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ABSTRACT: Typical protocols to differentiate induced pluripotent stem cells
(iPSCs) from hepatocyte-like cells (HLCs) imply complex strategies that include
transfection with key hepatic transcription factors and the addition to culture media
of nutrients, growth factors, and cytokines. A main constraint to evaluate the hepatic
phenotype achieved arises from the way the grade of differentiation is determined.
Currently, it relies on the assessment of the expression of a limited number of
hepatic gene transcripts, less frequently by assessing certain hepatic metabolic
functions, and rarely by the global metabolic performance of differentiated cells. We
envisaged a new strategy to assess the extent of differentiation achieved, based on the
analysis of the cellular metabolome along the differentiation process and its
quantitative comparison with that of primary human hepatocytes (PHHs). To
validate our approach, we examined the changes in the metabolome of three iPSC
progenies (transfected with/without key transcription factors), cultured in three
differentiation media, and compared them to PHHs. Results revealed consistent
metabolome changes along differentiation and evidenced the factors that more strongly promote changes in the metabolome. The
integrated dissimilarities between the PHHs and HLCs retrieved metabolomes were used as a numerical reference for quantifying
the degree of iPSCs differentiation. This newly developed metabolome-analysis approach evidenced its utility in assisting us to select
a cell’s source, culture conditions, and differentiation media, to achieve better-differentiated HLCs.
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■ INTRODUCTION

Primary Human Hepatocytes (PHHs) are currently considered
as “the gold standard” for in vitro hepatotoxicity assays and
drug-biotransformation studies.1,2 Hepatocytes express a wide
range of metabolic functions and drug biotransformation
enzymes, including cytochrome P450-dependent activities
(CYP450), flavin monooxygenases (FMOs), and conjugating
enzymes, all crucial for biotransformation and an eventual
detoxification of xenobiotics and drugs. The expression of
these enzymes differs considerably among species, making
mouse or rat models less suitable than human hepatocytes for
assessing drug metabolism and toxicity of certain drugs.
Despite their undeniable value, PHHs cannot be easily
expanded in culture, are functionally unstable in vitro, and
lose their core hepatic gene expression signatures as well as
drug biotransformation activities (e.g., CYP450) over time in
culture. Moreover, regular access to healthy human liver tissue
is quite limited, hampering their in-time availability and use in
extensive drug and xenobiotics metabolism and toxicity
studies.2

Different strategies have been used to overcome such
shortages for toxico-pharmacological studies. Pluripotent stem

cells (PSCs, both embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs)) offer a potentially suitable
alternative, as they self-replicate, in theory indefinitely, and
differentiate into all cell types.3 In this context, iPSCs have
raised great expectancy for generating functional hepatocytes
even from individuals with phenotypically different drug
susceptibility as well for disease modeling in the context of a
patient’s genetic background.
Numerous differentiation protocols of pluripotent stem cells

into the hepatic lineage have been described, evidencing that
hepatocyte-like cells (HLCs) are good subrogates of PHHs for
in vitro studies.4−6 In general, these protocols use a
combination of several cytokines and growth factors, aiming
at mimicking the ontogenic hepatic differentiation process.7−9
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In addition, the differentiation can be guided by overexpressing
in cells key hepatocyte transcription factors.9,10 However,
although most reported HLCs express some characteristic
hepatic features, such as albumin and glycogen synthesis,11,12

most if not all HLCs have low expression levels of other key
hepatic functions, among them, CYP450 activities, which tend
to be lower, as compared with freshly harvested PHHs.13−15

To monitor the degree of iPSCs differentiation achieved under
specific differentiation protocols, investigators rely on monitor-

ing a limited subset of gene transcripts but do not regularly
address the functional performance of hepatic metabolic
pathways in the differentiated cells, thus leaving an incomplete
view of the hepatic phenotype achieved in the reprogramming
process.
A metabolomic analysis allows one to measure changes in

the concentration of a wide range of cell metabolites and to
exploit that information to infer the performance of the
different hepatic metabolic pathways. In spite of its potential

Figure 1. Details of the cell differentiation strategy, culture medium composition of the distinct differentiation protocols, and assessment of the
influence of these transcription factors on the cell’s metabolome. (A) Detailed scheme of the culture steps and medium renewal and composition of
the three differentiation protocols performed. The Sigma0028 iPSC-cell lines without genome editing (WT) and the hPSCs containing inducible
cassettes for three (HC3x) and six (HC6x) TFs, treated with three different medium compositions (LDM, LDM-AA, and LDM-AAGly) were
analyzed at different stages of the differentiation process (day 0, 8, 12, 20, and 40). Cells on LDM-AAGly were incubated from day 12 to day 14 on
LDM-AA. PCA scores plots from the analysis of LC-MS data based on (B) cell progeny, (C) differentiation days and (D) culture media. ASCA
PC1 and PC2 scores plots for the factors (E) Cell_progeny (i.e., XCell_progeny), (F) Time (i.e., XTime), and (G) Media (i.e., XMedia).
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applicability, this approach has been rarely used to get further
insights into the differentiation process of iPSCs.6,16,17 To
validate our approach, we examined the changes in the
metabolome of three iPSC progenies (transfected with/
without key transcription factors), cultured in three differ-
entiation media, and compared them to PHHs.
We recently described that, by an overexpression of a

combination of three transcription factors (TFs), namely,
HNF1A, PROX1, and FOXA3 (cells termed HC3x), or six TFs,
namely, HNF1A, PROX1, FOXA3, PGC1A, SIRT1, and
activated AMPK (cells termed HC6x), and by complementing
a basal liver differentiation medium (LDM) with high levels
(8×) of nonessential amino acids (media named LDM-AA) or
by a combination of 8× nonessential amino acids and extra
glycine concentration (media named LDM-AAGly), it was
possible to drive the transcriptional and metabolic maturation
of HLCs, with a concomitant expression of CYP450 enzymes.
Thus, HC3x- or HC6x-AAGly-derived HLCs allowed us to
detect drug-induced hepatotoxicity at clinically relevant
concentrations.9

In this study, we examined the metabolomic changes in
observed HLCs along the differentiation process of different
iPSCs (with or without transfection with the three or six TFs
described above) and three different differentiation culture
media (i.e., LDM, LDM-AA, and LDM-AAGly). Results
showed significant differences in the global and hepatic specific
metabolome attributable to the differentiation conditions
applied. We finally created an algorithm that quantitatively
estimates the global degree of differentiation achieved by cells
in comparison to PHHs that we used to assist in choosing the
best differentiation conditions.

■ EXPERIMENTAL PROCEDURES

Full details of the experimental procedures are included in the
Supporting Information.

Differentiation of iPSC to the Hepatocyte Lineage

The normal donor SIGi001 iPSC0028 was purchased from
Sigma. Both cell lines were genetically modified, as previously
described,9,18 to incorporate a doxycycline inducible cassette
encoding for HNF1A, PROX1, and FOXA3 with or without
PGC1A, SIRT1, and activated AMPK (respectively named
HC3x and HC6x). PSCs were maintained according to
supplier’s instructions as feeder-free cultures on Matrigel
(BD biosciences)-coated plates in Essential 8 Flex (Thermo
Fisher). Cells were differentiated toward the hepatocyte
lineage as described by our group before.9

Metabolomic Analysis

Triplicate and quadruplicate samples were analyzed for the two
distinct donors of PHHs; quadruplicate samples were analyzed
for HepG2, and triplicate samples of differentiating iPSCs in
the various media were examined as well. One sample of
HC3X on LDM-AAGly on day 40 was lost during the
extraction procedure. This makes, all together, 91 samples
undergoing the metabolomic analysis.
The metabolic profiles were acquired through ultra-

performance liquid chromatography electrospray ionization
quadrupole time-of-flight (UPLC-QqTOF) mass spectrometry
(MS). Details on the cell sample processing, UPLC-QqTOF-
MS analysis, and data preprocessing are provided in the
Supporting Information.

Statistical Analysis

Data are expressed as the mean ± standard deviation (SD).
Statistical significance was determined using Student’s t-test or
analysis of variance (ANOVA) (log transformed and
autoscaled data) test evaluations. A p-value greater than 0.05
was taken as a minimal level of significance.
Software for Data Processing

Details are provided in the Supporting Information.
Data and Code Availability

Raw data (.mzXML and.ms2), peak tables and functions for
QC-SVRC, data cleanup, and analysis in this work are
accessible via the Zenodo repository under https://zenodo.
org/record/4922510#.Ycq37_HMJE5.

■ RESULTS

Characterization of iPSC-Derived Hepatocyte-Like Cells

The original hPSCs (wild type (WT)) and two genetically
modified hPSCs cell lines (HC3x and HC6x), wherein a
tetracycline (TET)-inducible cassette encoding for three or six
different transcription factors was recombined in an flippase
recognition target (FRT)-flanked cassette in the AAVS1 locus,
was generated as described previously,9,18 and the cells were
induced to differentiate toward HLC by culturing in three
differentiation media (LDM, LDM-AA, and LDM-AAGly).
Cell samples were taken on days 0, 8, 12, 20, and 40 of the
differentiation processes (as depicted in Figure 1A), for a
metabolomic analysis.
The ongoing differentiation process toward HLCs was

paralleled by changes in cell morphology acquiring the typical
confluencing, polygonal, epithelial-type shapes, as summarized
for the various cell types and differentiation media in Figure
S1.
Effect of the Differentiation Protocol on the Metabolome

A metabolomic analysis of cell extracts was performed by
triplicate for each condition tested, at different stages of
differentiation. Samples were processed and examined by
UPLC, and the mass spectra and peak intensity data were
acquired by QqTOF-MS analysis. Initial data preprocessing led
to the annotation of 122 peaks corresponding to 101
metabolites. A principal component analysis (PCA) was
performed to identify the main sources of variation in the
retrieved metabolic profiles. Using the distance among samples
in the principal component (PC) scores space as a measure of
similarity, we first observed the clustering of triplicate samples,
demonstrating the consistency and repeatability of the
experimental conditions of the differentiation protocols and
the metabolomic analysis (Figure S2A). Results depicted in
Figure S2B evidenced a similar temporal pattern associated
with the differentiation process for the PSC progenies (i.e.,
WT, HC3x, or HC6x cell lines) using any of the three different
media.
The PCA score plot disclosed in Figure 1B showed a

significant overlap across the three different PSC lines (WT,
HC3x, and HC6x), indicating that the TF overexpression was
not the main source of metabolome data variation. This
arresting observation was in agreement with previous results of
our group showing that the TF overexpression, as it occurs in
HC3x or in HC6x cells, had less influence on the transcriptome
and CYP34A activity than the type of culture medium used.9 A
clustering of data associated with the differentiation day was
observed for the initial days of differentiation (0, 8, and 12)
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but not at the later stages of the differentiation (Figure 1C),
indicating that the major differences in the metabolome occur
before day 12. We note that the comparison analysis of
“Undiff”, “LDM”, “LDM-AA”, and “LDM-AAGly” samples, as
shown in Figure 1D, clearly identified the medium
composition as the main source of variation influencing the
iPSC metabolome.

An ANOVA Simultaneous Component Analysis (ASCA)
was used to quantify the contribution of each of the factors
(specific cell-line progeny, time (days), and culture media) to
the differentiation process, as assessed by changes in the
metabolome of differentiating cells. ASCA provides a multi-
variate ANOVA by applying a Simultaneous Component
Analysis to each of the effects modeled by an ANOVA.19 In

Figure 2. Major metabolic pathways affected during the differentiation process for each culture media. Metabolic pathway enrichment analysis
performed in MetaboAnalyst (ver. 4.0, URL: http://www.metaboanalyst.ca) using a set of unique 93, 97, and 86 metabolites found to be
significantly altered in the ANOVA test for LDM (A), LDM-AA (B), and LDM-AAGly (C), respectively. SMPDB was used as a metabolite library
using only metabolite sets containing at least two entries. The most significant p-values are in red, and bar lengths are based on the fold enrichment.
(D) Metabolite levels on day 0 and day 40 on LDM, LDM-AA, and LDM-AAGly. (E) Glutathione levels along differentiation processes in LDM,
LDM-AA, and LDM-AAGly. Data are presented as box-and-whisker plots with the display of all individual values. For the determination of
significance an unpaired parametric Student’s t-test was applied for a comparison of mean values between groups. For all data the p-values have
been set to *p-value <0.05, **p-value <0.01, ***p-value <0.001.
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this approach the ANOVA model included two-way
interactions of three factors.

= + + +

+ + +

+

_

_ ‐ _ ‐ ‐

X X X X

X X X

E

mean Cell progeny Time Media

Cell progeny Time Cell progeny Media Time Media

Results summarized in Table S1 clearly visualized that the
dominant contribution to the metabolome variation was the
type of medium used, followed by the differentiation days, and
last by the interaction between cell progeny and days and cell
progeny and media.
Although measurable, a lower contribution to the variation

was attributable to the specific iPSC-line cell progeny. Score
plots of the two first PCs of the ASCA factor “Cell_progeny”,
“Time”, and “Media” are shown in Figure 1E−G. In these
models, the effect attributable to specific cell-line progeny and
differentiation days, partially masked in the initial PCA by
other sources of variation such as the effect of the culture
media, could now be identified.
A hierarchical cluster analysis (HCA) was then used to

further visualize the metabolic changes occurring during the
differentiation process. Dendrograms of the 50 topmost
significant metabolites identified by an ANOVA analysis in
cells from LDM, LDM-AA, or LDM-AAGly-based culture are
gathered in Figure S3A−C, respectively. The HCA allowed us
to identify clusters of metabolites similarly regulated
throughout the differentiation process for each of the three
culture medium conditions. The 50 top significant metabolites
in LDM, LDM-AA, and LDM-AAGly were grouped in two
main clusters of metabolites whose concentration followed a
monotonic trend along the differentiation process.
Identification of Metabolic Pathways Altered during
Differentiation

To identify the key metabolites changed during the differ-
entiation process, again an ANOVA was performed. As the
previous analysis showed only minor differences among data of
the three iPSCs lines, it was considered a single group for the
purpose of estimating the degree of differentiation. A total of
93, 97, and 86 metabolites was identified as significantly altered

(p-value < 0.05) along the differentiation process in cells
cultured in LDM, LDM-AA, or LDM-AAGly medium,
respectively. This subset was thereafter evaluated for a pathway
enrichment analysis, to gain a mechanistic insight in the
metabolic processes altered during the differentiation toward
hepatocytes (Figure 2A−C). A pathway analysis revealed that
the glutathione metabolism was significantly modulated during
differentiation in the three media, consistently with the
maturation of cells toward a more hepatic phenotype.
Increasing levels of cysteinylglycine, glutathione, nicotinamide
adenine dinucleotide phosphate (NADP), and oxidized
glutathione were observed in LDM, LDM-AA, and LDM-
AAGly, and glutamic acid γ-glutamylcysteine in LDM and
LDM-AA (Figure 2D). Hepatocytes require and produce
glutathione to eliminate endotoxins and to control the redox
status of cells, among other functions. Increased glutathione is
also associated with hepatocyte DNA replication in vivo.20 In
agreement, a significant increase of the glutathione levels until
day 12 was observed, after which the PSC-hepatic progeny
ceases to divide (Figure 2E).
Glutamate plays a central role in hepatic amino-acid

metabolism, as it is involved in the transamination of most
amino acids, and the catabolism of arginine, ornithine, proline,
histidine, and glutamine gives rise to glutamate. An
upregulation of glutamate metabolism was observed in the
three differentiation media, with a modulation of some of the
following metabolites: AMP, glutathione, L-glutamic acid,
NADP, succinic acid, γ-glutamylcysteine, adenosine diphos-
phate ribose, pyridoxal-5-phosphate, oxidized glutathione, L-
glutamine, and nicotinamide adenine dinucleotide + hydrogen
(NADH) levels (Figure 2A−D). Besides, results of this
analysis indicated a significant enrichment in the malate-
aspartate shuttle in the three differentiation media, with
changes in L-glutamic acid, malic acid, pyridoxal-5-phosphate,
and NADH (Figure 2A−D). The malate-aspartate shuttle is
very active in the liver, where it translocates malate and,
indirectly, NADH inside mitochondria, feeding the oxidative
phosphorylation.
The phenylacetate metabolism was significantly altered in

LDM and LDM-AA HLC, with modifications in adenosine
monophosphate, α-N-phenylacetyl-L-glutamine, and L-gluta-

Figure 3. Progress of HLC toward a more hepatic metabolome along the differentiation process. Multivariate discriminant model (PLS) for WT,
HC3x, and HC6x cells on LDM. Panels show the train set used for model generation including the calibration samples, together with the test set
with the predicted values from PHHs (HEP878 green, HEP220 black) on the corresponding models for WT (A), HC3x (B), and HC6x (C). Days
of differentiation are shown on the X-axis.
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mine levels in both media and phenylacetate in LDM (Figure
2A,B,D). Phenylacetate is generated from phenylbutyrate in
the liver. It helps the sequestration of ammonia in the case of a
urea cycle malfunction. 4-Phenylacetate is also an enhancer of
the bile salt export pump (BSEP) function in the liver.21 In
addition, phenylalanine and tyrosine metabolism was altered in
cells differentiated in LDM and LDM-AA medium with
alterations in the levels of adenosine monophosphate, L-
glutamic acid, and pyridoxal-5-phosphate. Specifically, high
levels of L-tyrosine, L-phenylalanine, and phenylpyruvic acid
were observed on day 40 in LDM-AA cultured cells (Figure
2A,B,D).
Aside from the metabolic pathways that were affected in two

of the three differentiation media, glucose-alanine cycle,
tryptophan metabolism, and arginine and proline metabolism
appeared to be modulated specifically in LDM-AA (Figure
2B).

Comparative Analysis of the Metabolome Profiles of
Differentiated iPSCs with PHHs

PCA was then used to analyze differences among the
metabolomic profiles of HLCs and PHHs, and the results
were compared with those of another highly differentiated
human hepatic cell line, that is, HepG2.
PCA score plots showed a clear separation of PHHs, HepG2

cells, and HLCs, (Figure S4), indicating that all three HLC
populations display a quite homogeneous metabolomic
phenotype, which is closer to PHH than that of HepG2 cells.
Three partial least-squares (PLS) regression models were

developed to address specific changes in the metabolomic
profiles throughout differentiation for WT, HC3x, and HC6x.
Data from the analysis of WT, HC3x, or HC6x cells cultured in
LDM and collected at different days up to 40 d were used as
training sets for building a PLS model, using the time as a

dependent variable. Results from a leave-one-out cross-
validation (LOOCV) indicated an evolution of the HLC
metabolome as a function of time between days 0 and 40
(Figure 3A−C, permutation test p-value <0.005). PHH
samples not used for the PLS model development were used
for a preliminary analysis of the similarity between HLCs and
PHHs metabolic profiles. The PLS predicted values for PHH
samples that indicated that the metabolome of PHHs
resembles better that of WT and HC6x progeny between
day 20 and 40 of differentiation (Figure 3A,C) and that of the
HC3x progeny on day 40 of differentiation (Figure 3B).
Results from the PLS showed that the highest similarity of the
HLC’s metabolome to that of PHHs was achieved on day 40 of
differentiation, irrespective of the starting PSC line (WT,
HC3x, HC6x), suggesting the occurrence of a shift in the
PSC’s metabolomic phenotype toward a more hepatic one by
the end of the differentiation process at day 40.

Effect of the Culture Medium on the Metabolome
Phenotype

On the basis of this previous knowledge, a combination of
complementary univariate and multivariate methods was used
to identify the differentiation conditions leading to a
metabolome closest to that of PHHs.
The first approach involved an unsupervised analysis of

metabolic profiles from WT, HC3x, and HC6x progeny on day
40. On the basis of the PC1, as shown in Figure 4A−C, it turns
out that all cell-type progenies cultured in LDM or LDM-
AAGly medium displayed a metabolic phenotype closest to
PHH. Then, a univariate test was used to identify 59, 65, and
52 metabolites in WT, HC3x, and HC6x progeny cultured in
LDM-AAGly, by day 40, respectively, that displayed
concentrations comparable to those of PHHs (t-test p-value
>0.05, see Figure 4D). The number of metabolites present at

Figure 4. LDM-AAGly media achieves the most hepatic metabolic phenotype among differentiated iPSCs. PCA scores plots from the analysis of
LC-MS data on day 40 for WT (A), HC3x (B), and HC6x (C) cells. (D) Number of features showing no signifcant t-test (p-value >0.05) in a
pairwise analysis of WT, HC3x, and HC6x on day 40 and LDM, LDM-AA, and LDM-AAGly vs PHH.
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similar levels in HLCs progeny cultured in LDM and LDM-AA
medium, compared to PHHs, were significantly lower than
when cultured in an LDM-AAGly medium, suggesting that the
latter exerted on cells the greatest metabolic similarity with
PHHs, irrespective of the cell line used.

Analysis of Cell’s Metabolome Based on Selected Hepatic
Metabolites

To determine whether the changes in the metabolome were
mostly governed by “typical” hepatic metabolites rather than
by other cell’s metabolites, a subset of 53 metabolites
representative of major liver metabolic pathways, for which
high transcript and protein levels of the responsible enzymes
are also found in the liver, was selected (see Table S2).
Cells cultured in LDM-AA clustered farthest from PHHs

irrespective of the cell type used (Figure S5A−C) in the PC1
versus PC2 scores space. The different impacts of the culture
medium in this metabolite subset were also analyzed by
univariate t-test analysis. In agreement with results from PCA
we identified 28, 29, and 20 metabolites with p-value greater
than 0.05 on WT, HC3x, and HC6x progeny cultured on day
40 in LDM-AAGly medium, a number higher than that found
in progeny from LDM or LDM-AA cultures (Figure S5D). The
conclusions of the analysis with only the selected metabolites,
characteristic of PHHs, superimpose those obtained from the
entire data set, thus, confirming the relevance of these selected
PHHs-specific metabolites and, at the same time, the value of
the untargeted metabolomic analysis, as a first approach to
identify relevant changes in the metabolome during differ-
entiation of PSCs into hepatocyte-like cells.

Metabolome Comparison between iPSCs Differentiated in
LDM-AAGly Medium and PHHs

In a complementary set of metabolomic analysis, we set
ourselves the question of which differences do ultimately exist
in metabolite levels and the linked metabolic pathways, among
HLCs derived in the LDM-AAGly culture medium, the best
differentiated cells, and PHHs, to determine whether differ-
ences in the metabolome might serve to further guide and
improve HLCs differentiation strategies. Differences in the
metabolome between HLCs cultured in AAGly medium and
PHHs were clearly observed by PCA (Figure 5A). On day 40,
we identified 71 unique metabolites that were differently
present in HLCs and PHHs (t-test p-value <0.05). The
heatmap of these metabolites is shown in Figure 5B. A pathway
analysis performed on these metabolites (Figure 5C)
demonstrated an upregulation of aminoacyl-tRNA-biosyn-
thesis, valine, leucine and isoleucine biosynthesis, phenyl-
alanine, tyrosine and tryptophan biosynthesis, phenylalanine
and tryptophan metabolism given the higher levels of L-
phenylalanine, phenylpyruvic acid, L-tyrosine, L-methionine, L-
valine, L-isoleucine, L-leucine, L-tryptophan, L-proline, 5-
hydroxyindoleacetate, L-formylkynurenine, L-kynurenine, and
anthranilate in HLCs. By contrast, lower levels of glutathione
metabolism and tricarboxilic acid (TCA) cycle (Krebs cycle)
metabolites were found in HLCs on day 40 in LDM-AAGly
medium compared with PHH, given the lower levels of
glutathione, γ-L-glutamyl-L-cysteine, cysteinylglycine, citric
acid, and cis-aconitate. Monitoring these differences could be
useful for guiding the optimization of HLCs differentiation,
either by a medium modification or by further modification of
the TFs used.

Figure 5. Metabolic differences between differentiated iPSCs on LDM-AAGly with PHHs. (A) PCA score plots discriminating HLC (D40-LDM-
AAGly) and PHH. (B) Heatmap of the 71 significant metabolites in the ANOVA (p-value <0.05) and (C) metabolic pathways altered between
HLC and PHH. The metabolic pathway analysis (using MetaboAnalyst 4.0) was performed for metabolites that were significantly altered (p-value
<0.05) in the t-test analysis. Scores for enrichment (vertical axis) and topology analysis (pathway impact, horizontal axis) are depicted. Color code
represents the overall significance, and the size of the circles reflects the centrality of the involved metabolites.

Journal of Proteome Research pubs.acs.org/jpr Article

https://doi.org/10.1021/acs.jproteome.1c00779
J. Proteome Res. 2022, 21, 702−712

708

https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00779/suppl_file/pr1c00779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00779/suppl_file/pr1c00779_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.1c00779/suppl_file/pr1c00779_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00779?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00779?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00779?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.1c00779?fig=fig5&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.1c00779?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


An Algorithm to Quantify the Degree of Cell’s
Differentiation toward an Adult Hepatic Phenotype:
Longitudinal Analysis of Multilevel Correlation of
Metabolic Pathway Analysis Outcomes over iPSCs
Differentiation

In order to quantify the degree of hepatic differentiation, we
envisaged a “PHHs similarity score”. With the PHHs metabolic
profiles as reference, a mummichog functional analysis22

estimated the −log10(FET) and the enrichment factor of
metabolic pathways characteristic of the hepatic phenotype,
which included drug metabolism, bile acid biosynthesis,
xenobiotics metabolism, pyruvate metabolism, cholesterol
biosynthesis, glutathione metabolism, urea cycle, glycerophos-
pholipid and glycosphingolipid metabolism, and several amino
acid metabolic pathways. Then, the correlation (ZM) between
results obtained from the pathway analysis (e.g., PSCs vs PHH
and iPSCs on day 40 vs PHH; PSCs vs PHH and iPSCs on day
20 vs PHH; PSCs vs PHH and iPSC on day 12 vs PHH; and
PSCs vs HPP and iPSC on day 8 vs PHH) was estimated using
the Mantel’s test, the −log10(FET), and the enrichment factor
as coordinates of the matrices, where the Euclidean distance is
used as a dissimilarity measurement among two metabolic
pathways, together with the Pearson correlation coefficient.23

According to this conception, a large statistically significant
positive correlation (ZM) indicates the occurrence of a high
degree of dissimilitude in the metabolic pathways of the
examined cell (i.e., no differentiated or partially differentiated
PSCs) and the PHHs, meaning a metabolic phenotype of
undifferentiated or differentiating cells, considerably different
than that one found in PHHs. On the contrary, a lower, or
nonstatistically significant ZM indicates that the differences in
the metabolic pathways found in differentiated PSCs and
PHHs are no longer present, thus indicating that differentiated
cells have become HLCs and have acquired a metabolic
phenotype similar to that of PHHs. Figure 6 depicts the
correlations observed during the differentiation process under
the different experimental and culture conditions. Results
showed a decrease in the ZM during the differentiation process,
and by day 40 the LDM-AAGly medium showed the lowest ZM
that is interpreted, as this was the best hepatic differentiation
achievable in all three iPSC progenies, whereas LDM-AA with
the highest ZM seems to be the least optimal in agreement with
results from PCA. In this precise analysis we also observed that

the expression of transcription factors improved the differ-
entiation toward a hepatic phenotype when compared with
wild-type cells, since HC3x and HC6x achieved a non-
significant (p-value >0.05) ZM score of 0.17 and 0.13,
respectively, against the significant (p-value <0.05) 0.33
obtained for wild-type cells.

■ DISCUSSION
HLCs generated from somatic or embryonic stem cells are
considered possible surrogates for PHHs, which are not always
in-time accessible for most laboratories, for a wide variety of in
vitro studies. The differentiation of PSCs to HLCs is a feasible
but complex process where the different stages of cell
maturation in vivo need to be reproduced in vitro. Although
well-founded on cell biology principles, the practical
procedures to achieve an end-stage differentiation differ
considerably among researchers, and thus, there is a great
deal of empiricism in the recipes and protocols published and
used by different laboratories. Even more, it is frequently
difficult to determine if a given step or action has a real
influence in improving the hepatic phenotype of end-
differentiated cells. The gold standard to assess and monitor
the extent of cell differentiation is normally defined in vitro by
cellular morphology, gene expression, protein expression, and
hepatic metabolic functions, which should be always compared
to PHHs. However, no reporting standards have been defined,
and it is currently extremely difficult to unambiguously
compare study outcomes since, often, characterization is
limited to the expression of a reduced number of genes and
hepatic markers, which, furthermore, are only compared to the
original cell source and not to PHHs. As the metabolome
constitutes the closest information to the actual phenotype of
the cell model under study, we considered that a metabolomics
analysis would give us a better insight of the hepatic
reprogramming efficiency and enable us to evaluate the degree
of reprogramming achieved by the different strategies by a
comparison with PHHs metabolome. Therefore, we exploited
the information extracted from the metabolomic profiling of
intracellular metabolites of differentiating cells to monitor step-
by-step the process of differentiation of iPSCs into HLCs.
Using three different iPSC lines (either wild-type or
engineered to overexpress three or six key transcription
factors), cultured in three different culture media, as model

Figure 6. Quantitation of the degree of hepatic differentiation by “PHHs similarity score”. Longitudinal analysis of multilevel correlation of
metabolic pathway analysis outcomes over iPSC differentiation. Correlation factor (ZM) is shown as a PHH dissimilitude score over differentiation
days. Filled dots indicate significant correlation (p-value <0.05), whereas empty dots indicate no significant (p-value >0.05) correlation.
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examples, we compared the metabolome of all cells at the
different stages of differentiation and in comparison with
PHHs.
Results obtained showed that metabolomic data can be used

to describe and quantify the progressive shift in the metabolic
phenotypes of PSCs toward HLCs. Besides, metabolomic
analysis supported the identification and quantification of main
factors responsible for the differentiation process, for instance,
the predominant impact of culture conditions on the metabolic
phenotype of the final progeny. Altogether, our retrieved data
consistently evidenced the occurrence of measurable changes
in the metabolome along the differentiation process and that
these changes were largely due to the differentiation culture
media and the time in culture, rather than to the cell type.
ANOVA and ASCA enabled us to estimate the role and

influence of single differentiating factors included in the study
design (i.e., differentiation time, specific iPSC line used, and
culture medium conditions). Consistent with our previous
results,9 we evidenced that the presence of a higher
concentration of amino acids and glycine (AAGly medium)
was the major trigger in the differentiation of PSCs toward a
more PHH-like metabolome. In addition, our strategy enabled
us to compare cell metabolic phenotypes of the differentiated
cells with that of other well-established differentiated hepatic
cell lines (e.g., HepG2) as a reference. In this study, the
maturation state of HLCs following any of the tested
differentiation protocols was closer to a PHH phenotype
than that observed using HepG2 cells, as revealed by the
metabolome comparison.
The metabolic pathway analysis was employed to generate a

scoring system that helped to evaluate the degree of hepatic
differentiation among HLCs. It is based on the comparison of
how different the metabolome is, and consequently the
metabolic pathways altered in cells at different stages of
differentiation (e.g, PSCs and iPSCs at days 8, 12, 20, and 40
vs PHHs). To this end, we defined a correlation index (ZM) to
compare the metabolic pathway analysis results of a given HLC
and that of PHHs, used as a reference.
Results depicted in Figure 6 indicated the highest hepatic

similarity (lower ZM) in the metabolically optimized culture
and additional subtle contributions by the TFs incorporated to
cells. Thus, although the transcription factor expression played
a lesser impact on the overall metabolic variance, it still had a
positive role in the acquisition of a PHH-like metabolic profile
over wild-type cells. This observation is in agreement with
previous results where an HC3x- or HC6x-AAGly-derived
HLC allowed the detection of drug-induced hepatotoxicity at
clinically relevant concentrations.9

In summary, the application of UPLC/MS metabolomics to
the analysis of the differentiation stages of iPSCs to HLCs
evidenced the utility of the knowledge generated in assisting
researchers to optimize the process of iPSC differentiation to
obtain the closest PHH phenotypes, and it lays the foundation
for evaluating and improving differentiation strategies in
different cell types in the future. To the best of our knowledge,
this is the first time a score to evaluate a differentiation degree
toward a hepatic phenotype is provided, and it underlines the
usefulness of metabolomics for a comparison of differentiation
protocols. Additional efforts may still be required for
reinforcing and validating this strategy in hepatic and other
cell-type differentiations using quantitative targeted ap-
proaches.
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