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Abstract

Primary human hepatocytes (PHHs) are used extensively for in vitro liver cultures to study hepatic functions. However,
limited availability and invasive retrieval prevent their widespread use. Induced pluripotent stem cells exhibit significant
potential since they can be obtained non-invasively and differentiated into hepatic lineages, such as hepatocyte-like cells
(iHLCs). However, there are concerns about their fetal phenotypic characteristics and their hepatic functions compared to
PHHSs in culture. Therefore, we performed an RNA-sequencing (RNA-seq) analysis to understand pathways that are either
up- or downregulated in each cell type. Analysis of the RNA-seq data showed an upregulation in the bile secretion pathway
where genes such as AQP9 and UGT1A1 were higher expressed in PHHs compared to iHL.Cs by 455- and 15-fold, respectively.
Upon immunostaining, bile canaliculi were shown to be present in PHHs. The TCA cycle in PHHs was upregulated compared
to iHLCs. Cellular analysis showed a 2-2.5-fold increase in normalized urea production in PHHs compared to iHLCs. In
addition, drug metabolism pathways, including cytochrome P450 (CYP450) and UDP-glucuronosyltransferase enzymes, were
upregulated in PHHs compared to iHLCs. Of note, CYP2E1 gene expression was significantly higher (21,810-fold) in PHHs.
Acetaminophen and ethanol were administered to PHH and iHLC cultures to investigate differences in biotransformation.
CYP450 activity of baseline and toxicant-treated samples was significantly higher in PHHs compared to iHLCs. Our analysis
revealed that iHLCs have substantial differences from PHHs in critical hepatic functions. These results have highlighted the
differences in gene expression and hepatic functions between PHHs and iHLCs to motivate future investigation.
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Introduction

Since their discovery, induced pluripotent stem cells
(iPSCs) have gained attention for their potential in various
applications for in vitro and in vivo applications, such as
organoids, toxicity and drug studies, disease modeling, and
regenerative medicine (Mora et al. 2017; Rowe and Daley
2019; Shi et al. 2017). iPSCs were discovered in 2006 by
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Takahashi and Yamanaka (2006). Since then, iPSCs have
been differentiated into neural, intestinal, liver, retinal,
cardiac, and muscle cells (Wills and Rajagopalan 2020).
Various protocols have been reported to differentiate iPSCs
into hepatocyte-like cells i(HLCs) (Kaserman and Wilson
2017; Krumm et al. 2022; Mallanna and Duncan 2013;
Sauer et al. 2014; Si-Tayeb et al. 2010; Song et al. 2009;
Takebe et al. 2013; Xu et al. 2018). The differentiation
protocols for iHLCs are based on procedures used to obtain
hepatocytes from embryonic stem cells (ESCs) (Kaserman
and Wilson 2017; Krumm et al. 2022; Mallanna and Duncan
2013; Sauer et al. 2014; Si-Tayeb et al. 2010; Takebe et al.
2013; Wills and Rajagopalan 2020). The first step is to
obtain the definitive endoderm through the addition of
Activin A and Wnt3a (Krumm et al. 2022; Mallanna and
Duncan 2013; Sauer et al. 2014; Si-Tayeb et al. 2010;
Takebe et al. 2013). Thereafter, cells are targeted toward
hepatoblasts, or immature hepatocytes, through the addition
of bone morphogenetic factor-4 (BMP-4) and fibroblast
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growth factor-2 (FGF-2) (Krumm et al. 2022; Mallanna
and Duncan 2013; Sauer et al. 2014; Si-Tayeb et al. 2010;
Song et al. 2009; Takebe et al. 2013). The hepatoblasts
are further matured to hepatocytes by adding hepatocyte
growth factor (HGF) followed by a mixture of oncostatin
M and dexamethasone (Kaserman and Wilson 2017;
Krumm et al. 2022; Mallanna and Duncan 2013; Sauer
et al. 2014; Si-Tayeb et al. 2010; Takebe et al. 2013; Xu
et al. 2018). Each of these steps leads to the development,
maturation, and functionality of hepatocytes (Kaserman and
Wilson 2017; Krumm et al. 2022; Mallanna and Duncan
2013; Sauer et al. 2014; Si-Tayeb et al. 2010; Song et al.
2009; Takebe et al. 2013; Xu et al. 2018). Other molecules
used for differentiation of iPSCs to iHLCs include VEGF,
EGF, TGF-a, and vitamin K (Kaserman and Wilson 2017;
Xie et al. 2021). Adding chemical cocktails is the most
common method for the maturation and differentiation of
iHLCs (Kaserman and Wilson 2017; Krumm et al. 2022;
Mallanna and Duncan 2013; Sauer et al. 2014; Si-Tayeb
et al. 2010; Song et al. 2009; Takebe et al. 2013; Xu et al.
2018). Other methods can include the addition of
small molecules (DMSO, valproic acid), different culture
systems (spheroids, scaffolds, organoids), and genetic
reprogramming (transcription factors and miRNAs) (Du
et al. 2018; Laudadio et al. 2012; Lauschke et al. 2016; Wang
et al. 2016; Xie et al. 2021). The generation of iHLCs is
typically confirmed by albumin expression, accumulation of
glycogen, urea synthesis, lipid metabolism, and expression
of cytochrome P450 (CYP450) enzymes (Kaserman and
Wilson 2017; Krumm et al. 2022; Mallanna and Duncan
2013; Sauer et al. 2014; Si-Tayeb et al. 2010; Song et al.
2009; Takebe et al. 2013; Xu et al. 2018). However, studies
have reported that iHLCs exhibit lower expression of
enzymes involved in metabolism and biotransformation
(Si-Tayeb et al. 2010; Song et al. 2009; Xu et al. 2018).

Traditionally, primary human hepatocytes (PHHs) are
considered to be the most relevant for in vitro liver investi-
gations (Godoy et al. 2013; Wills and Rajagopalan 2020).
However, disadvantages of these cells include invasive
retrieval, significant donor variability, and limited avail-
ability (Godoy et al. 2013; Wills and Rajagopalan 2020;
Zeilinger et al. 2016).

Genome-wide transcriptomic analyses have been con-
ducted to investigate the similarities and differences between
iHLCs and either the liver in vivo, PHHs, or hepatic cell
lines (Gao and Liu 2017; Gupta et al. 2021; Sjogren et al.
2014; Viiri et al. 2019). We first focused on reports that have
shown similar characteristics between iHLCs and mature
hepatic cells (Gao and Liu 2017; Gupta et al. 2021; Sjogren
et al. 2014; Viiri et al. 2019). Sjogren et. al. reported that
iHLCs were more similar to PHHs than Huh7 and HepRG
cells. Their results indicated a lower number of differen-
tially expressed genes involved in nine apoptotic pathways
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(genes not reported) (Sjogren et al. 2014). Another compre-
hensive gene expression analysis study compared iHLCs to
PHHs from six donors, as well as several cell lines includ-
ing HepRG, Huh7, HepG2, and HepG2/C3A (Gao and Liu
2017). The results indicated that iHLCs were more closely
related to PHHs compared to the hepatoma cell lines, except
HepRG, in drug metabolizing pathways, as determined by
principal component analyses (PCA) (Gao and Liu 2017).
While iHLCs have been shown to exhibit phenotypic char-
acteristics that emulate mature hepatic cells, significant
differences have also been revealed. The same study also
showed that CYP3A7, an enzyme expressed in fetal livers,
had a higher relative gene expression in iHLCs (11.9-13.4)
compared to PHHs (8.5) (Gao and Liu 2017). A qPCR
analysis of drug metabolizing pathways also showed that
the expression levels of CYP2EI and CYP3A4, two mem-
bers of the CYP450 enzyme family, in iHLCs were 0.2%
and 0.7%, respectively, of the PHH values (Sjogren et al.
2014). A transcriptomic analysis using RNA-sequencing
(RNA-seq) also compared iHLCs from two commonly used
differentiation protocols and PHHs (Viiri et al. 2019). This
study focused on long non-coding RNAs and transcription
factors involved in the differentiation pathways of iPSCs to
iHLCs (Viiri et al. 2019). Results showed that transcriptional
regulators such as RARG, E2F1, and FOXH]1, which are
involved in hepatocyte maturation, were downregulated in
iHLCs compared to PHHs, which could contribute to their
immaturity (Viiri et al. 2019).

To further understand the variations between PHHs and
iHLCs, we measured gene expression levels in each cell type
using RNA-seq data. We computed genes that were differen-
tially expressed between the two types of cells (Wang et al.
2009). Then, we investigated pathways that were upregulated
in PHHs compared to iHLCs as revealed by analysis of RNA-
seq data. We focused on specific genes involved in pathways
that contribute to differences between iHLCs and PHHs, such
as drug metabolism, hepatocyte phenotype, bile secretion, and
the citric acid cycle. To support the ‘omic data, we have vali-
dated the differences in gene expression with cellular analy-
sis. By understanding the transcriptomic differences between
iHLCs and PHHs, we provide a basis for reports of experi-
mentally observed differences in their functional capabilities.

Materials and methods

RPMI 1640, B-27 supplement, phosphate buffered saline
(PBS), Tris—HCI, ethylenediaminetetraacetic acid (EDTA),
ethanol (EtOH), bovine serum albumin (BSA), and TrypLE
were obtained from Thermo Fisher Scientific (Waltham, MA).
Gentamicin, collagenase, f-mercaptoethanol, Tris, sodium
dodecyl sulfate (SDS), 7-methoxy-4-trifluoromethylcoumarin
(MFC), 7-hydroxy-4-trifluoromethylcoumarin (HFC),
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p-glucuronidase/arylsulfatase, and acetaminophen (APAP)
were purchased from Millipore Sigma (St. Louis, MO).
Oncostatin M was obtained from R&D Systems
(Minneapolis, MN). Dexamethasone was purchased from
MP Biomedicals (Solon, OH).

Extraction of type 1 collagen

Collagen was extracted from rat tails as described in pre-
vious reports (Larkin et al. 2013; Orbach et al. 2017).
Briefly, tendons obtained from rat tails were dissolved
in acetic acid and were purified through centrifugation
at 13,000 x g. Collagen was precipitated with 30% (w/v)
sodium chloride and then dialyzed in 1 mM hydrochlo-
ric acid. The solution was sterilized with chloroform and
maintained at a concentration of 2.0-3.0 mg/mL at a pH
of 3.1. Each well of a 6-well tissue culture polystyrene
(TCPS) plate was coated with 0.5 mL of 1.1 mg/mL colla-
gen and allowed to gel for approximately 45 min at 37 °C.

Culturing iHLCs and PHHs

iHLCs (iCell Hepatocytes 2.0) were purchased from Fuji-
film (Santa Ana, CA). Cells were seeded at a density of

Fig. 1 a Assembly of collagen
sandwich hepatocyte cultures.
b Timeline for iHLC and PHH

(a)

Day 0 (iHLC) or Day 6
(PHH): Seeding

300,000 cells/cm? on collagen gels (1.1 mg/mL) and cul-
tured according to the manufacturer’s protocol. Culture
medium was changed every 24 h. Plating media consisted
of RPMI supplemented with Oncostatin M (10 pg/mL),
dexamethasone (5 mM), gentamicin (50 mg/mL), B-27
supplement (2% v/v), and iCell Hepatocytes 2.0 medium
supplement. Cells were maintained in maintenance media,
containing RPMI, dexamethasone (5 mM), gentamicin
(50 mg/mL), B-27 supplement (2% v/v), and iCell Hepato-
cytes 2.0 medium supplement, 5 days after seeding. iHLC
monocultures were maintained for up to 7 days prior to
conducting liver-specific testing. To assemble the collagen
sandwich (CS), a second layer of collagen (1.1 mg/mL) was
added 7 days after iHLC seeding (Fig. 1a). Spent culture
medium was collected every 24 h and stored at —80 °C until
analyzed. Cells were maintained at 37 °C in a humidified
environment at 5% carbon dioxide.

PHHs were obtained from Sekisui XenoTech (Kansas
City, KS). PHHs were cultured and maintained according to
the manufacturer’s protocol. PHHs were initially seeded on
collagen gels (1.1 mg/mL) at a density of 560,000 cells/well
for 6-well TCPS plates and 35,000 cells/well for 96-well
plates (Orbach et al. 2018). Briefly, cells were thawed in
manufacturer supplied OptiThaw media and plated in Opti-
Plate. From there, cells were maintained in OptiCulture. CS
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cultures were assembled 24 h post-seeding as previously
described (Fig. 1a). Spent culture medium was collected at
every 24 h and stored at —80 °C until analyzed. Cells were
maintained at 37 °C in a humidified environment at 5% car-
bon dioxide.

Extraction of RNA from PHHs and iHLCs

RNA extraction was conducted on cells when thawed
immediately after cryopreservation as well as from cultured
iHLCs and PHHs. The extraction was conducted on cells
of the same lot number and donor. The cells were mixed
with RNAprotect Cell Reagent (Qiagen, Hilden, Germany)
and stored until extraction. iHLC and PHH cultures were
detached from collagen-coated TCPS plates upon the addi-
tion of TrypLE and collagenase, respectively (Kim et al.
2010; Kim and Rajagopalan 2010; Larkin et al. 2013;
Orbach et al. 2018). After centrifugation and aspiration of
the supernatant, the remaining pellet was re-suspended in
RNAprotect Cell Reagent.

RNA extraction was conducted using the RNeasy Plus
Micro Kit (Qiagen) following the manufacturer’s protocol.
Briefly, cells were suspended in the RNAprotect Cell Rea-
gent, centrifuged, and re-suspended in RLT buffer supple-
mented with f-mercaptoethanol (14.3 M). The lysate was
homogenized using QIAshredder spin columns. The homog-
enized lysates were transferred to gDNA Eliminator spin
columns and the resulting solution was mixed with 70% v/v
ethanol. The solution was centrifuged through the RNeasy
MinElute spin column. Buffer RW1, Buffer RPE, and 80%
v/v ethanol were added sequentially to the spin columns. The
final RNA collection step was completed by centrifuging
RNase-free water through the spin columns. Samples were
stored at —80 °C until further analysis.

RNA-sequencing

The RIN value ranges for samples used in the present study
are shown in Table 1. Briefly, the total RNA was converted
for sequencing into a strand-specific library using Illumina
TruSeq Stranded mRNA HT Sample Prep Kit (Illumina,
San Diego, CA) and Illumina’s Next Seq/NovaSeq. The
cleaved RNA fragments were converted to cDNA using
reverse transcriptase and random primers and prepared for

Table 1 RIN ranges for samples

. Sample RIN range
used in RNA-seq measurements (> 3)
iHLCs, day O 9.6-9.8
iHLCs, day 9 9.7
PHHs, day 6 7.7-8.1
PHHs, day 9 7.5-1.9
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library enrichment. After 13 cycles of PCR, 15 individually
indexed cDNA libraries were pooled and sequenced on Illu-
mina NextSeq high Output 150 cycle kit to generate approxi-
mately 25 million paired-end reads.

Differential gene expression analysis

The RASflow workflow was used for the alignment, gene
counting, and differential gene expression analysis of the
RNA-seq samples. HISAT2 was used to align RNA-seq
reads against the GRCh38 cDNA transcriptome obtained
from ENSEMBL (Herrero et al. 2016; Kim et al. 2015;
Zhang and Jonassen 2020). Gene counting was performed
using the featureCounts program before applying PCA and
t-distributed stochastic neighbor embedding (t-SNE) for lin-
ear and non-linear dimensionality reduction, and ggplot2 for
hierarchical clustering to visualize the resulting gene expres-
sion matrix (Jolliffe 2002; Laurens van der Maaten 2008;
Liao et al. 2014; Wickham 2011).

Samples for RNA-seq analysis were collected from
iHLCs and PHHs on days 0 and 6, respectively, and on day
9 for both cell types. DESeq2 was used to perform differ-
ential gene expression analysis (Love et al. 2014). The pro-
cedure of Benjamini—-Hochberg was applied to adjust for
multiple hypothesis testing. Genes with false discovery rate
(FDR) adjusted p-values < 0.05 were selected as differen-
tially expressed. ClusterProfiler was used to identify KEGG
Pathways and Gene Ontology (GO) Biological Processes
enriched in each gene set (Harris et al. 2004; Yu et al. 2012).
Enriched terms with p-values < 0.05 were selected as over-
represented or under-represented in each comparison.

Administration of toxicants to iHLC and PHH cultures

APAP and EtOH were dissolved in hepatocyte media and
administered to cultures 24 h after CS models were assem-
bled (day 8). APAP was administered at 2.5 mM (LCs,
for humans, lethal concentration 50) and 5 mM (2 X LCy,
for humans), respectively (Klaassen 2013; Orbach et al.
2018). EtOH was also added at 80 mM (Y2 LC;, for
humans) and 160 mM (LCs, for humans) (Klaassen 2013;
Orbach et al. 2018).

Immunofluorescence measurements of iHLCs
and PHHs

iHLC and PHH cultures were fixed in a 2% (v/v) glutaral-
dehyde solution in PBS (1x). The cells were then sequen-
tially exposed to a 0.1% (v/v) Triton-X 100 solution in PBS
(1x) and a 1% (w/v) BSA/PBS (1x) blocking solution with
1.5% (v/v) goat serum. Intracellular albumin was identified
using a primary polyclonal sheep anti-human serum albumin
antibody (Abcam, Cambridge, MA) followed by incubating
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with a DAPI-conjugated secondary antibody (Thermo Fisher
Scientific). Bile canaliculi were identified using a primary
monoclonal mouse anti-human CD26 antibody (Thermo
Fisher Scientific) followed by a TRITC-conjugated second-
ary antibody (Abcam). Actin was stained with rhodamine
phalloidin (Thermo Fisher Scientific). Imaging was con-
ducted on a Zeiss LSM 880 confocal microscope.

Measurement of urea secretion

Spent culture medium was assayed for the secretion of urea
using a colorimetric BUN kit (StanBio Laboratory, Boerne,
TX) (Kim et al. 2010; Larkin et al. 2013; Orbach et al. 2017).
The urea concentration was determined through absorbance
measurements at 520 nm. A standard curve was developed
by diluting urea in hepatocyte medium.

Measurement of DNA

DNA measurements were performed using the Quant-iT
PicoGreen kit (Thermo Fisher Scientific). iHLCs and PHHs
were released from gels by treating cultures with TrypLE or
collagenase, respectively. Cell suspensions were collected,
pelleted, and re-suspended in a 0.1% (w/v) SDS solution con-
taining EDTA and Tris—HCI. Fluorescence was measured at
an excitation/emission wavelength of 480 and 520 nm, respec-
tively (Grant et al. 2019). A standard curve was generated by
diluting the provided Lambda DNA. The original sample were
diluted 10xin TE buffer prior to being assayed.

Measurement of the activity of cytochrome P450 2E1

Cytochrome P450 2E1 (CYP2EL1) activity was measured
24 h after toxicant administration (day 9) (Donato et al.
2004; Orbach et al. 2018). CYP2E1 enzymatic activity was
measured through the metabolic conversion of MFC to HFC.
Then, 10 pM of MFC was added to the cultures and allowed
to incubate at 37 °C for 1 h. The culture medium was col-
lected and combined with p-glucuronidase/arylsulfatase and
0.5 M acetic acid. The mixture was incubated at 37 °C for
2 h. An equivalent volume of a 0.25 N Tris in 60% ace-
tonitrile (v/v) was added to quench the reaction. The con-
centration of HFC was measured at an excitation/emission
wavelength of 410 and 510 nm, respectively, and compared
to a standard curve to calculate enzymatic activity.

Measurement of glutathione
Glutathione (GSH) was measured 24 h after toxicant

treatment (day 9) using the GSH-Glo Glutathione Assay
(Promega, Madison, WI). Cultures were incubated with

Luciferin-NT and glutathione S-transferase. Luciferin
detection reagent was added to generate a luminescent
signal which was compared to controls to determine
changes in GSH (Orbach et al. 2018).

Analysis of mitochondrial membrane integrity

Mitochondrial membrane integrity was measured using
the JC-1 Mitochondrial Membrane Potential Detection Kit
(Biotium, Fremont, CA). The cationic JC-1 dye (5,5",6,6'-
tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine
iodide) was added to the cell cultures 24 h after toxicant
administration (day 9) and incubated for 15 min at 37 °C.
Fluorescence was measured to determine the numbers of
both healthy (red; measured at an excitation/emission
wavelength of 550 and 600 nm, respectively) and damaged
(green; measured at an excitation/emission wavelength of
485 and 535 nm, respectively) cells. The ratio of red to green
determined changes in the mitochondrial membrane integ-
rity, with decreased ratios indicating mitochondrial damage
(Orbach et al. 2018).

Statistical analysis

All results are reported as mean + standard deviation; n rep-
resents the sample size. For the experimental analysis, sta-
tistical significance was determined using a two-tailed Stu-
dent’s t-test with @ =0.05. Unequal variance was assumed.
The Bonferroni correction was applied to adjust for testing
multiple hypotheses.

Results
Dimensionality reduction and clustering

The timeline for conducting RNA-seq analysis on different
cell types is shown in Fig. 1b. We performed hierarchical
clustering (Fig. 2a) and dimensionality reduction (Fig. 2b,
c) on the RNA-seq data (“Materials and methods” section).
We found that the samples first clustered by cell type and
subsequently, within each cell type, by timepoint (Fig. 2a).
These results indicate that there is a measurable difference
in gene expression between both cell types at these time
points. PCA and t-SNE analysis visually corroborated this
clustering (Fig. 2b, c). The first principal component (PC1)
accounts for 89% variance and the second component (PC2)
accounts for 8% in the data. PHH samples were substan-
tially separated from iHLC samples along PC1, suggesting
that this component correlated with cell type. On the other
hand, PHH samples on day 6 were separated from day 9
samples along PC2, as were iHLC samples on days 0 and 9,
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indicating that this component may correspond to the time-
point. Similarly, in the t-SNE plot, biological replicates at
each time point were clustered together within these groups
and were distinctly separate from samples for other days
and cell types.

Differential gene expression analysis
and functional enrichment

Encouraged by this result, we computed the genes that
were overexpressed in PHHs compared to iHLCs on day
9 (“Materials and methods” section). For this comparison,
there were a total of 9504 differentially expressed genes.
Functional enrichment analysis in this set of genes
(“Materials and methods” section) identified 51 pathways
(only 30 are shown) (Fig. 3) overrepresented in PHH samples
with a p-value below 0.05 (p <0.05). We further investigated
several of these enriched pathways and processes related to
hepatic functions.
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Bile secretion

Genes involved in bile secretion were upregulated in PHHs
compared to iHLCs on day 9. Of the 80 genes in the bile
secretion pathway, 44 were found to be upregulated in PHHs
(p <0.05). A major function of the liver is the production
of bile acids and their transport through bile canaliculi
(Arias et al. 2009). Cholesterol causes the synthesis of bile
acids, which aid in the absorption and clearance of lipids
and lipid-soluble vitamins and molecules (Detzel et al.
2011; Arias et al. 2009). Bile acids are transported and recy-
cled through the liver. Inhibition of this pathway can lead
to severe complications, such as gallstones and cholestasis
(Detzel et al. 2011).

UDP-glucuronosyltransferase (UGT) genes were upreg-
ulated in PHHs. Bile glucuronidation, conducted by UGT
enzymes, is an important step in the conjugation of bili-
rubin to allow for the formation of water-soluble mole-
cules (Barbier et al. 2009). Of note, UGT1A1, the primary
enzyme that glucuronates bilirubin to conjugated bilirubin,
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was elevated by 15-fold in PHHs (Liu et al. 2021). Aqua-
porin 9 (AQP9) was upregulated in PHHs by 455-fold. This
gene corresponds to a channel on the basolateral membrane
of hepatocytes, and facilitates transport of urea, water,
glycerol, and bile (Jelen et al. 2012; Marinelli et al. 2011).
ATP binding cassette coding genes (ABCB1, ABCGS,
ABCC2, ABCB4, ABCG2, ABCC3) were significantly
upregulated as well (p < 0.05). These ATP-dependent pro-
teins transport molecules across the hepatocyte membrane
and are involved in the metabolism of drugs and xenobiot-
ics (Chiang 2013).

We focused on two major enzymes involved in the choles-
terol metabolism cascade. CYP7A1, an enzyme found in the
endoplasmic reticulum membrane, catalyzes the initial reac-
tion in cholesterol metabolism to bile acids in hepatocytes
(Chiang 2013). This is the rate-limiting step in the catabolic
pathway (Chiang 2013). PHHs expressed 3.44-fold higher
CYP7A1 compared to iHLCs. BAAT, bile acid-CoA amino
acid N-acyltransferase, catalyzes the second step in bile-acid
production from cholesterol (Manley and Ding 2015). This
gene was upregulated in PHHs by 3.3-fold. The upregula-
tion of these enzymes suggests that the ability to metabolize
cholesterol in iHLCs may be lower than in PHHs. The gene
expression analysis was validated by immunofluorescence
measurements which show that bile canaliculi were present
only in PHHs (Fig. 4a, b). Bile canaliculi are responsible for
transporting bile on the apical side of hepatocytes (Arias
et al. 2009). ABCB4, ABCG5/8, and bile salt export protein
(BSEP or ABCB11) are three key genes that regulate and
are involved in the formation of bile and transport through
the canaliculi of hepatocytes (Kroll et al. 2021). BSEP is
expressed in both cell types. However, there is no statisti-
cally significant difference in expression (p>0.05). ABCB4
and ABCG5/8 are expressed 5.4-fold, 8.2-fold, and 5.4-fold
higher in PHHs compared to iHLCs. In addition, SLC51A,
SLC10A1, and SLCO1B3, members of the solute carrier
transporter family, import bile acids in hepatocytes (Kroll
et al. 2021). These three genes were upregulated in PHHs by
4.1-, 3.9-, and 41.4-fold higher in PHHs, respectively. The
lower expression of these proteins could explain the lack of
bile formation and, therefore, the absence of canaliculi in
iHLCs (Fig. 4c) (Kroll et al. 2021).

TCA cycle

The TCA cycle was upregulated in PHHs compared to
iHLCs on day 9 (p <0.05). Of the 29 genes in this KEGG
pathway, 19 genes were upregulated in PHHs. These genes
corresponded to five out of the eight steps involved in the
citric acid cycle (Table 2) (Akram 2014).

The most upregulated gene in the TCA cycle pathway was
PCK1 (phosphoenolpyruvate carboxykinase 1), the primary
regulator of gluconeogenesis (Rui 2014). Gluconeogenesis

can occur as a result of a low insulin-to-glucagon ratio
and by downstream signaling through cAMP pathways to
produce glucose (Rui 2014). PCK1 was elevated by 87-fold
in PHHs compared to iHLCs. This enzyme catalyzes the
formation of phosphoenolpyruvate from oxaloacetate,
derived from pyruvate (Rui 2014; Stark et al. 2009).
This enzyme also promotes the TCA cycle by removing
metabolic waste and contributing to pyruvate cycling, or the
production of pyruvate to make ATP for the cell by initiating
the citric acid cycle when glucose is low (Fig. 4d) (Montal
et al. 2019; Wang and Dong 2019). PCK1 expression is
regulated transcriptionally, post-transcriptionally, and post-
translationally (Xiang et al. 2023; Yu et al. 2021). However,
the most common mechanism is transcriptional regulation
(Xiang et al. 2023; Yu et al. 2021). Acetylation, ubiquitina-
tion, SUMOylation, and phosphorylation may also regulate
the activity of PCK1 (Xiang et al. 2023; Yu et al. 2021).
The translational regulation of rate-limiting enzymes, such
as PCK1, may contribute to the differences exhibited in the
gene expression and urea secretion in iHLCs compared to
PHHs.

In addition, OGDHL, or oxoglutarate dehydrogenase
L, was upregulated in PHHs by 63.5-fold. OGDHL also
downregulates protein kinase B (AKT) signaling cascades
(Madhunapantula et al. 2011). AKT signaling can be
coupled with phosphoinositide 3-kinase (PI3K) and the
mammalian target of rapamycin (mTOR), which is involved
in cell proliferation, migration, and protein and glucose
metabolism (Madhunapantula et al. 2011). The PI3K/AKT/
mTOR pathway is also involved in regulating glucose levels
(Madhunapantula et al. 2011).

The transamination of oxaloacetate produces aspartate
which reacts with citrulline to feed into the urea cycle
(Shambaugh 1977). We evaluated urea secretion as a metric
for PHH and iHLC function (Kim and Rajagopalan 2010;
Larkin et al. 2013). The experimental results show normal-
ized urea secretion in PHHs is 2- to 2.5-fold higher than in
iHLCs on days 8 and 9 in culture (p <0.05, Fig. 4e).

Hepatic biotransformation

The CYP450 family of enzymes are primarily responsi-
ble for biotransformation, an important liver function that
involves the metabolism of harmful toxicants and xeno-
biotics that enter the body (Wills and Rajagopalan 2020;
Arias et al. 2009). Although several CYP450 enzymes are
present in the liver, CYP3A4, CYP2C9, CYP2C19, CYP2D6,
CYP1A2, and CYP2EI are responsible for the majority
of drug and toxicant metabolism (Leung and Nieto 2013;
Wills and Rajagopalan 2020). Genetic polymorphisms in
these enzymes are responsible for the variability to drug
responses between individuals (Zanger and Schwab 2013).
The UGT enzymes are also responsible for drug as well as
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«Fig.3 a, b KEGG pathways upregulated in PHHs compared to
iHLCs on day 9. a Each row represents a KEGG pathway. The x-axis
corresponds to the fraction of genes in the pathway that are also dif-
ferentially expressed. The legend for the color and size of the circles
appears in the right of the panel. b Network of overlaps between
enriched pathways. Each node is a pathway, and each edge connects
pairs of pathways that overlap in differentially expressed genes. Node
color indicates the FDR-corrected p-value of enrichment for the cor-
responding pathways while node size reflects the number of genes in
the pathway

bilirubin metabolism and hormone degradation (Maruo et al.
2005). Polymorphisms in these enzymes can also contribute
to adverse reactions to several non-polar, lipophilic drugs
(Maruo et al. 2005; Rowland et al. 2013).

Three KEGG pathways related to biotransformation were
upregulated in PHHs compared to iHLCs on day 9 (Table 3).
Since the pathways had upregulated genes in common with
each other, we discuss the differential gene expression of
enzymes responsible for drug metabolism from all three path-
ways, with a focus on CYP450 and UGT enzyme families.

CYP450 enzymes

CYP450 enzymes are heme-containing proteins that catalyze
the metabolism of various xenobiotics, drugs, carcinogens,
steroids, eicosanoids, and vitamins (Arias et al. 2009; Zanger
and Schwab 2013). The metabolism of these compounds by
CYP450 enzymes can result in reactive metabolites which
can cause liver injury (Leung and Nieto 2013; Orbach et al.
2018; Arias et al. 2009; Zanger and Schwab 2013). The fold
changes in gene expression between PHHs and iHLCs of
CYP enzymes involved in the three KEGG pathways are
presented in Table 4. CYP1A2 is one isoform of the CYP1
family, which also includes CYP1A1 and CYP1B1 (Klein
et al. 2010). CYP1A2 metabolizes drugs, such as clozapine,
used in the treatment of neurological conditions (Klein et al.
2010). The gene expression level of CYP1A2 was 8254-
fold higher in PHHs compared to iHLCs. While the expres-
sion of 11 CYP enzymes was upregulated, we focused our
investigation on two toxicants metabolized by CYP2E1. We
specifically investigated CYP2E1 because it is the primary
enzyme involved in the metabolism of APAP and EtOH, two
common toxicants that can lead to significant liver damage,
and was shown to be upregulated 21,810-fold in PHHs com-
pared to iHLCs at day 9 (David and Hamilton 2010; Kuna
et al. 2018; Orbach et al. 2017, 2018). APAP is one of the
leading causes of acute liver failure in the USA and ethanol
can lead to a variety of liver diseases, including alcoholic
fatty liver disease, fibrosis, and death (David and Hamilton
2010; Orbach et al. 2017).

The activity of CYP enzymes, such as CYP2EIL, can
result in the production of reactive oxygen species (ROS)
(Lu and Cederbaum 2008). Although ROS are produced by

several reactions in the body, the build-up of these molecules
can cause severe damage to cells by denaturing proteins,
damaging RNA, DNA, and deactivating enzymes (Guo et al.
2013; Leung and Nieto 2013). Therefore, antioxidants such
as GSH prevent damage caused by ROS through enzymatic
and non-enzymatic mechanisms (Leung and Nieto 2013).
Generally, there is a balance between free radicals and neu-
tralizing molecules. When disrupted, an increase of ROS
causes a depletion of GSH, which leads to oxidant stress and
cellular damage (Orbach et al. 2018).

Mitochondria, peroxisomes, and smooth endoplasmic
reticulum (ER) are the three organelles in hepatocytes that
produce the most ROS (Leung and Nieto 2013). CYP2E1
is primarily located in the ER and mitochondria of hepato-
cytes (Neve and Ingelman-Sundberg 2000). The production
of ROS affects the mitochondrial respiratory chain, which
aids in the production of cellular ATP (Guo et al. 2013).
These free radicals directly damage the complexes involved
in the electron-transport chain in addition to proteins, lipids,
and DNA (Guo et al. 2013). This cascading effect can lead to
the damage of mitochondria by decreased transcription and
translation of mitochondrial proteins, increased permeability
of the organelle membrane, and the release of cytochrome C
and apoptosis (Guo et al. 2013) (Fig. 5a).

To further evaluate CYP2E]1 activity in PHHs and iHLCs,
we measured the formation of HFC when APAP and EtOH
were administered to cultures (Donato et al. 2004; Orbach
et al. 2018). Two concentrations of APAP, 2.5 mM (LCj,
for humans) and 5 mM (2 XLCs;), and EtOH, 80 mM (1/2
LCsy and 160 mM (LCs), were administered. For each
of the concentrations, there was a statistically significant
difference (p <0.05) in CYP2EI activity in PHHs com-
pared to iHLCs. The baseline CYP2E1 activity in PHHs
was 1.16x 107> + 0.321 x 10~ pmol/min/cell compared to
0.317x 107> + 0.00827 x 107> in iHLCs, representing an
approximate 3.7-fold change (Fig. 5b, c). CYP2E1 activity
in PHHs was 4.30-fold and 3.79-fold higher than in iHLCs
at 2.5 and 5 mM APAP, respectively. Similarly, after ethanol
administration, CYP2E1 activity for PHHs was 4.12-fold
and 6.20-fold higher than in iHL.Cs for EtOH concentrations
of 80 and 160 mM, respectively.

Regulation of CYP2EI occurs through transcriptional,
post-transcriptional, translational, and post-translation
mechanisms (Fig. 5f). However, activity of this enzyme most
commonly occurs due to post-transcriptional events (Novak
and Woodcroft 2000). For example, a study by Kocarek
et al. indicated that the CYP2E1 mRNA has high turnover
and is not immediately degraded upon translation (Kocarek
et al. 2000; Novak and Woodcroft 2000). The turnover is
translation dependent, indicating that the same mRNA strand
may yield high quantities of the protein (Kocarek et al. 2000;
Novak and Woodcroft 2000). The structure of the CYP2E1
mRNA can also affect protein synthesis (Kocarek et al. 2000;
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Table 2 Upregulated genes corresponding to enzymes in TCA cycle
in PHHs compared to iHLCs

Table4 CYP450 enzymes upregulated in the KEGG drug metabo-
lism pathways and the fold changes in PHHs compared to iHLCs

Enzyme corresponding to step in TCA cycle Fold-change

in PHHs vs.
iHLCs
ACO1/ACO?2 (aconitase) 1.990/1.891
IDH2/IDH3G (isocitrate dehydrogenase) 1.542/4.968
SDHB (succinyl-CoA dehydrogenase) 1.536
FH (fumarase) 2.073
MDH1/MDH?2 (malate dehydrogenase) 2.108/2.160

Novak and Woodcroft 2000). Proteinases that modify mRNA
and deplete the 5" UTR end resulted in increased CYP2E1
expression (Kocarek et al. 2000; Novak and Woodcroft 2000).
The poly(A) tail of the CYP2E1 mRNA and sequences in the
3" UTR sequence protect from RNase activity and degradation
(Kocarek et al. 2000; Novak and Woodcroft 2000). These
mechanisms may explain the drastic differences observed
between the activity and fold-change of CYP2E1 in iHLCs
and PHHs (Kocarek et al. 2000; Novak and Woodcroft 2000;
Orbach et al. 2018).

Mitochondrial membrane integrity was also studied to
understand the effects of CYP2E1 metabolism (Fig. 5d, e)
for cultures treated with APAP and EtOH (Orbach et al. 2018;
Sivandzade et al. 2019). A decrease in the JC-1 ratio is an indi-
cation of increased mitochondrial membrane damage (Orbach
et al. 2018). For both toxicants, the ratio was decreased in
iHLCs compared to PHHs; however, the difference was not
statistically significant (p <0.05). We also measured GSH
fold changes in APAP and EtOH-treated samples; however,
changes in GSH were statistically insignificant. The RNA-seq
analysis concluded that the GSTT1 gene, a glutathione trans-
ferase enzyme, had a 19,860-fold change in PHHs compared
to iHLCs. More investigation on glutathione depletion due to
biotransformation in each cell type is needed.

UDP-glucuronosyltransferase enzymes

UGT enzymes are involved in the metabolism of bilirubin,
hormones, and vitamins (Allain et al. 2020; Maruo et al.

Table 3 KEGG pathways involved in drug metabolism upregulated in
PHHs compared to iHLCs at day 9

KEGG pathway Upregulated genes/ p-value
total genes in
pathway
Metabolism of xenobiotics by 48/66 4.61x107°
CYP450
Drug metabolism—CYP450 43/61 1.81x1077
Drug metabolism—other 46/76 2.18x107°

enzymes

CYP450 enzyme Fold change in PHHs
compared to iHLCs
CYP2C9 36.362
CYP2El 21,810.944
CYP1A2 8254.906
CYP2A6 39,409.052
CYP2B6 18,165.926
CYP1Al 7.648
CYP2A7 1811.516
CYP2D6 494.059
CYP2S1 10.086
CYP2A13 36.722
CYP1B1 3.831

2005). Here, we report their upregulation in PHHs compared
to iHLCs with respect to the drug metabolism pathways. UGT
enzymes are involved in conjugation reactions in biotrans-
formation of toxicants and xenobiotics (Allain et al. 2020).
Glucuronidation reactions occur because of UGT enzymes,
where glucuronic acid is covalently linked to a substrate,
which neutralizes metabolic activity and aids in elimination
(Allain et al. 2020). UGT1A 10 was the most upregulated UGT
enzyme in the pathways with a 2618.5-fold change in PHHs
compared to iHLCs. UGT2B17 was differentially expressed
with a 679-fold change. More investigation of glucuronidation
reactions in iHLC drug metabolism is needed. In addition, the
versatility of these enzymes warrants further investigation on
their involvement in multiple pathways (Allain et al. 2020).

Actin organization

Hepatocytes require organized actin filaments to self-
assemble (Tzanakakis et al. 2001). The actin cytoskeleton
is usually confined to the peripheral regions in PHHs
(Fig. 6a) (Kim et al. 2010). However, the actin cytoskele-
ton in iHLCs was observed throughout the cross-section of
the cell (Fig. 6b). The dedifferentiation of hepatocytes can
result in the organization of actin stress fibers that span the
entire cell (Kim et al. 2010; Roy-Chowdhury et al. 2017).
PHHs have a 1.32-fold difference in the ACTB, the actin
gene, compared to iHLCs, which could explain the differ-
ence in the actin cytoskeleton.

Intracellular albumin expression
Albumin is used as a marker for hepatic maturation, specifically
in studies on the differentiation of iHLCs (Si-Tayeb et al. 2010;

Wills and Rajagopalan 2020). Based on immunofluorescence
images, the expression of intracellular albumin appears to be
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«Fig.5 a When ethanol and acetaminophen are administered to hepat-
ocytes, CYP2E1-mediated biotransformation can result in an increase
in ROS, which then causes a depletion of GSH and increases in apop-
tosis and mitochondrial membrane damage. After APAP and EtOH
administration to iHLCs and PHHs on day 8. Data is shown for day 9.
b CYP2EI activity measured by HFC formation after APAP admin-
istration; ¢ CYP2EI activity measured by HFC formation after EtCOH
administration; d red/green JC-1 ratio after APAP administration; e
red/green JC-1 ratio after EtOH administration. *p <0.05 relative to
the iHLC values for each respective culture model, n > 3. f Schematic
of different regulators of CYP2E1 enzymes in hepatocytes

similar between iHLCs and PHHs (Fig. 6¢c, d). The albumin
gene, ALB, is not differentially expressed between these cell
types, which could explain the experimental results.

Developmental pathways and transcriptional
regulators in iHLCs

The phenotypic and transcriptomic analyses in the present
study indicate that iHLCs have lower liver-related functions

(@)

compared to PHHs. We sought to determine if any develop-
mental pathways were upregulated in iHLCs compared to
PHHs on day 9. Functional enrichment analysis did not reveal
any such pathways in the KEGG database. However, the
Whnt signaling pathway in the GO database was significantly
upregulated at this time point (p <0.05) in iHLCs (Fig. 7).
The activation of this pathway is key in differentiating iPSCs
to the definitive endoderm, leading cells toward the hepatic
lineage (Krumm et al. 2022; Mallanna and Duncan 2013;
Sauer et al. 2014; Si-Tayeb et al. 2010; Takebe et al. 2013). In
addition, the Wnt pathway is activated during embryogenesis
and regulates hepatobiliary development as well as adult liver
regeneration (Perugorria et al. 2019). This pathway is active
when hepatocytes are not maintaining hepatic homeostasis
or when they may require additional maturation (Perugorria
et al. 2019).

In addition, transcription factors including FOXA3, ATF5,
CEBPA, FOXA1, GATA4, and GATAG6 were significantly
downregulated (p <0.05) between iHLCs and PHHs. These
transcription factors are reported to be highly expressed

©)

Fig. 6 Immunostaining of the actin cytoskeleton in a PHHs and b iHLCs on day 9. Immunostaining for albumin in ¢ PHHs and d iHLCs on day

9. Scale bars=50p m
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«Fig. 7 a, b GO pathways upregulated in PHHs compared to iHLCs on
day 9. a Each row represents a GO pathway. The x-axis corresponds
to the fraction of genes in the pathway that are also differentially
expressed. The legend for the color and size of the circles appears in
the right of the panel. b Network of overlaps between enriched path-
ways. Each node is a pathway, and each edge connects pairs of path-
ways that overlap in differentially expressed genes. Node color indi-
cates the FDR-corrected p-value of enrichment for the corresponding
pathways while node size reflects the number of genes in the pathway

during liver embryogenesis and regeneration (Du et al. 2014;
Nakamori et al. 2017; Xie et al. 2021). These transcription
factors further differentiate hepatoblasts to mature hepato-
cytes (Du et al. 2014; Nakamori et al. 2017; Xie et al. 2021).
In maturation protocols, such transcription factors have been
added to iHLCs by lentivirus plasmid infection to further
induce hepatic lineage (Du et al. 2014; Nakamori et al. 2017,
Xie et al. 2021). However, studies vary between which factors
effectively lead to maturation since some combinations have
resulted in varying phenotypes, rather than a homogenous
iHLC population (Du et al. 2014; Nakamori et al. 2017; Orge
et al. 2020; Xie et al. 2021).

Discussion

While iHLCs have potential for future in vitro liver stud-
ies, it is known that they do not exhibit the same levels of
hepatic functionality as PHHs (Viiri et al. 2019; Wills and
Rajagopalan 2020). In particular, the differences in their
transcriptional programs have not been studied in detail.
In this study, we present an RNA-seq analysis comparing
PHHs and iHLCs on day 9. Hierarchical clustering, PCA,
and t-SNE visualizations of the gene expression profiles
showed clear separation between these cell types, indicat-
ing that their transcriptional programs may be considerably
dissimilar. We used unbiased computational analysis to find
specific pathways that are differentially expressed between
the two cell types. We reported pathways that impact key
functions of hepatocytes, including bile secretion, the cit-
ric acid cycle, and biotransformation pathways. The tran-
scriptomic results were validated by cellular analysis, which
provides additional unique insights to understanding the dif-
ferences between iHLCs and PHHs. This study has reported
that iHLCs require additional maturation before they can be
used instead of PHHs. We have identified several genes that
are downregulated in iHLCs in comparison to PHHs that
may have contributed to the lower liver functions exhibited.
Additional maturation protocols may need to be utilized with
iHLCs in order for them to exhibit the same levels of hepatic
functions as PHHs. A potential route to mature iHLCs could
be the administration of growth factor cocktails to target the
downregulated genes. For example, FGF-19 could be added
to cultures to target the farnesoid X receptor (FXR) receptor

that leads to bile canaliculi formation (Jansen 2017). Oncos-
tatin M and dexamethasone may also be added to increase
CYP450 enzyme expression (Lindley et al. 2002; Xie et al.
2021; Zhang et al. 2012).

Since bile canaliculi are only present in PHHs but not
iHLCs, the absence could be explained by the lower expres-
sion of key enzymes in the bile formation, glucuronidation,
and cholesterol metabolism cascades. RNA-seq analyses from
polarized iHLCs on Transwell filters report the upregulation
of the FXR/retinoid X receptor pathways, involved in bile
acid metabolism, compared to non-polarized iHLCs (Dao Thi
et al. 2020). Bile acids are typically secreted from the apical
membrane of hepatocytes (Dao Thi et al. 2020). Other studies
have also shown that polarized iHLCs can lead to more bile
functions (Overeem et al. 2019; Ramli et al. 2020).

The lower expression of enzymes in the TCA cycle
could explain the differences observed in urea secretion
between the two cell types. With less enzymatic activity
in the TCA cycle, a lack of buildup of oxaloacetate could
yield lower transamination to aspartate, which feeds into
the urea cycle. The lower expression of OGDHL downreg-
ulates the PI3K/AKT/mTOR pathway, which is involved
in maintaining glucose metabolism (Madhunapantula
et al. 2011). Acetyl-CoA is derived from pyruvate, the
final product of the glycolysis pathway, and is a regulator
of both the TCA and urea cycle (Anand and Anand 1999;
Shambaugh 1977). Acetyl-CoA is also a regulator for car-
bamoyl phosphate synthetase 1, the enzyme that catalyzes
the first step in urea production (Anand and Anand 1999).
Without acetyl-CoA production, the urea cycle would be
halted as a result of lack of enzymatic regulation (de Cima
et al. 2015). Therefore, the lower gene expression of these
enzymes could explain why the urea secretion in iHLCs
was lower compared to PHHs.

It has been well established that iHLCs do not have the
same CYP activity as PHHs (Gao and Liu 2017; Sjogren
et al. 2014). There was a 3.8-39,409-fold change in CYPs
that were upregulated in the three biotransformation path-
ways investigated (Table 4). Interestingly, in our analysis,
CYP3A4 was not upregulated in PHHs compared to iHLCs.
CYP3A4 is the most abundant enzyme in the liver, metabo-
lizing antidepressants, antibiotics, steroids, and anti-HIV
agents (Viiri et al. 2019; Zhou et al. 2007). In the future, we
will conduct cellular measurements to determine if these
trends hold.

We focused our analysis on CYP2EI1, which was upregu-
lated in PHHs by a factor of 2.18 x 10* compared to iHLCs.
CYP2EI has been implicated in APAP and EtOH metabo-
lism, which have been widely studied in in vitro liver models
(Liu et al. 2005; Orbach et al. 2017, 2018). Since CYP2E1
activity was decreased in iHLCs, the lack of enzyme activity
may explain why there were no significant differences in the
JC-1 ratio. The cascading effect from this enzyme leads to
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mitochondrial damage and depletion of glutathione caused
by the production of ROS (Liu et al. 2005).

Gene expression of liver enzymes, specifically CYP450
enzymes, is idiosyncratic (Choudhury et al. 2017; Preissner
et al. 2013). More than 2000 single nucleotide polymorphisms
(SNPs) have been identified within CYP450 enzymes which
could contribute to vast differences in drug response and clear-
ance among individuals (Choudhury et al. 2017; Preissner
et al. 2013). For example, a SNP mutation in the CYP3A4
gene could result in reduced enzyme activity (Guttman et al.
2019). It could be possible that variations in differentiation
protocols contribute to differences in fold changes of certain
genes between studies. For example, Viiri et al. reported sig-
nificant differences in CYP1A1 expression in iHLCs derived
from protocols that used two different chemical cocktails
(Viiri et al. 2019). Genetic reprogramming, another differen-
tiation protocol, of iHLCs with FOXA?2 and HNF4a resulted
in unstable phenotypes (Orge et al. 2020). In addition, the
donor’s background can significantly impact gene expression
and phenotypic data during experimentation, which is also a
challenge when using PHHs for in vitro studies (Godoy et al.
2013). iHLCs can be derived easily from the skin, allowing
for multiple sustainable sources for potential patient-specific
toxicity studies (Shi et al. 2017). However, the results from this
study and others exhibit the significant differences in several
genes, pathways, and functions between iHLCs and PHHs,
indicating that these cells require significant maturation before
their widespread use (Gao and Liu 2017; Sjogren et al. 2014;
Viiri et al. 2019).

In the present study, only transcriptomic data conducted
with bulk RNA-seq was examined. Although, other ‘omic
data may also be investigated. Viiri et al. used GRO-Seq
to investigate differences in nascent RNAs including long
non-coding RNA, primary miRNAs, and transcription fac-
tor binding sites of all IncRNAs (Viiri et al. 2019). The
mRNA results from Virii et al. and the present study show
some overlap. For example, CYP2E1, CYP1A1, CYP1A2,
CYP2C9, and CYP2A6 were significantly upregulated in
PHHs in both studies (Viiri et al. 2019). In addition, we have
identified 13 UGT enzymes that were upregulated in PHHs
compared to iHLCs, which were also reported by Viiri et al.
(Viiri et al. 2019). Since iHLCs can be derived by various
methods and donors, additional ‘omics analyses could pro-
vide a deeper understanding of the differences between the
two cell types.

In addition to bulk RNA-seq methods, individual cell
differences in the transcriptomic programs of iHLCs and
PHHs have also been investigated using single cell RNA-
sequencing (scRNA-seq), which can be used to understand
heterogeneity of a population (Brazovskaja et al. 2019;
Chen et al. 2020; Nell et al. 2022; Shinozawa et al. 2021).
These studies differ in the ways they induce the differentia-
tion of iPSCs or progenitor cells into iHLCs, whether they
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incorporate iHLCs into organoids or not, or in their source
for PHHs. Nevertheless, they point to similar trends between
iHLCs and PHHs, especially the fact that protocols to create
iPSCs often yield cells with characteristics of fetal hepato-
cytes (Camp et al. 2017; Nell et al. 2022; Shinozawa et al.
2021; Wesley et al. 2022).

One study compared scRNA-seq measurements of human
liver organoids derived from storable foregut progenitors
(themselves induced from iPSCs) and PHHs (Shinozawa
et al. 2021). The organoids included hepatocyte-like cells
that were virtually identical to PHHs and non-parenchymal
cells (Shinozawa et al. 2021). However, half the cells were
in a state similar to hepatoblasts (Shinozawa et al. 2021).
scRNA-seq allows computation and comparison of the dif-
ferentiation and developmental trajectories of iHLCs from
hepatoblasts (Wesley et al. 2022). These analyses indicated
that while on day 14, iHLCs aligned with hepatoblasts,
their subsequent development diverged from that of hepato-
cytes (Wesley et al. 2022). These differences corresponded
to downregulation in iHLCs of genes involved in bile acid
transport, lipid metabolism, and xenobiotic metabolism
(Wesley et al. 2022). Another study that characterized
iHLCs and PHHs with scRNA-seq analyses found that popu-
lations of these cells formed distinct clusters in a PCA plot
(Nell et al. 2022), similar to our finding for bulk RNA-seq
data (Fig. 2b). Furthermore, iHLCs showed expression of
selected liver and intestinal genes within the same cells. In
contrast, the expression of intestinal genes was not detect-
able in PHHs (Nell et al. 2022).

After 48-72 h in monolayer culture, PHHs also
dedifferentiate and lose their key functions (Kim and
Rajagopalan 2010; Larkin et al. 2013). A CS assembly
has helped PHHs remain stable for up to a 2-week period
(Dunn et al. 1989; Kim and Rajagopalan 2010). However,
homeostasis of hepatocytes is maintained by cell-cell
signaling with other non-parenchymal cells (NPCs) of the
liver (Larkin et al. 2013; Roy-Chowdhury et al. 2017; Tegge
et al. 2018). We have previously showed that PHHs, when
co-cultured in a 3D model with other NPCs, including liver
sinusoidal endothelial cells (LSECs) and Kupffer cells,
exhibit enhanced functionality including urea and albumin
secretion and CYP activity (Godoy et al. 2013; Kim and
Rajagopalan 2010; Larkin et al. 2013; Orbach et al. 2017,
2018). In addition, a culture with these three cell types can
elicit a response to administered toxicants closer to what
occurs in vivo, creating a platform for further toxicity
measurements (Orbach et al. 2017, 2018).

In addition, the maturation of iHLCs could lead to their
use in liver models if these cells can exhibit hepatic func-
tions comparable to PHHs. Co-culturing iHLCs with other
cell types such as LSECs, human umbilical vein endothe-
lial cells, adipose-derived stem cells, and hepatic stellate
cells for longer periods of time in a 3D matrix have shown
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improved urea and albumin secretion, expression of hepatic
markers, protein secretion, bile canaliculi formation, and
CYP450 activity (Ardalani et al. 2019; Pettinato et al. 2019;
Wang et al. 2018; Xie et al. 2021; Zhu et al. 2021). However,
many of these are spheroid cultures which do not emulate
liver architecture (Ardalani et al. 2019; Pettinato et al. 2019).
These spheroids are also assembled with cellular ratios that
do not match in vivo conditions but are optimized for in vitro
culture instead (Ardalani et al. 2019; Wang et al. 2018).

Conclusions

The RNA-seq conclusions from this analysis correspond
with previous studies and experimental results. Our study
gives insight into the genome-wide transcriptomic anal-
ysis and the specific fold-changes of genes in differen-
tially regulated pathways between the two cell types. Our
study encourages targets of potential pathways that could
improve the functionality of iHLCs. There remains tre-
mendous potential to investigate how culturing iHLCs with
other NPCs in a 3D organoid that closely recapitulates
both cellular composition and architecture found in vivo
can enhance their maturation and hepatic functions.
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gen sandwich; CYP450: Cytochrome P450; ESCs: Embryonic stem
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