGN -0.69 0.0001 

ILMN_1707975 SERPIND1 -0.70 0.0015 

ILMN_3280842 NA -0.70 0.0003 

ILMN_1729251 MYH4 -0.70 0.0006 

ILMN_1661078 NA -0.71 0.0005 

ILMN_1755897 NA -0.71 0.0004 

ILMN_1779852 NA -0.72 0.0001 

ILMN_2389054 CLDN18 -0.73 0.0000 

ILMN_1671337 SLC2A5 -0.73 0.0001 

ILMN_1697922 NA -0.73 0.0001 

ILMN_1808677 UGT2B17 -0.73 0.0005 

ILMN_1771051 RPL29 -0.73 0.0001 

ILMN_1769547 DIO1 -0.74 0.0008 

ILMN_2414786 DIO1 -0.74 0.0008 

ILMN_1754247 SLC3A1 -0.75 0.0022 

ILMN_1662214 PAH -0.75 0.0003 

ILMN_3209399 NA -0.75 0.0000 

ILMN_1709847 KCNJ13 -0.75 0.0001 

ILMN_1691364 STAT1 -0.75 0.0000 



 27

Illumina probe_ID symbol logFC adj.P.Val 

ILMN_1667018 ACE2 -0.75 0.0006 

ILMN_1905548 MBNL3 -0.76 0.0000 

ILMN_1803429 CD44 -0.76 0.0035 

ILMN_2400935 TAGLN -0.77 0.0003 

ILMN_1766675 CDH6 -0.77 0.0001 

ILMN_1694588 C4BPB -0.78 0.0000 

ILMN_1663390 CDC20 -0.79 0.0000 

ILMN_1706554 NA -0.79 0.0002 

ILMN_3178258 NA -0.79 0.0000 

ILMN_2207504 LEP -0.79 0.0014 

ILMN_2374449 SPP1 -0.82 0.0041 

ILMN_1690105 STAT1 -0.82 0.0000 

ILMN_1823750 JAKMIP3 -0.83 0.0002 

ILMN_1734176 CGA -0.83 0.0000 

ILMN_3266606 NA -0.83 0.0000 

ILMN_1778668 TAGLN -0.84 0.0001 

ILMN_2239408 RNASE4 -0.84 0.0000 

ILMN_1737041 HABP2 -0.84 0.0002 

ILMN_2146761 FABP5 -0.85 0.0000 

ILMN_3210741 NA -0.85 0.0000 

ILMN_1776112 SLC10A1 -0.86 0.0113 

ILMN_1716925 FSIP1 -0.86 0.0001 

ILMN_1651354 SPP1 -0.86 0.0073 

ILMN_2162819 UGT2B11 -0.87 0.0002 

ILMN_1670589 NA -0.87 0.0002 

ILMN_1872974 NA -0.88 0.0000 

ILMN_1704208 NA -0.88 0.0013 

ILMN_1771544 FMO9P -0.90 0.0092 

ILMN_1740443 NA -0.91 0.0004 

ILMN_1764690 NTS -0.92 0.0017 

ILMN_1808114 LYVE1 -0.92 0.0000 
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Illumina probe_ID symbol logFC adj.P.Val 

ILMN_1810233 UGT2B11 -0.94 0.0008 

ILMN_3238960 NA -0.94 0.0000 

ILMN_3269324 NA -0.95 0.0000 

ILMN_1808494 ITIH2 -0.95 0.0041 

ILMN_1763359 NA -0.96 0.0000 

ILMN_1766955 VCAM1 -0.99 0.0000 

ILMN_1750234 PRSS2 -0.99 0.0000 

ILMN_1685699 PRSS3 -1.02 0.0000 

ILMN_2307903 VCAM1 -1.08 0.0001 

ILMN_1781859 UGT2B28 -1.09 0.0001 

ILMN_2297626 PEG10 -1.14 0.0000 

ILMN_1742444 UGT2B10 -1.20 0.0000 

ILMN_1699011 NA -1.23 0.0001 

ILMN_1777797 AFM -1.26 0.0000 

ILMN_1685043 CYP3A7 -1.31 0.0002 

ILMN_1678841 UBD -1.39 0.0000 

ILMN_1696284 CLDN18 -1.48 0.0000 

ILMN_1780575 CRP -1.80 0.0018 
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