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In Vitro Pluripotent Stem Cell Differentiation
to Hepatocyte Ceases Further Maturation
at an Equivalent Stage of E15 in Mouse
Embryonic Liver Development
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Hepatocyte-like cells (HLCs) can be derived from pluripotent stem cells (PSCs) by sequential treatment of
chemical cues to mimic the microenvironment of embryonic liver development. However, these HLCs do not
reach the full maturity level of primary hepatocytes. In this study, we carried out a meta-analysis of cross-
species transcriptome data of in vitro differentiation of human PSCs to HLCs and in vivo mouse embryonic
liver development to identify the developmental stage at which HLC maturation was blocked at. Systematic
variations were found associated with the data source and removed by batch correction. Using principal
component analysis, HLCs from different stages of differentiation were aligned with mouse embryonic liver
development chronologically. A ‘‘unified developmental time”” (DT) scale was developed after aligning in vitro
HLC differentiation and in vivo embryonic liver development. HLCs were found to cease further maturation at
an equivalent stage of mouse embryonic day (E)13-15. Genes with discordant time dynamics were identified by
aligning in vivo and in vitro data set onto a common DT scale. These genes may be targets of genetic

intervention for enhancing the maturity of PSC-derived HLCs.
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Introduction

EPATOCYTES DERIVED FROM pluripotent stem cells
(PSCs) hold the potential of transforming the treatment
of many liver diseases. They may also serve as a virtually
unlimited cell source for drug toxicity and pharmacokinetics
studies [1]. By culturing PSCs in different combinations of
growth factors that mimic the biochemical environment
during embryonic liver development, they can be directed to
differentiate toward the hepatic lineage [2,3]. These differ-
entiated cells exhibit many functional characteristics of pri-
mary hepatocytes, including albumin secretion, certain
cytochrome P450 activities, and urea synthesis. Engraftment
of cells into animals has also been observed when trans-
planted under selective conditions [4—8].
However, despite the capability of expressing some hepatic
genes, the differentiated cells are regarded as ‘‘hepatocyte-
like” cells (HLCs), as many mature liver markers are either

not expressed or expressed at very low levels. The general
lack of maturity of HLCs was further revealed in a micro-
array transcriptome study showing that HLCs derived from
three separate laboratories were clustered distinctively from
primary hepatocytes [9]. Through functional activities and
proteomic analysis, it was clearly demonstrated that HLCs
were closer to fetal liver hepatocytes than primary hepato-
cytes [9,10].

Many approaches have been explored to enhance matu-
ration of HLCs, including the formation of tissue-like three-
dimensional (3D) structure [11,12], coculture of HLCs and
endothelial cells [12-14], the addition of small molecules
uncovered by screening [15-17], and overexpression of
certain transcription factors (TFs) [18-20]. Nevertheless, the
derivation of mature hepatocytes from PSCs is still elusive.
Although the lack of maturity of HLCs has been well rec-
ognized, the stage of embryonic liver development that
HLCs are equivalent to is not known. By identifying the
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developmental stage that HLC maturation is arrested at, one
can begin to devise strategies to overcome the genetic
roadblocks.

Human gestation occurs over 280 days compared to 20 days
for mouse. Although these processes differ in time scales, they
share similar progression through the different developmen-
tal stages (Supplementary Fig. S1A; Supplementary Data
are available online at www.liebertpub.com/scd). A typical
directed hepatocyte differentiation for both human and mouse
PSCs (hPSCs and mPSCs) lasts for about 20 days [21].

We hypothesize that the transcriptome data of in vitro
hepatic differentiation bear the characteristics of embryonic
liver development. We set out to align the transcriptome
data of different stages of HLC differentiation to those of
various gestation stages of embryonic liver development.
We will then identify the corresponding embryo develop-
ment stage that HLC differentiation is blocked at, and un-
cover the discordant gene expression between the in vitro
HLC differentiation and in vivo liver development that may
contribute to the differentiation block.

To better understand the genetics hurdles that need to be
addressed, we performed a comprehensive meta-analysis of
publicly available gene expression data sets along with our
own transcriptome data performed for this study. However,
the transcriptome data across different stages of liver de-
velopment are available only for rodents, but not humans.
We hypothesized that the transcriptome dynamics of em-
bryonic liver development between rodents and humans are
highly similar, and are performed cross-species and cross-in
vitro-in vivo analysis with the aim of aligning the human
hepatocyte-like cell (hHLC) differentiation and the mouse
embryonic liver development process onto a common scale
or a ‘“‘unified developmental time’’ (DT).

It has been reported that data obtained with different
measurement platforms can often bear systematic variations
and random errors [22-24]. The ComBat algorithm employs
empirical Bayes method to perform a location and scale ad-
justment by pooling information across each gene in every
batch to center the data to an overall grand mean [22]. This
technique can be applied to multiple batches of data sets and is
robust for small sample sizes to overcome the biasing that is
typically observed [22]. Other methods of batch correction
have also been reported. Some, such as the limma package in
R, were reported to give less ‘‘exaggerated’’ findings [25].

However, ComBat has been used often and shown to out-
perform the common batch correction techniques, including
distance-weighted discrimination, which uses a support vec-
tor machine-based approach [26], mean-centering (PAMR),
which relies on gene-based analysis of variance [23], and
surrogate variable analysis, which uses a combination of
single value decomposition and linear model analysis [24,27].
Hence, we used the ComBat algorithm to integrate tran-
scriptome data at different time points of hHLC differentia-
tions and mouse embryonic liver development.

In this study, we seek to identify the equivalent embry-
onic liver development stage of HLCs. Regardless of the
source and the protocol used, HLCs stop the maturation
process at the same stage. We also identified genes that have
different expression dynamics between in vitro differentia-
tion and embryonic liver development. To the best of our
knowledge, this is the first described meta-analysis of highly
heterogeneous transcriptome data from human and mouse.
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This study gives further clues for advancing directed dif-
ferentiation of PSCs to hepatocytes.

Materials and Methods
Human embryonic stem cell culture

The human embryonic stem cell (hESC) line H9 was cul-
tured using 80% Knockout™ Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco/BRL, USA), supplemented with
20% Knockout Serum Replacement (Gibco), 2.0 mM gluta-
mine, 1Xnonessential amino acids (Gibco), 55uM PB-
mercaptoethanol, and 10 ng/mL basic fibroblast growth factor
(FGF2). The cells were cultured on irradiated E13-14 CF-1
mouse embryonic fibroblasts (Charles River Laboratories,
Wilmington, MA) at 37°C in 10% CO,. The cells were pas-
saged after they reached 70%—80% confluency using 0.1%
(w/V) collagenase type IV (Gibco) in Knockout DMEM.

Hepatocyte differentiation

H9 and mouse induced plurigotent stem cells (miPSCs)
were passaged onto 2% Matrigel  -coated plates in mMTESR™
medium (Stem Cell Technologies) for 24 h or until 50%-70%
confluency. Differentiation was initiated by switching to a
differentiation medium, which consisted of 60/40 (v/v) mix-
ture of low glucose DMEM (Gibco) and MCDB-201 (Sigma),
supplemented with 26 pg/mL ascorbic acid 3-phosphate
(Sigma). 2.5 pg/mL linoleic acid, 0.25 mg/mL bovine serum
albumin, insulin-transferrin-selenium (Sigma) (2.5 pg/mL
insulin, 1.38 pg/mL transferrin, and 1.25ng/mL sodium
selenite), 0.4ug/mL dexamethasone (Sigma), 4.3 pg/mL
B-mercaptoethanol (Hyclone), 100 TU/mL penicillin, and
100ug/mL streptomycin (Gibco). Two percent (v/v) fetal
bovine serum albumin (Hyclone) was added to the media for
the first 6 days and then 0.5% (v/v) for the remaining 14 days.
The differentiation medium was supplemented with stage-
specific growth factors and cultured at 21% O, and 5% CO,
following a previously published study [2].

Data sets

The source of human and mouse data sets are listed in
Supplementary Tables S1 and S2, respectively. The human
data set consisted of transcriptome of different hESCs dif-
ferentiating to hepatocytes, including HLCs generated using
various protocols, two time course data from different pro-
tocols (Hu/Duncan) [3,28-31], HLCs in 3D spheroids [11],
liver organoids generated through coculture of induced plu-
ripotent stem cell (iPSC)-derived HLCs and mesenchymal
and endothelial cells [12], and induced hepatocytes (iHEPs)
generated through direct reprogramming of fibroblasts to
HLCs by hepatic TF transduction [32]. Also included were
primary human hepatocytes (PHHs) (pooled messenger
RNA after 1 day of culture), fetal liver (18 weeks of gesta-
tion) and adult liver. Transcriptome data of mouse embryonic
liver development (E9.5 to postnatal) include CD45™ Ter119~
liver cells from C57/BL6/Tg mice embryos and whole livers
from C57/B6 mice embryos [12,33].

Microarray sample processing

Total RNA was extracted at different stages during hPSC
and mPSC differentiation to HLCs using the RNeasy Mini Kit
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(Qiagen). Differentiating hESC (H9, HSF6) samples were
hybridized to the Illumina HT12 bead array v3 (Illumina,
Inc.), HES3 samples were hybridized to Human Genome
U133 v2 array (Affymetrix), and the miPSC-derived samples
were hybridized to the WG-6 v2 (Illumina) array.

Data analysis

Global analysis to elucidate trends in the data was per-
formed using hierarchical clustering, principal component
analysis (PCA), and non-negative matrix factorization
(NMF). Before subjecting the data to batch correction, genes
with static expression profiles in the data set were removed.
Only those genes changing greater than fourfold across any
timewise comparison were retained in the global analysis.
All analysis was carried out in the statistical software, R.
Briefly, the VirtualArray package in R was used to obtain
Probe IDs among different samples from different micro-
array platforms [34]. The BioMart package in R was used to
convert probe IDs to common ENSEMBL IDs among the
different platforms in the expression data set [35]. Further
details regarding each statistical analysis as well as the
treatment of data sets of hHLC/mouse hepatocyte-like cell
(mHLC) and mouse embryonic liver from the meta-analysis
are described more in detail in the Supplementary Materials
and Methods section.

Results

Compilation of human in vitro hepatic
differentiation data

hESCs were differentiated toward the hepatic lineage using
a four-stage hepatic differentiation protocol (Supplementary
Fig. S1A). The transcript of hepatic markers, HNF4A, AFP,
ALB, CYP3A4, AAT, and TAT, increased significantly by the
end of the differentiation (Supplementary Fig. SI1B). Im-
munohistochemistry reveals that a majority of cells were
positive for endodermal marker FOXA2 by day 6. Hepatic
markers HNF4A, AAT, and ALB were prominent in cells by
day 20 (Supplementary Fig. S1C). The high transcript ex-
pression of AFP, which is low in primary hepatocytes, sug-
gests the fetal nature of hHLCs derived from PSCs. Samples
over the course of the differentiation on days 6, 10, 14, and 20
(labeled D6_H, D10_H, D14_H, and D20_H, respectively)
were collected for transcriptome assay.

The transcriptome data, along with another set of hHLC
differentiation [36], and additional data from the public
domain were combined together to increase the data diver-
sity (the sources and references along with sample annota-
tions are listed in Supplementary Table S1). One data set
consisted of multiple time points over the course of differ-
entiation from hPSCs to hHLCs (Duncan) [28], while the
others consisted of hHLC samples obtained using various
differentiation methods. This compilation resulted in a total
of 17,683 genes that were common among all the data sets
based on ENSEMBL ID.

Batch correction of human in vitro data

Batch correction was performed on the hHLC in vitro data
set to remove the systematic bias caused by the heterogeneous
samples and platform sources. The effect of batch correction
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is visible after performing hierarchical clustering of the dif-
ferent samples before and after batch correction. Without
batch correction, samples obtained from each study clustered
together, as seen in Supplementary Figure S2. After batch
correction, samples based on their similarity in differentiation
stages clustered together, regardless of the study it came from,
suggesting the removal of batch effects (Fig. 1A).

Samples from a similar differentiation stage for both of the
time series studies (Hu/Duncan) clustered together, indi-
cating a similar progression through the differentiation stages
in different protocols. However, the hHLC data from all
sources consistently clustered separately from tissue samples
of fetal and adult liver samples, confirming the immaturity of
these cells.

NMF analysis was performed to separate the hHLC data set
into three clusters (Fig. 1B). The optimal number of clusters,
three, was determined by the highest cophenetic coefficient
obtained (Supplementary Fig. S3). The smallest cluster con-
sisted of mature hepatic samples from liver tissue and primary
hepatocytes, and the other two clusters consisted of samples
from early (D4-10) and late differentiation (D14-20) stages.
Only two hHLC samples [11,31] were grouped separately
in the mature cluster. The grouping of early and late dif-
ferentiation samples was remarkably similar between NMF
and hierarchical clustering. Notably, samples in similar dif-
ferentiation stages from the two differentiation time series
studies (Hu/Duncan) were clustered together.

We used Database for Annotation, Visualization, and
Integrated Discovery (DAVID) to probe the functional class
of the 967 metagenes identified from the NMF analysis
(Supplementary Table S3) [37]. Genes associated with the
clustering of early differentiating cell states (D4-10) were
involved mainly in developmental processes, while those
associated with late differentiation states (D14-20) were
mainly involved in cell differentiation, adhesion, extracel-
lular matrix reorganization, epithelial specification, and drug
response. The metagenes classifying fetal and adult liver
tissue were involved in mature liver functions, including
CYP450 drug detoxification, electron carrier activity, and
carbohydrate metabolism, among many others.

Thus, the two unsupervised classification methods, hier-
archical clustering and NMF, classified the batch corrected
human transcriptome data into similar groups based on the
functional relevance of gene expression patterns. This gives
credence to the data processing method we adopted for
batch correction to further carry out the meta-analysis.

Alignment of human in vitro data
along a differentiation scale

The batch corrected transcriptome data of the hHLC data
set was subjected to PCA. Two principal components, PC1
and PC2, captured 90% of the data variance, suggesting that
two components were sufficient to display the variability
within the transcriptome data of the samples. When plotted,
all samples, starting from endodermal cells to hHLCs, were
observed to align chronologically along an arc, while pri-
mary hepatocytes and adult liver were in the high PC2 re-
gion (Fig 1C). The samples from the time series studies (Hu/
Duncan) both aligned from left to right in chronological
order based on the differentiation stages. All hHLC samples,
regardless of the laboratory and protocol used, aligned
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FIG. 1.

PC2

Clustering of in vitro human differentiation data after batch correction. (A) Hierarchical clustering of samples at

different stages of differentiation. The colors represent different sources of data. See Supplementary Table S1 for sample
annotation. (B) NMF on human in vitro data after batch correction. All the samples clustered into three distinct groups of
early, mid, and late stages of differentiated cells. (C) PCA. The samples aligned according to their differentiation status in
the principal component space, starting with endodermal cells followed by HLCs, and the most mature cell types to the far
right. The colors represent the different stages of the samples and the shapes represent the different sources of the data.
HLCs, hepatocyte-like cells; NMF, non-negative matrix factorization; PCA, principal component analysis; PHHs, primary
human hepatocytes. Color images available online at www.liebertpub.com/scd

within a narrow region in the principal component space,
suggesting that they all have a similar degree of hepatocyte
maturity.

Alignment of the transcriptome of rodent fetal liver
development

The data processing pipeline described for the human data
sets was used to process the data set of mouse embryonic
liver development. The data set compiled from 47 samples
across the development of 2 strains of mice was batch
corrected [12,33]. A total of 16,415 genes were common
across samples based on ENSEMBL ID.

Hierarchical clustering, NMF and PCA, was conducted on
the data set. Similar to the observation made before, batch
correction removed the bias arising from different platforms
and sources (Fig. 2A; Supplementary Fig. S4). Clustering of
the samples into two clusters was most optimal, as assessed
by the cophenetic coefficient (Supplementary Fig. S5). NMF
classified the batch corrected data set into two groups, early
and late development, which was in line with the hierarchical
clustering results (Fig. 2A, B). When the data were subjected
to PCA, the first two principal components captured >90%
of the data variance. As was seen for the hPSC-HLC time
series, we found that the mouse embryonic liver develop-
ment samples lined up chronologically in order of their
developmental stages (Fig. 2C).

From the NMF and PCA analysis, the samples seemed to
be grouped into an early (E9.5-E14.5) cluster and a late

(E15.5-E19.5) cluster. This classification agrees with our
understanding of liver development, where the E14.5 stage
represents a transition from primarily hematopoiesis to he-
patocyte maturation [38]. Functional analysis on the 129
metagenes obtained from the NMF grouping confirmed that
genes related to liver functions were key in the grouping of
samples (Supplementary Table S4).

Integration of mouse in vitro differentiation
and in vivo development data

Transcriptome data of a time course analysis of miPSCs
differentiating to HLCs [21] and murine fibroblasts being
reprogrammed to iHEPs [39,40] were also compiled and in-
tegrated with the mouse embryonic development data sets by
batch correction. Again, batch correction removed the bias of
platforms, sources and in vitro/in vivo contrast. These com-
bined data were then subjected to PCA. On a plot of PC1
versus PC2, the in vitro differentiation data and in vivo de-
velopment data can be seen to line up along an arc based on
the maturity of the samples, just like the hHLC data (Fig. 3).

The miPSC differentiation data aligned chronologically
along E9.5-E15.5 of mouse liver development, while the
data points for mouse embryonic liver development beyond
E15 continue to spread to the region with higher values of
PC2. The results suggest that the miPSC-HLCs and mouse
induced hepatocytes (miHEPs) acquired a differentiation stage
equivalent of ~E13.5-E15.5 stage and still lack the maturity
of fully developed prenatal E19 and postnatal liver.
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FIG. 2. Clustering of mouse embryonic development data after batch correction. (A) Hierarchical clustering grouped
different developmental data into early and late stages of development. (red): isolated CD34™ Ter119™ cells from fetal liver
(12), (blue): cells from a whole liver (33). (B) NMF on mouse embryonic development data [biological replicates from (A)
were averaged] separated the mouse data into two groups of early and late stages of development. (C) PCA aligned samples
[biological replicates from (A) were averaged] according to their developmental stage in the principal component space.

Color images available online at www.liebertpub.com/scd

Alignment of mouse in vivo and human in vitro
developmental paths

We next integrated the hHLC differentiation data with mouse
embryo development data by orthologous genes through com-
mon homologous identifiers using the BioMart database pack-
age in the statistical program, R. This resulted in a master data set
with 14,312 genes. Batch correction was performed on the
combined data set to eliminate the batch effects within the
samples from different species and in vitro and in vivo samples.

PCA analysis was performed on the integrated data set of
hHLC differentiation and mouse embryonic liver develop-
ment. The data points of mouse and human aligned along the
same arc, and lined up in order of their development or hHHLC

differentiation stages, respectively (Fig. 4). From the align-
ment, the corresponding stages of hHLC differentiation and
mouse embryo development can be deduced. hPSC-derived
endodermal cells were aligned with E9.5-E10.5 samples, and
the majority of fully differentiated hHLCs were aligned with
E13.5-E15.5 of mouse development. These results strongly
indicate that hHLCs derived from hPSCs are more similar to
the mouse ~E14-E15 stage of in vivo development.

Comparison of HLCs with mature cells to find
differentially expressed genes

The transcriptome of our day 20 hHLCs and mHLCs was
separately compared to their mature counterparts (PHHs and
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studies (see Fig. 2). Human in vitro differentiation data are represented by color according to their differentiation state. En-
dodermal cell, hepatic progenitor cell, and HLC samples are in green, purple, and blue, respectively. The circles, squares, and
triangles correspond to samples from references [3,28,31,36]. Color images available online at www liebertpub.com/scd

E19.5 mouse liver, respectively) using Significance Analysis
of Microarray (SAM-R) in R (where the criteria of ¢ <0.05
and fold change >4 were imposed) to identify differentially
expressed genes. One hundred twenty-seven genes were

PHHs. Functional analysis on the 127 differentially ex-
pressed genes using DAVID revealed that processes in-
volved in CYP450 drug metabolism, carboxylic acid, amine
and lipid metabolism, and complement and coagulation

identified as differentially expressed between hHLCs and cascades were enriched [37].
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Among the 127 differentially expressed genes, 42 were
common between the human and mouse analyses, which
are shown in Figure 5 and listed in Supplementary
Table S5. Mature hepatocyte genes that were expressed at
low levels in HLCs of both species included metabolic genes,
such as G6PC and FBP1, and the cytochrome P450 enzymes,
CYP3A4 and CYP2(C9, indicating the lack of maturity in the
metabolic profile of HLCs.

Expression profile comparison on a DT scale

The alignment of hHLC differentiation and mouse em-
bryonic liver development data on a common coordinate grid
allowed us to compare the two series of developmental events
along a common “‘time”” scale. We treated the arc formed by
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those data points as a common developmental path. Using
the first point (E9.5) as a reference point, the distance of a
sample from the reference point along the developmental
path can be taken as a “‘unified developmental time (DT).”
A higher value of DT indicates a higher maturity for that
sample. The PC2 value of the two time series data of hHLC
differentiation (Hu/Duncan) and all the mouse development
data (from Fig. 3) was plotted on the DT scale (Fig. 6A).
The hHLCs showed a progressive movement along the
DT to ~0.4 (equivalent to ~E15.5) by the end of the
differentiation.

With hHLC differentiation and mouse embryonic liver
development on the same DT scale, the similarity or
difference in the expression dynamics of any gene can be
systematically compared. While some hepatic markers
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(eg, AFP) showed similar trends between human in vitro
and mouse in vivo data, others showed inconsistent trends.

Dynamic differential expression analysis using Pearson
correlation, Spearman’s coefficient, and Euclidian distance
(PSE) was performed to identify the dynamically differen-
tially expressed genes between mouse development and in
vitro differentiation. The Pearson correlation coefficient
measures the linear correlation, while the Spearman’s co-
efficient measures the monotonic relationship between two
variables. Briefly, the threshold criteria were set for Pearson
and Spearman coefficient <-0.8 and Euclidean distance
2p+20, where further details on the criteria imposed are
described in the Supplementary Materials and Methods
section. The genes fulfilling the PSE criteria were plotted
and visually inspected for both human in vitro differentia-
tion and mouse development (Supplementary Fig. S6).

Functional analysis and dynamically differentially
expressed gene

One hundred ninety-seven genes were found to be dynam-
ically differentially expressed between hHLC differentiation
and mouse embryonic liver development (Supplementary
Table S6), including 11 TFs (Fig. 6B), 7 transporters, and 33
other cell surface markers. The major functional classes/path-
ways involved from the 197 genes identified by the DAVID
tool [37] included developmental process, organ development,
and cell adhesion as shown in Supplementary Figure S7.

Using the same PSE criteria as before, we identified 141
dynamically differentially expressed genes between mouse
embryo liver development and mHLC differentiation (Sup-
plementary Table S7). One hundred one of the 141 genes were
common with the 197 genes found in the previous compari-
son between hHLC differentiation and mouse embryo devel-
opment. (These genes are marked with * in Supplementary
Table S7). The major functional classes/pathways involved
from the subset of 101 genes also included developmental
process, embryonic morphogenesis, and cell-cell adhesion.
This is consistent with the results found previously between
hHLC differentiation and mouse embryo development.

Among the 101 consistently discordant genes between
mHLC and hHLC are a number of TFs regulating organ
development, including HANDI, PITX2, ALXI, CDX2,
TSHZI, and SNAI2. They are found to be highly expressed
in the early stages of mouse liver development and subsided
after E15, but their transcript levels during hPSC differen-
tiation followed an opposite trend and remained high in
hHLCs (Fig. 6B).

We also confirmed the dynamics of the identified differ-
entially expressed TFs, using quantitative reverse transcription-
polymerase chain reaction (QRT-PCR) over the course of
differentiation (Supplementary Fig. S8). ALX] is involved in
forebrain development [41], and CDX2 plays a role in lineage
segregation of the inner cell mass and trophectoderm [41,42],
as well as intestinal fate and epithelial mesenchymal signal-
ing [43]. HANDI regulates embryonic cardiac development
[44], PITX2 participates in limb development [45,46], SOX9
in pancreatic and bile duct development [47], SNAI2 in epi-
thelial-mesenchymal transition (EMT) [48,49], and TSHZI in
pancreatic cell development and maturation [50]. We exam-
ined the TF binding sites in the promoter regions of the dy-
namically differentially expressed genes (http://genome.ucsc
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.edu/ENCODE/). The TFs that have their binding site present
in the promoter region of the most differentially expressed
genes are listed in Supplementary Table S8.

Several cell surface proteins also had opposite trends of
transcript dynamics between HLC differentiation and mouse
liver development (Supplementary Fig. S6), including SPARC,
an extracellular matrix secreted factor, and CDH3 (P-
cadherin). Their transcript levels increased during differentia-
tion, but decreased in the developing embryonic mouse liver.
Comparison of the expression levels of the hepatic markers,
alpha-fetoprotein (AFP) and albumin (ALB), for mouse de-
velopment and our time series in vitro human differentiation
(Hu) (Supplementary Fig. SOA-C) revealed consistent trends
and similar magnitudes of gene expression dynamics before
and after batch correction. The profile of all 197 dynamically
differentially expressed genes was also visually inspected after
plotting with TimeVIEW to affirm that treatment with ComBat
did not distort the data (Supplementary Fig. S10) [51].

Discussion

In this study, we used highly heterogeneous transcriptome
data from hPSC and mPSC in vitro differentiation and mouse
in vivo embryo development for meta-analysis. Batch cor-
rections were performed on the data to remove systematic
variations biasing our observations. Previous studies have
shown that the empirical Bayes-based ComBat algorithm can
be relied on in removing system bias caused by a mixture of
transcriptome data from different populations of cells of dif-
ferent sources [52-57]. ComBat had previously been shown to
integrate transcriptome data from multiple studies of different
vascular endothelial growth factor (VEGF) isoform mice to
identify the role VEGF plays in neural stem cell fate [52].

Recently, ComBat was used for treating the transcriptome
data of different PSC populations generated from multiple
studies to determine the similarities between genetically mat-
ched iPSCs, nuclear transfer stem cells, and embryonic stem
cells [56]. We extended its use for combining data from dif-
ferent species and across the in vitro/in vivo to understand
stem cell hepatocyte differentiation. Through successive data
processing with increasing level of data complexity, we suc-
cessfully integrated hPSC-HLC differentiation data from dif-
ferent studies with mouse in vivo liver development data.

In each level of analysis, after batch correction, unsuper-
vised clustering grouped the different samples by their bio-
logical similarities instead of the source of the sample (Figs. 1
and 2; Supplementary Figs. S2 and S4). The clustering and
functional analysis of the batch-corrected data reveal the bi-
ological similarities between the different samples after data
processing. In addition, the functional classes of the metagene
obtained in NMF were found to be related to development
and liver functions, confirming the biological relevance from
clustering of the samples. Importantly, the genes we identified
as dynamically differentially expressed retained the same
dynamics before and after batch correction.

Identification of similar stages of development across
different species that have vastly different time scales often
relies on common morphological, biochemical, and genetic
hallmarks. For example, in human embryo, development
days 22 and 52 are considered to be equivalent to mouse
E9.5 and E14.5, respectively [58]. In an earlier study, neural
development events were used to generate a regression model
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for predicting a time table of corresponding stages across nine
species [59]. Recently, transcriptome data of nematode spe-
cies were compared to morphological markers to establish
embryo developmental milestones in different species of
Caenorhabditis [60]. In another study, different feature
measurements of leaves for different tomato species were
subjected to PCA to establish a developmental trajectory [61].

Similarly, RNA-seq data of a species’ developing embryo
were subjected to PCA to align the developmental stage in the
PC plane [62]. However, in many cases, the maturity of HLCs
is measured by comparing it to primary hepatocytes at the
functional, proteome, and transcriptome level. To our knowl-
edge, this is the first study to compare genes across species and
across the in vitro/in vivo border in a dynamic manner to
identify the developmental stage which HLCs are stuck at.

Our meta-analysis revealed that HLCs were closer to
mid-liver development (~E15.5) than to primary adult
hepatocytes. This indicates that irrespective of the species
of origin, or the protocols used, differentiating HLCs appear
to encounter universal roadblocks preventing their matura-
tion. It also suggests that there might be a fundamental block
that prevents HLCs from maturing further.

Using the common scale that was developed, we can align
the transcript dynamics of human in vitro PSC-HLC differ-
entiation with mouse in vivo development to identify genes
whose expression was progressing in the wrong direction
compared to the in vivo processes. We also identified dif-
ferentially expressed genes between h/mHLCs and mature
cells (E19.5, adult liver), including key CYP450 enzymes
(CYP2C8, CYP2C9, CYP2EI, CYP2D6, and CYP3A4) and
metabolic isozymes (ALDOB, GLUT2, G6PC, and FBPI),
which are all hallmarks of mature liver metabolism.

The 197 dynamically differentially expressed genes be-
tween hHLC differentiation and mouse liver embryo devel-
opment similarly pointed to the lack of maturity in HLCs. An
example is the expression of genes involved in the glucose
metabolism. As hepatocytes become more mature, a new set of
transporters, enzymes, and their isoforms in glucose metabo-
lism is expressed to give the liver its capability in maintaining
the homeostasis of glucose and gluconeogenesis. Notably,
the increased expression of glucose transporter GLUT2, and
aldolase B (ALDOB) seen in mouse liver development and
human adult hepatocytes did not yet occur in HLCs (Supple-
mentary Fig. S11). Not surprisingly, the increased expression
of the gluconeogenesis enzymes, glucose 6-phosphatase
(G6PC) and fructose 1,6-biphosphatase (FBP), seen in mouse
development was also not seen in HLCs.

Since both hHLCs and mHLCs ceased further maturation
at about E14-E15 stage, it is plausible that they face the
same genetic barriers. The ‘‘discordant’” behavior of some
of the common dynamically differentially expressed genes
identified may have contributed to the lack of further mat-
uration. One hundred one genes were identified as having
discordant behavior in both species of HLC differentiation
compared to mouse embryo liver development. Some of the
common TFs identified are not known to play a role in liver
development, but are involved in the development of heart
(HANDI), eye, or lung (SOX9) [63]. Although this may not
be surprising, as hepatocytes are created by a mesendo-
dermal precursor early during development, persistent ex-
pression of these TFs may prevent final maturation of HLCs
to the level of primary hepatocytes.
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Furthermore, TGF[ signaling in conjunction with upre-
gulation of SNAI2 is consistent with EMT, which has been
described previously as being abnormally expressed in
HLCs compared with PHHs [48]. The opposing trend of
transcript dynamics of these TFs may be indicative of dis-
cordant gene regulation between mouse liver development
and HLC differentiation.

The gene expression profile and metabolic activities have
led to the notion that HLCs were closer to fetal than adult
hepatocytes [10]. Another study of comparison between
HLCs and human hepatocytes at the transcriptome level
revealed 4,000 differentially expressed genes [9]. Our study
demonstrates for the first time that HLCs obtained using
various protocols and from different sources are all equiv-
alent to E13-E15.5 of mouse development. We could pin
point the stage of developmental block by developing a
“unified developmental time’’ that can span across species
and in vitro and in vivo samples.

Despite the difference in the methodology used, a large
fraction of genes identified as differentially expressed in the
previous studies [9,10] was also identified as dynamically
differentially expressed in our study (Supplementary Fig. S12).
However, differences between the two studies are also seen.
Given the different reference of comparison used (time course
of embryonic liver development in this study versus primary
hepatocytes in [9,10]), some differences in the differentially
expressed gene list are not surprising. Instead of measuring the
maturity of HLCs using the expression level of mature mar-
kers, the dynamic profile of the differentiation transcriptome
was used. We identified not only the liver markers that should
be expressed at high levels but also certain genes that might
need to be suppressed.

This study reaffirmed that HLCs are at an immature he-
patocyte cell state, and for the first time identifies the “‘cor-
responding stage” during embryonic liver development.
Many genes whose expression followed a different pattern
from that in the developing embryo might contribute to this
block in further maturation. Whether inhibition of mis-
expressed TFs and activation of TFs that are missing will
enhance maturation of stem cell-derived hepatocytes remains
to be determined. In addition, this meta-analysis pipeline
should be applicable to PSC differentiation studies to other
lineages if the time course transcriptome data for both in vitro
differentiation and in vivo development are available.
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