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Abstract 

Hepatocytes derived from human pluripotent stem cells (PSCs) hold great promise for modeling human 

liver disease, in vitro hepatotoxicity testing, and future cellular therapy. However, current protocols 

generate hepatocyte-like cells (HLCs) that resemble fetal hepatocytes, and thus do not accurately 

recapitulate the molecular identity and functions of the adult liver. To address this, we compared the 

transcriptomes of human fetal and adult liver to PSC-derived HLCs during progressive stages of in vitro 

differentiation. This revealed that during the final stages of in vitro differentiation the hepatic 

transcription factors HNF4A and CEBPA were sub-optimally expressed. Computational analyses 

predicted that ALK5i II (TGF-β receptor inhibitor) and thyroid hormone (T3) would be able to rectify this 

and improve HLC maturation.  We next show that application of these molecules during hepatocyte 

differentiation indeed increases CEBPA and HNF4A mRNA and protein expression, and that these HLCs 

show enhanced albumin secretion, a 25-fold increase in CYP3A4 activity, and 10 to 100-fold increased 

expression of mature hepatic markers. We demonstrate that this improved maturation is effective 

across different cell lines and HLC differentiation protocols, and exemplifies that our approach provides 

a tractable template for identifying and targeting additional factors that that will fully mature human 

liver cells from human pluripotent stem cells.  

Key words: Pluripotent stem cells; hepatocytes; liver; embryonic; maturation; transcriptomics; 

transcription factor. 

Introduction 

Cellular models of hepatotoxicity need to faithfully capture the phenotype of hepatocytes.  The ‘gold 

standard’ cell model for hepatotoxicity studies has been primary human hepatocytes, but their limited 

availability, inter-individual variability, and de-differentiation once in culture beyond a few days [1], has 

spurred the search for alternative models. The directed differentiation of human pluripotent stem cells 

(PSCs) towards hepatocyte-like cells (HLC) can overcome these drawbacks. We and others have shown 

that that progression of human pluripotent stem cells through the three main stages of early liver 

development: definitive endoderm differentiation, hepatocyte progenitor generation (with similarity to 

hepatoblasts), and hepatocyte specification [2-7], can be accomplished through stepwise addition of 

soluble growth factors, cytokines or small molecules. To enhance hepatocyte maturity dexamethasone 

(DEX), oncostatin M (OSM), HGF [3-5, 8-11] or microbial-derived substances have often been applied 

[12]. Despite these advances, we [13] and others [7] have found that differentiation protocols generate 

HLC with phenotypes that fall short of adult hepatocytes. Indeed, current PSC-derived HLCs exhibit 

features that are more consistent with fetal hepatocytes, a phenomenon also observed for other PSC-

derived cell types [14]. The observation that more mature HLCs can be generated from PSCs via timed 

upregulation of HNF6 and PROX1 [15] or enforced adenovirus vector-mediated expression of ATF5, 

CEBPA and PROX1 [16], suggests that the immature phenotype is at least in part due to the suboptimal 

expression of key hepatic transcription factors. Mapping gene expression profiles and transcription 

factor motifs that define the differentiation of stem cells into HLC [17] further supports the idea that key 

stimuli required to induce, or maintain, appropriate gene expression in mature hepatocytes are lacking 

from current protocols[18]. Previously random, inefficient screens have been undertaken to identify 
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small molecules that can promote hepatic specification, proliferation and maturation, [19, 20]. We 

hypothesized that comparing the transcriptomes of HLC from sequential stages of in vitro differentiation 

with RNA sequencing data from human fetal liver [21] and adult hepatocytes [22], would be a more 

direct approach to identify suboptimal gene regulatory networks responsible for later stages of 

hepatocyte differentiation and maturation. Using upstream pathway prediction analyses we here 

predict and subsequently experimentally validate that thyroid hormone triiodothyronine (T3) and TGF-

β receptor inhibitor ALK5i II upregulate the expression of the sub-optimally expressed key transcription 

factors CEBPA and HNF4A, and drive the acquisition of a more mature hepatocyte phenotype, including 

expression of CYP3A4 and other cytochrome P450 enzymes involved in xenobiotics metabolism.  

Material and Methods 

Pluripotent stem cell- hepatocyte-like cell (PSC-HLC) differentiation 

HUES7 human embryonic stem cells (ESC) were maintained on inactivated mouse embryonic feeder cells 

(MEFs) as previously described, using TrypLE Express (Thermo Fisher Scientific, US) as a dissociation 

agent for passaging [13]. Definitive endoderm differentiation commenced 3-4 days post-passage onto 

fresh MEFs using 25 ng/ ml WNT3a (R&D Systems, UK) and 100 ng/ ml Activin-A (Peprotech, UK), diluted 

in RPMI media (Sigma-Aldrich, UK) containing 0.5% FBS (Thermo Fisher Scientific) days 1-2 (Stage 1A), 

and without WNT3a days 5-8 (Stage 1B). Days 5-10 (hepatoblast differentiation/ Stage 2) switched to 

complete Hepatocyte Culture Medium (HCM) (consisting of HBM Basal Medium and HCM SingleQuot 

Supplements (Lonza, UK)) containing 20 ng/ ml BMP2 and 30 ng/ ml FGF2 (both Peprotech). Hepatoblast 

specification/ Stage 3A commenced on days 11-15 with 20ng/ ml HGF (Peprotech) diluted in complete 

HCM, followed by maturation/ Stage 3B during days 16-27 with 30 ng/ ml OSM (Peprotech) and 100 nM 

Dexamethasone (Sigma-Aldrich, UK) in complete HCM.  

For the feeder-free experiments, H9 ESCs were maintained on Matrigel™ hESC-Qualified Matrix 

(Corning), in mTeSR™ Plus (STEMCELL Technologies) and passaged using 0.5 mM EDTA (Thermo Fisher 

Scientific). For HLC differentiation cells were seeded onto Matrigel™ coated 24-well tissue culture plates 

at 130,000 cells/ cm2 in mTeSR™ Plus containing 10 μM ROCK inhibitor (STEMCELL Technologies). After 

24 hours the differentiation protocol was commenced using STEMdiff™ Definitive Endoderm Kit 

(STEMCELL Technologies) days 1-4 (Stage 1.I) following manufacturers guidelines, followed by 100 ng/ 

ml Activin-A (Peprotech) and 2% B-27™ Supplement minus insulin (Thermo Fisher Scientific) diluted in 

RPMI 1640 Medium (Thermo Fisher Scientific) days 5-8 (Stage 1.II). For hepatoblast differentiation/ 

Stage 2, 10 ng/ ml FGF10 and 10 ng/ ml BMP4 was diluted in complete HCM for days 9-12. Hepatocyte 

specification and maturation involved 50 ng/ml HGF (all Peprotech) and 30 ng/ml OSM (In Vitro 

Technologies) diluted in complete HCM for days 13-18 (Stage 3.I) and days 19-28 (Stage 3.II). 

RNA sequencing, mapping and quantification 

RNA-sequencing and initial data processing and analysis was undertaken using methods fully described 

in Gerrard et al. [21]. In brief, total RNA was isolated from pluripotent ESCs or cells at differentiation 

stages 1B, 2, 3A and 3B of the MEF-based differentiation protocol, using an RNeasy Mini Kit (Qiagen) and 

subjected to DNAse (Sigma Aldrich) treatment, according to the manufacturer’s guidelines. Experiments 
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were run in duplicate to generate 2 samples for all stages, with the exception of hepatoblast/ Stage 2 

cells, which include a third, isolated experimental sample. cDNA was generated using reverse 

transcriptase High Capacity RNA-to-cDNA kit (Applied Biosystems, Life Technologies) according to the 

manufacturer’s guidelines. cDNA samples were processed and RNA-sequenced on a Illumina HiSeq® 

2000 Sequencing platform (Illumina Inc, San Diego, CA, USA), according to the manufacturer’s 

instructions, at the Genomic Technologies Core Facility, University of Manchester, UK. RNA-sequencing 

(RNAseq) reads were mapped to the human reference genome (hg19) using TopHat version 2.0.9  [23].  

Gene-level counts were generated for the GENCODE18 [24] annotation using Partek (version 6.6; Partek 

Inc., St.Louis, MO, USA). Counts were quantile normalised across samples using the R package 

preprocessCore [25]. The R package EdgeR [26] was used to test for differential expression between 

genes at successive stages of the differentiation. For comparison, RNAseq data from fresh hepatocytes 

(F_Hep), HepG2 cells, undifferentiated Human embryonic fibroblasts (HEF), ESC-derived HLCs (ES_Hep) 

and reprogrammed fibroblast derived HLCs (iHep) (Du et al [22] from GEO Acc:GSE54066) as well as from 

a range of in-house analysed human embryonic tissues including liver (available as described in source 

reference [21]), were quantile normalised, re-mapped and counted as above.  

Principal components analysis 

Principal components (PC) analysis (PCA) was performed in R (R Development Core Team) using the set 

of genes detected in all samples. Due to the in-experiment normalization of mRNA intensities, PCA was 

performed on the covariance matrix without further scaling of RNA intensities, as described in Gerrard 

et al. [21]. The importance of each sample in generating each PC was expressed as a loading. The position 

of each gene mapped onto each PC was expressed as a score. A small subset of PCs contained a large 

proportion of the variance in the data. Sample loadings were consistent for samples of the same 

biological origin. We used the R package topGO [27] to test for gene set enrichment of Gene Ontology 

(GO) categories at either end of each of the first two principal components (PCs). In each case, a one-

tailed Wilcoxon rank sum test was applied using the 'elimination' algorithm to reduce redundant testing 

within groups of nested GO terms. 

Ingenuity® Pathway Analysis 

Genes that were significantly differentially expressed (false discovery rate [FDR]= ≤ 0.001) between fresh 

adult hepatocytes and Stage 3B HLCs were imported into QIAGEN’s Ingenuity® Pathway Analysis (IPA®, 

QIAGEN Redwood City,www.qiagen.com/ingenuity) software and analysed with the core analysis 

function. The activity of canonical pathways was predicted in Ingenuity® Pathway Analysis based on the 

significant differential expression of pathway-related genes in adult liver versus Stage 3B HLCs and Stage 

3B HLCs versus Stage 3A hepatocyte specification cells.  

HLC phenotypic analyses 

Q-PCR was undertaken using SYBR® Green PCR Master Mix (Applied Biosystems, UK) or SsoFast 

EvaGreen Supermix (Bio-Rad) following manufacturers guidelines. A list of primers used is shown in 

Supplementary Table S1. Q-PCR was conducted on the CFX384 Touch Real-Time PCR Detection System 
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– (Bio-Rad) maintaining individual biological repeats with control on one experimental run. Following 

internal normalisation using housekeeper genes, all expression values were presented as fold change 

versus no treatment control. The following assays were undertaken as previously described [1, 13]. 

Albumin secretion was quantified using the Human Albumin ELISA Quantitation Set (Bethyl Laboratories 

Inc) and CYP3A4 activity was determined using P450-Glo CYP3A4 Assay with Luciferin-IPA (Promega), 

following the manufactures guidelines. Albumin and CYP3A4 activity were internally-normalised against 

protein content of each individual well, as determined by a BCA protein assay kit (Thermo Fisher 

Scientific) or a Bradford protein assay (Bio-Rad).  For Western Blot, cells were lysed with RIPA buffer 

containing protease and phosphatase inhibitors. Samples were resolved under reducing conditions using 

denaturing TGS (tris-glycine/SDS) buffer-based polyacrylamide gel electrophoresis (SDS-PAGE). 

Following a wet transfer (Tris-glycine methanol buffer) to nitrocellulose membranes, blots were blocked 

in 5% milk and probed with selected primary antibodies (Supplementary Table S1) at 4°C overnight. 

Appropriate HRP-conjugated secondary antibodies were detected using Clarity ECL (BioRad). Captured 

images were analyzed using Image Lab 4.1 (Bio-Rad, USA) software, and adjusted background values for 

bands of interest were used to quantify internally-normalised expression levels for each protein lysate 

sample. A Mann Whitney test was used to generate statistical significance of directional changes in gene 

expression, Albumin secretion, CYP3A4 activity and protein expression, comparing treated cells to the 

vehicle control. 

 

Results 

 

HNF4A and CEBPA are under-expressed during the final stages of hepatocyte differentiation 

Pluripotent human embryonic stem cells (HUES7) were directed towards HLCs by applying the protocol 

described by Baxter et al. 2015 (Fig. 1A), which involves timed exposure to a set of widely used soluble 

additives [2-4] to foster the specification of definitive endoderm-like cells (Stage 1B), hepatoblast-like 

cells (Stage 2), early hepatocyte-like cells (Stage 3A), and hepatocyte-like cells (Stage 3B). Quantification 

of mRNA abundance at each of these stages with RNAseq revealed the expected loss of pluripotency 

genes (NANOG, POUF1), transient upregulation of primitive streak markers (HHEX, EOMES, GSC) and 

induction of definitive endoderm markers (SOX17, CXCR4, FOXA2 and NODAL) by the end of Stage 1B 

(Fig 1B). Results are consistent with our prior findings that 84-96% of cells contained nuclear 

transcription factors FOXA2, SOX17 and GATA4 at this Stage [13]. By Stage 2, expression of genes 

encoding hepatic transcription factors HNF4A and CEBPA and fetal hepatic genes such as AFP and DLK1 

increased consistent with the formation of hepatoblast-like cells. At this Stage around two thirds of cells 

strongly express nuclear HNF4A and 91% of cells stain positive for AFP protein, as previously shown [13]. 

During the final phases of hepatocyte specification (Stage 3A) and early maturation (Stage 3B) expression 

of genes encoding proteins for phase I (CYP3A7, CYP3A4, CYP2C9, ADH1A) and phase II (UGT2B7, 

UGT1A1) xenobiotic metabolism were upregulated. While this overall pattern of gene expression was 

encouraging of accurate hepatocyte differentiation, as indicated by robust ALB gene expression and 

protein secretion in HLCs [13], we noticed that mRNA expression levels of both HNF4A and CEBPA 

decreased markedly by Stage 3B (Fig. 1B), a phenomenon also observed with other protocols [3]. This 

loss of HNF4A in HLCs at Stage 3B reflected a failure to sustain the switch in promoter activity from 
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upstream (termed developmental, P2) to proximal (termed mature, P1) elements (Supplementary Fig. 

S1) [28, 29]. We hypothesised that this reduced expression of HNF4A and CEBPA would likely 

compromise HLC maturation and was due to under-representation of important gene networks normally 

active in mature adult hepatocytes. To identify such gene networks we computationally compared the 

transcriptomes of our in vitro generated HLCs  with RNAseq data sets from human embryonic liver  

development [21] and a separate study of hepatic differentiation and human adult hepatocyte 

sequencing [22].  

Bioinformatic analysis identifies gene regulatory networks that are under-represented in HLCs 

compared to adult cells 

We integrated our RNAseq  data from cells at each stage of in vitro differentiation with our replicated 

data from seven tissues during human organogenesis, including the liver [Carnegie stages 14-20 ( ~week 

5-8)] [21], fresh adult human hepatocytes (F_HEP), the hepatocellular carcinoma cell line HEPG2 cells, 

and human embryonic fibroblasts (HEF) [22]. We undertook Principle Components Analysis (PCA) (Fig. 

2A). PC1, which accounted for almost 30% of variance of the total dataset, clearly demonstrated the 

progression from undifferentiated PSCs (positive PC1 loadings) through differentiation stages 1 and 2 to 

HLCs with negative PC1 loadings. Replicates were by and large clustered closely together, albeit that the 

three Stage 2 hepatoblast-like populations were positioned at different points between the transitions 

from Stage 1B to Stage 3 populations. Two further features could be observed. Only hepatocyte-derived, 

HLC populations and 2 of the 3 hepatoblast-like populations had strongly negative PC1 loadings (shaded 

region, Fig. 2A), which by gene ontology analysis was highly enriched for numerous hepatocyte functions 

(Fig. 2B). In addition, PC2 separated PSC-derived HLCs (negative loadings) from fresh adult hepatocytes 

(strongly positive loadings) with fetal liver and HepG2 cells positioned in-between. Genes with positive 

PC2 loadings revealed enrichment for Gene Ontology (GO) terms indicative of mature hepatocyte 

function related to the metabolism of xenobiotics, fatty acids, steroids and mitochondrial function (Fig. 

2B). 3767 of the 7305 differentially expressed genes (false discovery rate [FDR] = ≤ 0.001) between adult 

hepatocytes and HLCs were sub-optimally expressed in Stage 3B HLCs. Approximately one third (1270) 

of these were shared with fetal liver compared to adult hepatocytes (Supplementary Fig. S2). 

Proportions were similar when only considering transcription factors. Taken together, these analyses 

were reassuring that at a genome-scale our HLC differentiation was effective in producing hepatocyte-

like differentiation, and not transition to a range of alternative cell fates. However, we had also 

discovered large-scale under-representation of gene expression in HLCs compared to adult hepatocytes 

that aligned to key aspects of phenotypic maturity. 

Pathway analysis identifies signalling that is activated but under-represented in HLCs 

Rather than simply identify missing hepatocyte functions, we wanted to discover gene pathways that 

might be able to be manipulated to drive further maturation of HLCs towards adult hepatocytes. We 

reasoned three scenarios: some pathways at least partially activated in HLCs might require further 

upregulation; some pathways, active during HLC formation and early maturation, might require 

silencing; and other pathways might be down-regulated in HLCs but require upregulation in adult 

hepatocytes. Therefore, we applied the Canonical Pathways predictor function within Ingenuity Pathway 

Analysis (IPA) software on the genes differentially expressed between fresh adult hepatocytes (F_HEP) 
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and HLCs (Stage 3B), and between HLCs (Stage 3B) versus early HLCs (Stage 3A). Two findings were 

immediately apparent. Firstly, some pathways, such as acute phase response signalling, were not 

statistically different between HLCs and adult hepatocytes, suggesting maturation of some gene 

regulatory pathways is possible in vitro with current protocols. In contrast, other liver-specific pathways, 

such as the complement system, coagulation system, FXR/RXR activation and xenobiotic metabolism 

signalling, were upregulated during the formation and early maturation of HLCs, but were deficient when 

compared to adult hepatocytes (Fig. 3A). Both of these scenarios could be visualised by heatmap where 

acute phase response pathways in HLCs had profiles similar to adult hepatocytes (Supplementary Fig. 

S2A) whilst the latter were more similar to embryonic liver (Supplementary Fig. S2B-D). Some pathways, 

such as TGF-b signalling, activated during HLC formation and early maturation, are markedly inhibited in 

adult hepatocytes (Fig. 3B); and finally, other pathways, such as the LXR/RXR signalling, were significantly 

inhibited during HLC formation and early maturation, but are active in adult hepatocytes (Fig. 3C). These 

combined findings led us to hypothesize that manipulating these differentially active signalling pathways 

(particularly those with opposing expression patterns to adult liver) might improve HLC maturation.  

To look  in further detail at the pathways and how we might manipulate them, we applied the Upstream 

Regulator Analytic function within Ingenuity® Pathway Analysis (IPA®) software to those genes which 

were significantly over-expressed in adult hepatocytes versus HLCs (FDR <0.001) (Table 1A). This allowed 

us to impute the transcriptional regulators (TRs) PPARA, HNF1A, CEBPA and HNF4A, as ordered by p-

value. HNF4A was predicted to upregulate the largest number (665) of differentially expressed genes. 

The computation also allowed the identification of compounds having the same effect (Table 1C). 

Interestingly, dexamethasone was the most significant compound predicted to upregulate the largest 

number of differentially expressed genes (700), a synthetic glucocorticoid already widely used in HLC 

maturation steps, including our protocol. Amongst the new candidates, we identified the thyroid 

hormone L-triiodothyronine (T3), which was predicted to upregulate 158 genes sub-optimally expressed 

in HLCs compared to adult hepatocytes. We were attracted to this finding for a number of reasons: 

thyroid hormone is known to induce LXR expression in hepatic cells [30] and so it was consistent with 

our earlier identification of under-represented LXR/RXR signalling in HLCs compared to adult 

hepatocytes (Fig. 3C); both thyroid hormone and LXR are key regulators of lipid metabolism [31]; and 

GO terms for lipid metabolism (lipid homeostasis, fatty acid beta-oxidation and the glyoxylate 

metabolism) were all identified as missing in HLCs and are positive discriminators of an adult hepatocyte 

phenotype from the PCA (Fig. 2B). In agreement with this, GO and KEGG pathway analyses of the 158 

differentially expressed genes predicted to be targeted by T3 (Table 1C) identified many terms for lipid 

and cholesterol metabolic processes (Table 2A and B). The top KEGG pathway was PPAR signalling, in 

keeping with the observation that PPARA and PPARG are amongst the top transcriptional regulators of 

adult hepatocytes versus HLCs (Table 1A; 227 and 170 genes respectively). In rat, T3 increases hepatic 

glutamine synthetase (GS) activity [32], a marker of pericentral hepatocytes  particularly important for 

xenobiotic metabolism [33, 34]. For this combination of reasons, we carried T3 forward as a candidate 

for maturing HLC.  

The most significant imputed regulator for down-regulated genes in adult hepatocytes compared to 

HLCs re-identified TGFB signalling (Table 1B and Fig. 3B). TGFB was predicted to target nearly twice as 
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many differentially expressed genes (658) compared to the other identified factors (Table 1B). Since 

there are different isoforms of TGFB we examined their expression during HLC differentiation and in 

comparison to adult hepatocytes. TGFB3 was relatively unchanged between HLCs, fetal liver and adult 

hepatocytes (Fig. 4A). In contrast, TGFB1 and TGFB2 levels were considerably higher in HLCs compared 

to adult hepatocytes (14.7 and 35.5-fold, respectively). Similar fold changes (8.5 and 53-fold) were 

observed using data of PSC-derived HLCs from Du et al [22] (Fig. 4A). Interestingly, TGFB1 has been 

reported to down-regulate HNF4A expression in mice [35], consistent with our IPA analysis (Fig. 4B), and 

can also decrease HNF4A DNA binding in HEPG2 cells [36]. Therefore, alongside T3, we considered 

inhibition of TGFB signalling, most likely mediated through TGFB1 or TGFB2, as a good candidate to 

improve HLC maturation.  

ALK5i II and T3 treatments improve HLC maturation 

To inhibit TGFB signalling, we selected ALK5i II, a molecule that selectively targets TGFβRI kinase and 

inhibits signalling by all three TGFB isoforms. We added 5 µM ALK5i II either from hepatocyte 

specification Stage 3A onwards or only during hepatocyte maturation Stage 3B. As expected based on 

TGFB overexpression patterns (Fig. 4A), the latter was consistently the most effective, resulting in a 3.5-

fold increase in HNF4A mRNA levels (3.5-fold) and significant increases in the expression of many other 

genes involved in xenobiotic metabolism such as: CYP3A7 (2.1-fold), CYP1A1 (7.3-fold increased), 

CYP2C19 (5.5-fold), CYP2C9 (4.4-fold), Constitutive Androstane Receptor (CAR) (5.6-fold), and Pregnane 

X Receptor (PXR) (10.6-fold) (Fig. 4C). CAR and PXR both regulate CYP450 expression. PXR was identified 

earlier by heatmap as deficient in HLCs (Supplementary Fig. S3D). ALK5i II treatment did not alter 

expression of fetal hepatocyte markers, AFP and DLK1 but did increase albumin secretion 2.6 fold (Fig. 

4D).  

We next tested T3 (1 µM) in a similar manner from Stage 3A or during Stage 3B only. Broad 

improvements were observed. The timing of addition, either from Stage 3A or during Stage 3B only, was 

somewhat unimportant for a number of genes: HLF 8.3- and 5.7-fold, KLF9 3.7- and 2.9-fold, CEBPA 1.7- 

and 1.5-fold, CYP1A1 3.6- and 2.9-fold, and ADH1B 2.7- and 5.2-fold respectively for all (Fig. 5B). 

However, T3 treatment only for Stage 3B was required to increase expression of CYP3A4 (3.1-fold), 

CYP3A7 (2-fold), CYP2C19 (2.1-fold) and CYP2C9 (2.4-fold) and prevented the decrease in CAR 

expression. Neither treatment made a significant difference to HNF4A expression, as our IPA analysis 

predicted based on the relationship of T3 to the transcriptional regulators sub-optimally expressed in 

HLCs compared to adult liver (Fig. 5A). Albumin secretion during Stage 3B was increased 2.6-fold by T3 

(Fig. 5C). While ALK5i II made little difference, 1 µM T3 also seemed to increase Glutamine synthetase 

(GS) protein levels in HLCs (Supplementary Fig. S4). Collectively, these data indicate that inhibiting TGFB 

signalling and adding T3 during the final phase of HLC differentiation enhanced a range of parameters 

consistent with HLC maturity.  

ALK5i II and T3 also improve maturation in feeder-free hepatocyte differentiation protocols  

Encouraged by these data we wanted to test our new additives in a second, potentially improved 

protocol. To minimize cost and enable future clinical translation, HLC differentiation protocols will ideally 

need to exclude animal derived products, such as mouse embryonic feeder cells (MEFS) and fetal bovine 
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serum (FBS). Therefore, we developed a feeder-free hepatocyte differentiation method with a different 

ESC line (H9) based largely on Hannan et al., 2013 [11] (Fig. 6A). Cells were treated with 1 µM T3 and 5 

µM ALK5i II, alone or in combination, for different lengths of time (Stage 3.II or both Stages 3.I & 3.II, 

identical media components). Broadly, very similar results were observed compared to addition to our 

monolayer protocol albeit with larger fold change improvements (Fig. 6B-C). Treatment with 1 µM T3 

during Stage 3.II significantly increased transcript levels for CEBPA (92.1-fold), KLF9 (517.5-fold), HLF 

(95.4-fold) and HNF4A (47.6-fold) and for mature liver markers A1AT (88.2-fold), ALB (24.4-fold), CYP3A4 

(114.5-fold) (Fig. 6B). T3 treatment also increased CYP3A4 activity (13.1-fold and 5.3- fold respectively 

for Stages 3.I and 3.I-3.II; Fig. 6F), HNF4A protein levels (2.9-fold and 2.1-fold; Fig. 6G), and HLF protein 

(1.4-fold and 2.4-fold respectively; Fig. 6H). Treatment with 5 µM ALK5i II for the last Stage significantly 

increased transcript levels of CEBPA (11.6-fold), KLF9 (53.9-fold), HLF (104.8-fold), HNF4A (9.7-fold), 

A1AT (14.3-fold), ALB (14.1-fold), ADH1B (67.6-fold), CYP2C19 (28.5-fold), CYP2C9 (15.3-fold) and CAR 

(7.1-fold) (Fig. 6C). ALK5i II treatment also increased CYP3A4 activity (Fig. 6F), and HNF4A and CEBPA 

protein levels, but not HLF (Fig. 6G-I).  

Next, we tested the two factors in combination. Increased marker gene expression was retained at 

broadly similar levels to treatments in isolation (Fig. 6D), as was CYP3A4 activity, and HNF4A and CEBPA 

protein levels (Fig. 6G-J). Sequential treatment of T3 followed by ALK5i II had little or no additional 

benefit on gene expression (Fig. 6E), CYP3A4 activity (Fig. 6F) or transcription factor protein levels (Fig. 

6G-J).  

In summary, both inhibition of TGFB signalling and thyroid hormone improved HLC maturation in two 

different protocols when added to the last phase of differentiation. Improvements appeared more 

marked in the feeder-free protocol.  

Discussion 

In vivo, human liver maturation occurs over a period of several years and is thought to involve a complex 

and dynamic interplay between multiple cell types and temporally changing metabolic and xenobiotic 

challenges. It is therefore perhaps unsurprising that maturation of hepatocytes in stem cell derived 

protocols has been challenging. In this study, we compared the transcriptomes of cells during 

differentiation with those from primary human fetal liver and adult liver with the aim of identifying gene 

regulatory networks that might impact on the acquisition and/or maintenance of liver cell maturity. Our 

data revealed that gene regulatory pathways related to metabolism of xenobiotics, fatty acids, steroids 

and mitochondrial function were deficient in HLCs. We also observed that expression of HNF4A and 

CEBPA declined during the final phases of in vitro HLC generation of hPSCs. Both transcription factors 

are important for adult hepatocyte function and a prerequisite for liver development and adult liver 

regeneration [37, 38]. Computationally, we identified the inhibition of TGFB signalling and T3 as factors 

to enhance HLC maturity in vitro. Our findings that T3 can be used to promote hepatic maturation are 

consistent with other recent reports [39, 40].  Thyroid hormone was previously shown to both directly 

[41] and indirectly [42] upregulate CEBPA signalling and increases hepatic CEBPA and CEBPB levels in 

hypothyroid rats [43]. Thyroid hormone is also known to be important for hepatic fatty acid and 

cholesterol synthesis and metabolism [44]. T3 was shown to induce KLF9 in HepG2 liver cells, mouse 
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liver, and mouse and human primary hepatocytes [45], [46] and upregulates HLF [47] in HEPG2 cells. T3 

was also found beneficial in protocols to differentiate more mature pancreatic beta-cells [48]. Our data 

in HLCs are broadly compatible with these findings with T3 treatment of HLCs resulting in a significant 

increase in a broad range of hepatocyte maturity markers. The LXR/RXR pathway has been shown to 

regulate thyroid hormone activation [49], and both LXR and thyroid hormone receptors show similarities 

in molecular mechanism, target genes, and physiological roles [30, 31]. This potentially provides an 

explanation for why GO terms relating to the LXR/RXR pathway, lipid homeostasis, fatty acid beta-

oxidation and the glyoxylate metabolic process were all sub-optimal in non-T3 treated HLCs and 

discriminators of an adult hepatocyte phenotype.  

In contrast, we discovered that TGFB signalling was overactive in HLCs compared to adult hepatocytes, 

in keeping with a detrimental effect on HLC maturity. TGFB1 was previously shown to inhibit Hnf4a 

mRNA expression in mouse NMuMG cells [35] and to interfere with HNF4A function in HEPG2 cells [36]. 

Consistent with our bioinformatic predictions, treatment of HLCs with ALK5i II resulted in significant 

increases in transcript levels for mature hepatocyte-specific genes encoding CYP450 enzymes, nuclear 

receptors CAR and PXR. Increased albumin secretion and CYP3A4 activity were all observed. ALK5i II had 

no effect on the already low protein level of the biliary marker SOX9 in our HLCs. Therefore, it seems 

unlikely that its main effect was on altered hepatoblast fate choices known to be influenced by TGFB 

signalling in vivo [37, 50]. Instead, our observation of improvement during the last phase of two 

protocols strongly implies positive influence on hepatocyte maturation rather than differentiation.   

In conclusion, in this study we have delineated phenotypic deficiencies in HLCs compared to mature 

adult hepatocytes, consistent with the relative lack of key transcription factors, HNF4A and CEBPA. We 

deduced and demonstrated that the addition of T3 and ALK5i II could, at least in part, reverse important 

aspects of these phenotypic deficiencies and result in more mature HLCs in vitro. Addition during the 

final stage of the two differentiation protocols was sufficient to produce the beneficial effects in feeder-

dependent and defined feeder-free differentiation protocols and across different human pluripotent 

stem cell lines. Taken together, these data are encouraging and point to the substantial scope for further 

small molecules, metabolites and / or growth factors capable of fostering improvements in HLC function 

and maturity.  
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Supplementary Table S1. List of primers and antibodies   
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Figure 1. HLC differentiation mimics in vivo liver development  

(A) Original hepatocyte-like cell (HLC) differentiation protocol from Baxter et al. 2015. (B) Normalised 

RNA sequencing expression profiles for selected genes of interest at four stages of HLC differentiation. 

Coloured bars represent the biological replicate samples for each stage. RPKM, reads per kilobase of 

transcript per million mapped transcripts; ESC, embryonic stem cell; iMEFs, inactivated mouse 

embryonic feeder cells; FBS, fetal bovine serum; HCM, hepatocyte culture media; DE, definitive 

endoderm; HLC, hepatocyte-like cell. 

  

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 30, 2022. ; https://doi.org/10.1101/2022.04.28.489845doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.28.489845
http://creativecommons.org/licenses/by-nc-nd/4.0/


 
Supplementary figure S1. HNF4A promotor usage  

HNF4A annotated using the UCSC Human Genome Browser for Stage 1B (definitive endoderm-like), 

Stage 2 (hepatoblast-like), stage 3A (early hepatocyte-like cell (HLC)) and Stage 3B (HLC). Red boxes 

highlight the shift in usage of the P2 (developmental) promotor to the P1 (mature) promoter for 

HNF4A, between differentiation Stages. 
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Figure 2. Principle components analysis identifies adult liver-specific processes  

(A). Principle components analysis (PCA) of cell populations from the HLC differentiation process 

including additional datasets from Du et al. 2014 and Gerrard et al. 2016. The shaded area to the left 

hand side is to illustrate the hepatocyte and hepatocyte-like datasets typified by negative PC1 loadings. 

(B) Top 15 gene ontology (GO) terms associated with a negative principle component (PC) 1 loading (top 

panel) and a positive PC 2 loading (bottom panel).ESC, embryonic stem cell; HLC, hepatocyte-like cell.  
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Supplementary Figure S2. Adult liver-specific differentially expressed genes  

Venn diagrams of adult liver-specific differentially expressed genes (left: all genes and right: transcription 

factors only) between stage 3B hepatocyte-like cells (HLCs) versus fresh adult liver from Du et al. 2014 

dataset (blue) and stage 3B HLCs versus fetal liver from Gerrard et al. 2016 dataset (orange). HLC, 

hepatocyte-like cell 
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Figure 3. Identifying adult liver-specific canonical pathways to target 

(A) Top canonical pathways upregulated in adult hepatocytes compared to hepatocyte-like cells (HLCs) 

as well as upregulated during the attempted maturation of HLCs (Stage 3B) versus early HLCs (stage 3A). 

(B) Signalling pathways upregulated during the attempted maturation of HLCs but inhibited in adult 

hepatocytes. (C) Signalling pathways inhibited during the attempted maturation of HLCs but active in 

adult hepatocytes.   
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Supplementary Figure S3. Heatmap representation of adult liver-specific canonical pathways 

Normalised RNA sequencing expression profiles (log 10 RPKM values) for all Ingenuity Pathway Analysis 

listed genes involved in the canonical pathways (A) acute phase response signalling, (B) complement 

system, (C) coagulation system and (D) FXR/RXR activation,  from HUES7 embryonic stem cell (ESC) line 

hepatocyte-like cell (HLC) differentiation stages (green bar), primary liver samples including fetal liver 

(liver_Emb) from Gerrard et al. 2016 and fresh adult hepatocytes (F_HEP) from Du et al. 2014 and the 

transformed cell line HepG2, also Du et al. 2014, (red bar), and various non-liver fetal tissue from Gerrard 

et al. 2016, (purple bar). 
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Table 1. Upstream regulators of adult liver-specific genes 
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Table 2. GO terms and KEGG pathway analysis of adult liver-specific genes regulated by T3 
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Figure 4. TGFB inhibition during HLC differentiation improves hepatic maturation 

(A) Bar charts showing TGFB1, TGFB2 and TGFB3 transcript values (RNA sequencing) from hepatocyte 

like cell (HLC) differentiation stages from this investigation and from published HLC differentiation 

studies (ES_Hep), adult liver (both Du et al. 2014) and fetal liver/ Liver_Emb (Gerrard et al. 2016). (B) 

Schematic of the Ingenuity Pathway Analysis predicted relationships of TGFB1 with the adult liver-

specific transcription factors sub-optimally expressed in Stage 3B HLCs compared to adult liver. (C) Bar 

charts showing fold increase in mRNA levels of liver-specific genes of interest (quantitative PCR, n = 4- 

5) following TGFB inhibition through the use of 5 µM ALK5i II during hepatocyte specification Stage 3A 

onwards or hepatocyte maturation Stage 3B alone. Fold change versus vehicle control (indicated by 

dotted line). (D) Bar chart showing albumin secretion fold change in HLCs treated with 5 µM ALK5i II 

during Stage 3B compared to the vehicle control (ELISA, n = 6). Albumin values normalised to protein 

quantity of sample. Data are presented as mean + standard error of the mean (SEM); *p < 0.05, **p < 

0.01, using a Mann Whitney test. 
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Figure 5. T3 treatment of HLCs improves hepatic maturation 

(A) Schematic of the Ingenuity Pathway Analysis predicted relationships of Triiodothyronine (T3) with 

the transcription factors sub-optimally expressed in stage 3B hepatocyte-like cells (HLCs) versus adult 

liver. (B) Bar chart showing fold increase in mRNA levels of liver-specific genes of interest (quantitative 

PCR, n = 4– 6) following 1 µM T3 treatment during hepatocyte specification Stage 3A onward and 

hepatocyte maturation Stage 3B alone. Fold change compared to vehicle control (indicated by dotted 

line).  (C) Bar chart showing albumin secretion fold change in HLCs treated with 1 µM T3 during Stage 3B 

compared to the vehicle control (ELISA, n = 4). Albumin values normalised to protein quantity of sample. 

Data are presented as mean + standard error of the mean (SEM); *p < 0.05, **p < 0.01, using a Mann 

Whitney test. 
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Supplementary Figure S4. Glutamine synthetase Western Blot  

Western Blots against Glutamine synthetase on hepatocyte-like cells treated with 1 µM T3 during Stage 

3B, 5 µM ALK5i II during Stage 3B and vehicle control. Antbody against B-actin used as loading control. 

Data not quantified. 
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Figure 6.  ALK5i II and T3 treatment improves feeder-free hepatocyte differentiation 

(A) Feeder-free hepatocyte-like cell (HLC) differentiation protocol. (B-E) Bar charts showing fold increase 

in mRNA levels of liver-specific genes of interest (quantitative PCR, n = 4) following HLC differentiation 

treatment with (B) T3, (C) ALK5i II, (D) T3 and ALK5i II and (E) sequential addition of T3 followed by ALKi 

II during timed intervals of HLC specification and maturation (Stage 3). Duration of stage 3 treatment 

(3.II or 3.I and 3.II) highlighted by light and dark bars respectively. Fold change compared to vehicle 

control (indicated by dotted line). (F) Bar chart showing CYP3A4 activity (luciferase-IPA, n = 4) fold change 

in HLCs treated with 1 µM T3, 5 µM ALK5i II, 1 µM T3 and 5 µM ALK5i II and sequential addition of 1 µM 

T3 followed by 5 µM ALKi II during timed intervals of HLC specification and maturation (Stage 3), relative 
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to vehicle control (dotted line). (G-I) Bar charts showing fold increase in protein concentration of liver-

specific transcription factors (G) HNF4A, (H) HLF and (I) CEBPA following HLC differentiation treatment 

with 1 µM T3, 5 µM ALK5i II, 1 µM T3 and 5 µM ALK5i II and sequential addition of 1 µM T3 followed by 

5 µM ALKi II during timed intervals of stage 3 (n = 3-6). Fold change compared to vehicle control 

(indicated by dotted line). Relative protein concentration determined by (J) Western Blot image 

quantification, normalised to B-actin or a-tubulin. Data are presented as mean + standard error of the 

mean (SEM); *p < 0.05, **p < 0.01, using a Mann Whitney test. 
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