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ABSTRACT

Physiologically relevant in vitro models are a priority in predictive toxicology to replace and/or reduce animal
experiments. The compromised toxicant metabolism of many immortalized human liver cell lines grown as
monolayers as compared to in vivo metabolism limits their physiological relevance. However, recent efforts to
culture liver cells in a 3D environment, such as spheroids, to better mimic the in vivo conditions, may enhance the
toxicant metabolism of human liver cell lines. In this study, we characterized the dynamic changes in the
transcriptome of HepG2/C3A hepatocarcinoma cell spheroids maintained in a clinostat system (CelVivo) to gain
insight into the metabolic capacity of this model as a function of spheroid size and culture time. We assessed
morphological changes (size, necrotic core), cell health, and proliferation rate from initial spheroid seeding to 35
days of continuous culture in conjunction with a time-course (0, 3, 7, 10, 14, 21, 28 days) of the transcriptome
(TempO-Seq, BioSpyder). The phenotypic characteristics of HepG2/C3A growing in spheroids were comparable
to monolayer growth until ~Day 12 (Day 10-14) when a significant decrease in cell doubling rate was noted
which was concurrent with down-regulation of cell proliferation and cell cycle pathways over this time period.
Principal component analysis of the transcriptome data suggests that the Day 3, 7, and 10 spheroids are pro-
nouncedly different from the Day 14, 21, and 28 spheroids in support of a biological transition time point during
the long-term 3D spheroid cultures. The expression of genes encoding cellular components involved in toxicant
metabolism and transport rapidly increased during the early time points of spheroids to peak at Day 7 or Day 10
as compared to monolayer cultures with a gradual decrease in expression with further culture, suggesting the
most metabolically responsive time window for exposure studies. Overall, we provide baseline information on
the cellular and molecular characterization, with a particular focus on toxicant metabolic capacity dynamics and
cell growth, of HepG2/C3A 3D spheroid cultures over time.

1. Introduction

(Lilienblum et al., 2008; Soldatow et al., 2012) (Singh et al., 2018) and
may provide more relevant toxicity data than non-human models.

New approach methodologies (NAMs), including in silico and in vitro
approaches, attempt to provide robust and cost-effective approaches to
assess chemical hazards which simultaneously provide species appro-
priate, and targeted endpoint specific toxicity data while enabling
reduced use or replacement of traditional animal models (Flecknell,
2002; Stokes, 2015; Zobl et al., 2023). Human in vitro models
(Schmeisser et al., 2023) bypass the need for inter-species extrapolation
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Human in vitro liver cell models are widely used in toxicology and testing
(Guillouzo, 1998; Soldatow et al., 2012; Misik et al., 2019) as the human
liver is both a major target organ of toxicity and a central player in
toxicant metabolism and biotransformation. Currently, freshly isolated
primary human hepatocytes (PHHs) represent the ‘gold standard’ in in
vitro liver toxicity testing because of the preservation of central aspects
of liver function including toxicant metabolism and responsiveness to
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inducers (Bell et al., 2016; Yokoyama et al., 2018) but their availability,
limited lifespan in commonly used culture systems, and heterogeneity
limit their practical utility (Huggett et al., 2022). In contrast, immor-
talized liver cell lines, often derived from human tumors, provide ho-
mogenous cultures with unlimited lifespan (Wilkening et al., 2003), but
generally lack comparable toxicant metabolic capacity and other cell
type/tissue specific phenotypes when grown as a proliferating mono-
layer cultures (Pamies and Hartung, 2017). Indeed, the compromised
metabolic capacity of the cell culture system used for pre-clinical
toxicity studies may help to explain toxicity prediction failure and un-
expected adverse outcomes in humans (Adams, 2019; Robinson et al.,
2020). Thus, any NAM based on human cells must address the metabolic
and phenotypic limitations of conventional monolayer cell culture.

Efforts to address the metabolic limitations of immortalized liver cell
monolayer cultures include the addition of exogenous metabolic en-
zymes (Cox et al., 2016; Richardson et al., 2016; Deisenroth et al., 2020)
new culture approaches (e.g. 3D cultures), development of new
immortalized cell lines (e.g. HepaRG), or iPSC derived hepatocytes
(Corbett and Duncan, 2019). A derivative of the HepG2 cell line, termed
HepG2/C3A, has recently received increased interest as a possible model
system with potentially enhanced metabolic capacity but its metabolic
capability especially in 3D culture over extended culture times has not
been adequately assessed (Ramaiahgari et al., 2014; Coltman et al.,
2021). 3D culture approaches for liver cells range from relatively simple
self-assembling spheroid models with a single cell type to complex
scaffold-based approaches with multi-cellular organoids (Li et al., 2008;
Haycock, 2011; Ramaiahgari et al., 2014; Stampar et al., 2019; Fontana
et al, 2021). In general, these 3D models increase cell-cell and
cell-matrix interactions, recover some liver-specific functions such as
albumin content and urea synthesis, and increase expression of metab-
olizing enzymes (Wrzesinski et al., 2014). Continuously rotating 3D cell
culture systems such as the ClinoStar system from CelVivo (Wrzesinski
and Fey, 2013; Wrzesinski et al., 2013) that are based on the clinostat
principle (free from unidirectional effects of gravity) are facilitating the
formation of highly reproducible 3D structures (Wrzesinski and Fey,
2018). In this study, we utilize the ClinoStar system for a time course
evaluation of long-term cultures of HepG2/C3A spheroids. Previous
studies of the HepG2/C3A spheroids have focused on phenotypic end-
points (toxicity) (Wojdyla et al., 2016; Calitz et al., 2018; Stampar et al.,
2021) or in the case of more comprehensive analysis (Frandsen et al.,
2022, Stransky et al., 2022) considered only a limited time period of
spheroid culture. While previous studies did examine alterations in
mRNA expression of selected metabolically relevant genes (Eilenberger
et al., 2019; Stampar et al., 2020, 2021; Coltman et al., 2021) in 3D
spheroid culture, to our knowledge, the whole-transcriptomic landscape
of the HepG2/CA3 spheroid hasn’t been fully investigated and docu-
mented over time in clinostat culture. We used the TempO-Seq platform
(BioSpyder™) (Bushel et al, 2018) which is widely used in
high-throughput transcriptomics-based toxicology studies (Harrill et al.,
2021; Rowan-Carroll et al., 2021; House et al., 2022) to characterize
changes in the transcriptome of HepG2/C3A spheroids cultured in the
ClinoStar system for up to 28 days to assess the long-term dynamics of
cellular and transcriptional changes.

2. Materials and methods
2.1. HepG2/C3A 3D spheroid formation and maintenance

HepG2/C3A spheroids were generated according to a protocol pro-
vided by CelVivo (Wrzesinski and Fey, 2018; Wrzesinski et al., 2021;
Frandsen et al., 2022). To generate uniformly sized spheroids, 500
cells/microwell (750 round-bottomed microwells/well) were seeded
onto each well of the Spherical plate 5D (SP5D) 12-well plate (Kugel-
meiers AG). After adding HepG2/C3A growth media (MEM media
(Gibco) complemented with 1 % non-essential amino acids (Gibco) and
1 % Antibiotic-Antimycotic (Gibco)) up to a final volume of 2 ml per
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each well, the plate was centrifuged at 100xG for 3 min and incubated in
a humidified incubator (Forma™ Series II Water-Jacketed CO2 Incu-
bator, Thermo Scientific™) with 5 % CO5 at 37 oC for 24 h to allow
aggregation. Successful aggregation was determined by checking indi-
vidual round-bottom microwells using a microscope (Nikon TMS). The
ClinoReactors for spheroid propagation were prepared by hydration of
the humidification beads inside the humidity chamber of the ClinoR-
eactors with sterile water (CelVivo) for 4 h at room temperature
Following chamber hydration, the ClinoReactors were filled with 5 ml of
HepG2/C3A growth media and equilibrated overnight in ClinoStar (5 %
CO4 and 37 oC) rotating at 13 rpm. After equilibration, the media was
removed from the ClinoReactors, and the pre-aggregated spheroids
(~750 spheroids, all spheroids made from a single well of the SP5D
plate) were gently transferred (Day 0) into the ClinoReactors using a
transfer pipet (CelVivo). Spheroid-containing ClinoReactors were filled
with the growth media to 10 ml and placed in ClinoStar under contin-
uous rotation. Media was changed (90 % of the volume) two to three
times a week and the rotation speed of each ClinoReactor was adjusted
to ensure optimal media flow according to the increasing size of
spheroids during culture, aiming that spheroids do not reach the top or
bottom surface of the reactor. A “gardening” procedure was performed
during media changes during which irregularly shaped/sized spheroids
were removed to ensure spheroid uniformity. The ClinoReactor unit was
replaced with a new ClinoReactor (replaced every 14 days) to ensure
that cellular debris did not accumulate on the surfaces of the reactor.
The HepG2/C3A spheroids were cultured for 35 days, and spheroid
samples were harvested by collecting a portion of spheroids in the
bioreactor for a variety of downstream phenotyping assays such as cell
proliferation assays (1-3 spheroids depending on their size at each time
point) and transcriptome profiling (3-20 spheroids depending on their
size at each time point).

2.2. Imaging and monitoring of spheroid

Phase-contrast light microscopy images (4X and 10X magnification)
of individual spheroids at each time point (from Day 1 to Day 35) were
acquired using the BZ-X700 microscope (Keyence). Four replicates of
the spheroids per time point were collected from ClinoReactors and
transferred to 24-well tissue culture plate (Corning), and imaged. The
BZ-X Analyzer software embedded within the BZ-X700 was used to
analyze cell morphology parameters including area (um?), perimeter
(um), major axis (um, length), minor axis (um, width) of the spheroids.
The average of major axis and minor axis was used as a proxy for
diameter (um) since a two-dimensional image of a spheroid is not
perfectly circular.

2.3. Cell doubling time

Two cell growth parameters were measured in parallel (ATP-based
cell proliferation assay and direct cell counting). For the cell prolifera-
tion assay, 10 replicates of spheroids per time point were assayed using
the CellTiter-Glo 3D cell viability assay system (Promega) to produce
relative light unit (RLU) values. For cell counting, 6 replicates of
spheroids per each time point were dissociated to produce single cell
suspension using Accutase solution (400-600 units/ml) (Sigma-Aldrich,
A6964) and aliquot of the single cell suspension was cell-counted using
CellDrop (DeNovix) with a dilution factor of 1-2. Peason correlation
analysis via the CORREL function in excel (version 16.0) was performed
to confirm correlation of cell growth parameters obtained from inde-
pendent measurement. Next, cell doubling times were calculated ac-
cording to the following equation:

In(2)

I Final cell growth parameter
Initial cell growth parameter

Doubling = Duration | hour | x
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using RLU values of each time point as cell growth parameter. It is
assumed that under cell culture conditions in this study cells proliferate
at a constant speed, causing an exponential growth in cell number
(Hirsch and Engelberg, 1965).

2.4. CYP enzymatic activity assay

We used the P450-Glo CYP3A4 assay with Luciferin-IPA substrate
(Promega, Madison, WI) and the P450-Glo CYP1A1 assay with Luciferin-
CEE (Promega, Madison, WI) to quantify enzymatic activities of CYP3A4
and CYP1Al in 2D and 3D, respectively. Briefly, for detecting 2D
enzymatic activities, 12,000 HepG2/C3A cells were seeded a day prior
to the assay. Six spheroids were used per replicate for 3D spheroid at Day
3, 7, and 10. Both 2D and 3D spheroid samples were incubated with
Luciferin-IPA (CYP3A4) and Luciferin-CEE (CYP1A1) for 3 h, followed
by the addition of Luciferin detection reagent. After 20 min incubation
at RT, the luminescence was measured. The enzymatic activities were
normalized to ATP content measured by CellTiter-Glo 3D cell viability
assay (Promega, Madison, WI). The assays were performed in three
replicates.

2.5. TempO-Seq library preparation and next-generation sequencing

The whole-transcriptome of experimental HepG2/C3A cells was
interrogated using the Human Whole Transcriptome Assay panel (Bio-
Spyder Technologies Inc, Carlsbad, California) following the manufac-
turer’s instructions for both monolayers and spheroids. Briefly, total
RNA was extracted and purified from all experimental samples (3 rep-
licates per sample) using a RNeasy Plus Mini Kit (Qiagen) following the
manufacturer’s instructions. Purified RNA samples were quantified,
their 260/280 ratios assessed, and then diluted with sterile water to
obtain a consistent concentration of 100 ng/uL across all samples. An
equal volume of 2X TempO-Seq Enhanced Lysis Buffer was added to
each RNA sample, which provides an assay-ready sample in 1X TempO-
Seq Enhanced Lysis Buffer. The assay-ready samples were annealed to
the detector oligo (DO, targeting and binding a single RNA of interest)
mix using the following steps: the assay-ready samples were incubated
on plate at 70°C for 10 minutes, then ramped to 45°C for 50 minutes
with the same ramp rate; the plate was maintained at 45°C for 16 hours,
then cooled to 25°C. Annealing was followed by nuclease digestion
(87°C for 1.5 hours, the type of nuclease is not indicated by BioSpyder
protocol) to remove excess oligos, and ligating (by incubating for 1 hour
at 37°C, then immediately raise to 80°C for 15 minutes) of a pair of DOs.
The ligated product was PCR amplified using primers that contain
sample tag (index) sequences and adaptors required for sequencing
using the following. PCR cycles: 1. 37°C for 10 minutes 2. 95°C for
1 minute 3. 25 cycles of 95°C 10 sec; 65°C 30 sec; 68°C 30 Section 4.
68°C for 60 Section 5. Hold at 25°C. The amplified assay products are
then pooled and purified/concentrated using the Macherey-Nagel
NucleoSpin Gel and PCR Cleanup kit (Takara Bio USA, Inc, Mountain
View, California). The library was sequenced using a NovaSegX (at
BioSpyder). A median read depth of 1625 reads per gene was achieved.

Primary data analysis was performed on a raw fastq files by Bio-
Spyder using the TempO-SeqR (v.3.0) program. Initially, reads were
extracted from the bcl files and demultiplexed with bcl2fastq
v.2.20.0.42. The fastq files were processed with the TempO-SeqR
(v.3.0), which uses star v.2.5 to align the reads, and the count func-
tion from QuasR to extract feature counts using a gtf reference (Gaidatzis
et al., 2015). A gene_count table that detailed the signal levels (counts)
for each probe in each sample was provided.

2.6. Bioinformatics
All bioinformatics analyses for the TempO-Seq gene_count data were

conducted using integrated Differential Expression and Pathway anal-
ysis version 1.13 (iDEPv1.13) (Ge et al., 2018). Counts were counts per

127

Toxicology Letters 401 (2024) 125-138

million (CPM) normalized and genes without 0.5 CPM in at least one
sample were removed from analysis. To facilitate clustering analyses
and PCA the filtered gene count data were log2 transformed using the
loga(cpm-+-c) function in the EdgeR package implemented in iDEPv1.13.
To assess sample variability, Pearson correlations of the transformed
cpm (i.e., loga(cpm+-c)) were plotted to visually assess within sample
similarity and between sample variability (Fig. S1).

2.6.1. Differentially expressed genes

iDEPv1.13 was used to perform differential gene expression analysis
on all pairs of sample groups using the DESeq2(Love et al., 2014) R
package implemented in iDEPv1.13. Expression was filtered at a
fold-change > 2 and a false discovery rate (FDR) threshold of < 0.01.
The resulting differentially expressed genes (DEGs) between comparison
samples were then used to conduct enrichment analysis using Gene
Ontology (Ensembl 92) and Kyoto Encyclopedia of Genes and Genomes
(KEGG, Release 86.1) database.

2.6.2. Clustering analysis and Principal Component Analysis (PCA)

We applied a log transformation to the normalized gene expression
counts to stabilize variance, followed by selecting the top 2000 genes
based on standard deviation to focus on the most variable and infor-
mative genes. These selected genes were then Z-score standardized and
K-means clustering was performed with the number of clusters set to
four. We set k = 4 for the number of clusters based on the results of the
elbow plot (Supplementary Fig. S2). Briefly, the elbow plot shows the
within-cluster-sum-of-square (WCSS) values on the y-axis corresponding
to the different values of K on the x-axis. The optimal k value is the point
at which the graph forms an elbow.

2.6.3. Pathway enrichment analysis

2.6.3.1. Pathway enrichment analysis for DEGs: The analysis was
done using fold-change values returned by DESeq2 implemented in
iDEPv1.13 and R. For Fig. 5, selected genes involved in DNA replication
and Cell cycle KEGG pathways underwent log transformation and Z-
score normalization before generating the heatmaps.

2.6.3.2. Pathway enrichment analysis for clustered gene sets: Each
cluster identified by k-means clustering as described above was analyzed
for enriched pathways using gene sets derived from the GO-BP and
KEGG databases implemented in iDEPv1.13 (accessed and performed
Dec 3, 2023). The background genes used for the enrichment analysis
are the filtered genes from the genome-wide original gene list. Enrich-
ment p-values are calculated based on a one-sided hypergeometric test,
which is then adjusted for multiple testing using the Benjamini-
Hochberg procedure and converted to FDR. The pathways are first
filtered based on an FDR threshold of 0.05, and then the significant
pathways are sorted by FDR. Only the top 10 pathways are displayed.

2.6.4. Gene expression time-course dynamics

2.6.4.1. Data normalization. To account for variation in library size and
sequencing depth across samples, we normalized the raw gene expres-
sion data using Median Normalization (Anders and Huber, 2010).
Briefly, this method first calculates a ‘size factor’ for each sample ac-
counting for variations in sequencing depth. Then, the method divides
the expression values of each gene by the corresponding size factor. The
result is a set of normalized expression values that are adjusted to a
common scale across all samples.

2.6.4.2. Trendy analysis. To investigate the dynamics of gene expres-
sion over time, we employed the Trendy (Bacher et al., 2018) package in
R, designed for analyzing high-throughput expression data (e.g.,
RNA-seq or microarray) across an ordered series of conditions, such as
time-course experiments. Trendy identifies an optimal segmented
regression model for each gene, with breakpoints indicate a significant
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change in the gene’s expression across the time-course. The lowest
Bayesian Information Criterion (BIC) was selected for optimizing the
segmented regression model for gene expression changes of each gene.
Parameters were carefully chosen to balance sensitivity and specificity,
with a maximum of three breakpoints, a minimum of five samples is
required to be within a segment, and the p-value cutoff of 0.2 to identify
significant changes in gene expression trends.

2.6.4.3. Toxicology genes of interest. The focused analysis used 39 genes
associated with phase I, II, Il drug and toxicant metabolism such as
cytochrome P450 enzymes, glutathione transferases, and transporters.
For each of these genes, we generated and displayed trendy plots to
visualize the gene expression trends over time. The specific set of genes
selected is presented in Table S2.

3. Results
3.1. Spheroid size continues to increase over 35 days of culture

Pre-aggregated HepG2/C3A 3D spheroids transferred into ClinoR-
eactor (ClinoStar system, CelVivo) were maintained in continuous cul-
ture for up to 35 days. The size of the spheroids increased with the time
of cultivation (Fig. 2A). The diameter of the spheroids was 228 um on
Day 1 and gradually increased to 348 um on Day 7 (Fig. 2B). By Day 10,
the diameter reached 570 um, which is above the size (300-500 pm)
previously shown to provide conditions resulting in lactate production,
proliferation gradients, and hypoxia in HepG2/C3A cells (Wrzesinski
and Fey, 2018; Pinto et al., 2020) similar to those observed in in vivo
conditions. After Day 14, a darker region was noted in the center by
imaging, consistent with a necrotic core (Zanoni et al., 2016; Barisam
et al., 2018), distinct from the outer region (Fig. 2A). After 35 days of
spheroid culture, the diameter of spheroids reached 1134 um (Fig. 2B).
The total area and perimeter of spheroids at each time point (Fig. S3A
and S3B) increased in parallel with the diameter, confirming that
HepG2/C3A 3D spheroids generated using the ClinoStar system
continue to grow steadily over the long-term culture period of 35 days.

3.2. Individual cell proliferation rate decreases over time in spheroid
culture

We investigated changes in the cellular growth rate of individual
cells which make up the spheroids. Two methods, an ATP-based cell
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proliferation assay (CellTiter-Glo) and direct cell counting, were used to
quantify the number of cells in each spheroid based on a random sample
of each spheroid population at each time point. 10 spheroids were used
for the cell proliferation assay and 6 spheroids were used for direct cell
counting. A correlation analysis between RLU (Relative Light/Lumi-
nescence Unit) values resulting from the ATP-based cell proliferation
assay and direct cell counts showed a statistically significant correlation
between the two parameters, with a Pearson r value of 0.9762 and an R-
square value of 0.953 (Fig. 2C) so RLU values were used to calculate the
cell doubling time during the 35-day culture period compared to Day 1
(Fig. 2D). The cell doubling times in 3D spheroid culture increased over
time to a maximum of 130 hours at 35 days compared to 40 hours
observed in 2D monolayer. We noted a transition in doubling time
around Day 14 of culture (i.e., from Day 10 to Day 21) with a 1.9 times
increase in doubling time during subsequent culture times.

3.3. Whole-transcriptome profiling of HepG2/C3A time-course 3D culture
using TempO-Seq platform reveals that formation and growth of spheroids
accompanies extensive changes in gene expression

We used the TempO-Seq platform to comprehensively analyze
whole-transcriptome changes (molecular phenotypic changes) of the
HepG2/C3A spheroids over a time-course of culture as compared to 2D
culture. First, Principal Component Analysis (PCA) was used to visualize
data patterns and help identify samples with similar expression patterns
and the variability in the gene expression across individual samples. PC1
(representing the largest variability in the data) and PC2 (representing
the second largest variability in the data) account for 77 % and 18 % of
variation, respectively (Fig. 3A). Biological replicates showed intra-
sample consistency, and the analysis identified three distinct sample
groups: 2D / Day 3, 7, and 10 / Day 14, 21, and 28 (Fig. 3A, Fig. S1).
Furthermore, the 2D monolayer control samples are more distant from
the other two groups than the other groups are from each other, which
aligned with the result that a majority of DEGs were observed already by
Day 3 (Table S1 and Fig. S7A). A large number of genes were found to be
differentially expressed (DEGs_total range from 4816 to 5836 genes)
throughout all the time points of spheroid culture compared to 2D
monolayer controls (Table S1). A significant number of DEGs started to
be differentially expressed as early as Day 3 (a total of 5767 genes, 2584
genes increased expression; 3183 genes decreased expression), which is
nearly equivalent to the number of DEGs observed on Day 10 (a total of
5836 genes, 3277 genes increased expression; 2559 genes decreased

o o

HepG2/C3A
(2D) SPDS5 plate
(2D control)
Day 0 Day 1 Day 3 Day 7

Imaging O (@) (o)
Cell counting (o) O O
Cell proliferation O (@] (@]
Whole transcriptome O (@] O

(TempO-Seq)

SLCS ClinoReactor
Day 10 Day 14 Day 21 Day 28 Day 35
O O O O O
O O ) O O
o O O O O
o O O O

Fig. 1. Experimental scheme of this study. HepG2/C3A cells were originally cultured in 2D monolayer and subsequently seeded onto SPD5 ultra-low-attachment
plate at a density of 500 cells/microwell for each single spheroid aggregate. Once the spheroid aggregates formed, they were transferred into a ClinoReactor
rotating in a ClinoStar system (CelVivo) and cultured for up to 35 days. At the indicated timepoints, spheroid samples were characterized using Keyence microscope
to determine spheroid size, dissociated to determine cell number and proliferation rate, and directly utilized for whole transcriptome analysis.
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Fig. 2. Cellular phenotypic changes of HepG2/C3A spheroids over the time-course 3D culture. (A) Change in size of growing HepG2/C3A spheroids up to 35 days of
cultivation in CelVivo clinostat-based bioreactors. The black scale bar indicates 200 pm. (B) Measured diameter (um) of spheroids on each day of cultivation pictured
in (A) is shown. (C) The result of correlation analysis of two cell proliferation (growth) parameters: cell number (x-axis) and relative light unit (RLU, y-axis) are
plotted generating several correlation values. The equation of regression line is y=1.602*X + 23660, with R square of 0.953 and Pearson r value of 0.976. (D) Cell
doubling times for each time points (x-axis) during 3D spheroid culture are shown as a bar graph. The units on the y-axis are hours.

expression), representing the largest number of DEGs among all com-
parisons (Table S1). This result indicates that considerable changes in
gene expression occurred rapidly (Day 3 or earlier) after formation of 3D
spheroid structure. In addition, we identified 1284 genes found to be
consistently differentially expressed across all time points (Fig. 3B). We
assessed biological pathway enrichment (using GO terms) common to all
time points in the 3D spheroid culture as compared to 2D culture and
found that metabolism-related pathways such as small molecule meta-
bolic process, oxoacid metabolic process, organic acid metabolic pro-
cess, and carboxylic acid metabolic process are significantly enriched
across all time points (Fig. 3C).

Since we noticed three distinct sample groups analyzed by PCA plot,
we also assessed transcriptome changes over the time-course culture of
spheroids by pair-wise comparisons of DEGs between adjacent time
points (i.e., 2D vs. Day 3, Day 3 vs. Day 7, Day 7 vs. Day 10, Day 10 vs.
Day 14, Day 14 vs. Day 21, Day 21 vs. Day 28) (Fig. S7) to see whether if
the distinction of the time points was derived from a transcriptome
change. Two main transitions of transcriptome dynamics were observed
based on this analysis, which was supported by the result of the PCA plot
(Fig. 3A). The first transition occurred during the change from 2D cul-
ture to 3D culture (Day 3) with 5666 DEGs (Fig. S7A), consistent with
the finding that a substantial number of DEGs (enriched with
metabolism-related genes and pathways) were observed by Day 3 and
maintained throughout the spheroid cultures (Table S1). A second
transition in gene expression was noted between Day 10 and Day 14
with 1406 DEGs (Fig. S7D), which involved DEGs other than the
metabolism-related ones identified in the initial transition (Fig. S7A). In
contrast, the direct comparisons of the other adjacent time points did not
identify a large number of DEGs (Figs. S7B, S7C, S7E, and 4 F). In
summary, the comparative analysis of DEGs between adjacent time
points during the 3D spheroid culture revealed two transition time
points where a substantial number of genes were differently expressed.
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3.4. Clustering analysis captures patterns of transcriptome change during
time-course 3D spheroid culture

Clustering analysis was performed to assess the changes in the
transcriptome over the course of HepG2/C3A 3D spheroid culture. We
carried out K-means clustering to further assess the changes in gene
expression during the time course. Given that all the time points of
HepG2/C3A 3D spheroid culture in this study clearly separated into
three groups, we performed a K-means clustering (Watanabe, 2022)
with a K value of 4 (the way that k=4 was chosen described in Methods).
The top 2000 genes were broken down into four clusters based on
similar gene expression dynamics patterns over the time-course where
expression of cluster 1 and cluster 2 genes are initially decreased, while
genes in cluster 3 and cluster 4 follow the opposite pattern at the tran-
sition from 2D to Day 3 in spheroid culture (Fig. 4A). During the tran-
sition from Day 10 to Day 14, cluster 1 genes maintained decreased gene
expression, while cluster 2 exhibited increased gene expression
(Fig. 4A). Cluster 3 genes showed decreased expression levels at the
transition, while cluster 4 maintained increased gene expression from
the initial transition point (Fig. 4A). The levels of gene expression of
cluster 3 and cluster 4 genes increased immediately after formation of
HepG2/C3A spheroids, which suggests biologically important roles of
those genes in spheroid functionality. Further pathway enrichment
analysis (KEGG and GO-BP) was carried out for these clusters to test for
enrichment of specific biological pathways (Fig. 4B and Fig. S9). In
cluster 3, a common enriched pathway resulting from both KEGG
pathway and GO-BP term enrichment analysis included cell
growth-related pathways. Terms such as DNA replication, cell cycle, and
chromatin assembly were among the top 10 pathways enriched in the
analysis using both databases. These enrichment results suggest that
gene expression changes in genes within cluster 3 reflect changes in cell
growth-related genes (Fig. 4B and Fig. S9A). Notably, the gene expres-
sion dynamics pattern of cluster 3 genes (cell growth-related genes)
correlated to the observed pattern of change in cell doubling time, which
showed a noticeable increase (decreased rate of cell growth) during the
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Fig. 3. Whole-transcriptome changes during 3D spheroid culture compared to 2D monolayer control. (A) PCA plot of all time points of 3D spheroid culture. The x-
axis indicates PC1 that explains 77 % of variation in all samples while the y-axis indicates PC2 that explains 18 % of variation in all samples. (B) An intersection plot
visually presenting the number of common and unique genes with greater expression in each time points during the 3D spheroid culture compared to 2D culture.
Black dots represent the unique genes of each time point and a black line connecting the dots indicates a common set of unique genes. For instance, 1284 (the first
blue bar graph value) indicates the number of common genes with greater expression in all time points in the spheroid culture as depicted by the connected line
among black dots. (C) Top five enriched GO (biological pathway) terms of 1284 common up-regulated DEGs (shown in B) in all time points of 3D spheroid culture as
Eompared to 2D monolayer control.
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Fig. 4. Expression pattern-based clustering of genes and time points of HepG2/C3A 3D spheroid culture and enriched pathways of each cluster. (A) A heatmap
(normalized and mean-centered) resulting from K-means clustering (k=4). The x-axis represents time points of spheroid culture whereas the y-axis represents genes,
and those genes were clustered. (B) The top 10 KEGG pathways enriched in each cluster of genes. P-adj.: False Discovery Rate (FDR)-adjusted p-value, Fold:
fold-change.

transition from Day 10 to Day 14. with different gene expression dynamics and distinct enriched biological
Among the top 10 KEGG pathways enriched in cluster 4 genes, 5 pathways showed concordance with these transition points.

pathways are directly associated with metabolism (Glycine serine and

threonine metabolism, Metabolic pathways, Drug metabolism- 3.5. Cell proliferation-related gene expression pattern showed a critical

cytochrome P450, Metabolism of xenobiotics by cytochrome P450, transition from Day 10 to Day 14

and Cholesterol metabolism) (Fig. 4B). Complementary GO enrichment

analysis further revealed that the dominant GO-BP terms in cluster 4 We further investigated DEGs between the Day 10 and Day 14 time

were related to metabolism, with 9 out of 10 terms associated with  points where we noted the change in growth characteristics and gene

metabolic pathways (Fig. S9B). Thus, these results are consistent with expression dynamics. We found that many genes encoding proteins

increased mRNA expression of a large number of genes encoding involved in DNA replication and cell cycle pathways, both of which are

metabolism-related pathways at the initial formation of spheroids and critical for cell growth and proliferation, undergo a clear transition in

their increased expression remains throughout the time-course of gene expression levels with markedly decreased expression between Day

spheroid culture until Day 28. In summary, the overall view of gene 10 and Day 14 (Fig. 5). Among the DNA replication genes, the mini-
expression dynamics of HepG2/C3A 3D spheroid culture using the K- chromosome maintenance (MCM) family, including MCM2, MCM3,
means clustering approach also revealed two distinct transitions in time MCM4, MCM5, MCM6, and MCM?7, showed decreased expression levels
points: 2D / Day 3, 7, and 10 / Day 14, 21, and 28. Four clusters of genes during the transition (Fig. 5A). The MCM proteins encoded by this gene
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Fig. 5. Changes in cell proliferation-related gene expression during the transition point from Day 10 to Day 14 in spheroid culture. (A) A heatmap presents a list of
genes involved in DNA replication pathway (KEGG) by visualizing changes in gene expression level using red (up-regulation) and blue (down-regulation). (B) A
heatmap presents a list of genes involved in cell cycle pathway (KEGG) by visualizing changes in gene expression level using red (up-regulation) and blue (down-
regulation). Heatmaps were constructed with ‘Day’ on the x-axis and ‘gene’ on the y-axis. The red- and blue-colored parameters describing gene expression level
changes were calculated based on direct comparison between gene expression value of Day 10 and that of Day 14.

family are known to be essential replication initiation factors and those
genes are evolutionally conserved in all eukaryotes (Tye, 1999). Another
evolutionarily well-conserved gene, the proliferating cell nuclear anti-
gen (PCNA), which plays critical roles in multiple processes of DNA
replication (Moldovan et al., 2007), also showed decreased expression
(Fig. 5A). The set of genes highlighted in green (indicating decreased
expression levels) in the corresponding KEGG pathway (Supplementary
Figure S8A) visually indicates that most of the genes involved in the
DNA replication process undergo decreased expression. Cell-cycle genes
also followed the same trend of gene expression dynamics as DNA
replication genes (Fig. 5B). For example, essential cell division cycle
regulators (Perbal, 2018) (cyclin A2 (CCNA2) and cyclin B1 (CCNB1))
showed decreased expression when spheroid culture transitioned from
Day 10 to Day 14. Cyclin-dependent kinase 1 (CDK1) also showed a
similar change in expression, which is expected since it has been shown
to be activated by cyclins (Kalous et al., 2020). This trend of gene
expression dynamics was also reflected in the corresponding KEGG
pathway (Supplementary Figure S8B). Overall, the majority of genes
involved in cell growth and proliferation pathways (DNA replication and
cell cycle) have undergone a transition in their gene expression towards
decreased expression levels.

3.6. Drug metabolizing gene expression dynamics

We observed a systematic increase in the expression of metabolism-
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related genes and pathways at all time points during HepG2/C3A 3D
spheroid culture as compared to 2D controls (Fig. 3 and Fig. 4), but also
noted that expression of metabolism pathway-related genes (arbitrarily
separated into “Phase I, II, and III”) fluctuated over the time course. We
present the mean normalized expression (Median normalization
method, refer to Methods section) with standard error of the mean
(SEM) in Table S2 of selected Phase I, II, and III genes. This depiction is
meant to be representative and not necessarily comprehensive to pro-
vide insight into their gene expression dynamics. Importantly, the
HepaG2/C3A models expressed only a subset of these genes known to be
expressed in primary human liver hepatocytes (Bell et al., 2016; Kvist
et al., 2018). We included in Phase I, all cytochrome P450 (CYP) genes
found to have significant expression levels in this cell model, as well as
epoxide hydrolase (EH, EPHX), and flavin-containing monooxygenase
(FMO). The gene families of glutathione S-transferase (GST),
UDP-glycosyltransferase (UGT), and sulfotransferase (SULT) were
selected for phase II DMEs. Finally, ATP-binding cassette (ABC) trans-
porters, solute carriers (SLC) transporters, and solute carrier organic
onion (SLCO) transporters were selected as representing phase III DMEs.
The normalized gene expression values were then visualized in a heat-
map to present an overview of their changes over time (Fig. 6). In
comparison to the 2D control (the relative expression level was scaled to
be equal to ‘1°), the overall expression level across the different cate-
gories was increased in the spheroid culture at all-time points.
Interestingly, some metabolism related genes showed similar gene
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Fig. 6. Heatmap displaying overall gene expression pattern of drug metabo-
lizing enzyme encoding genes summarized in Table S2. Individual drug/toxi-
cant metabolizing enzyme/transporter genes categorized by Phase I (A), Phase
1I (B), and Phase III (C), are listed in the y-axis while time points are indicated
in the x-axis. The values in the heatmap are the log ratios of the mean
normalized gene expression for each time-point divided by the mean normal-
ized gene expression of the 2D control samples. Thus, the changes in gene
Expression are relative to the baseline 2D control values.

expression dynamics patterns as the cell proliferation genes, with an
early increase in expression from Day 3 to Day 10 and subsequent
decrease in gene expression after Day 10. To obtain more insights into
how the expression of metabolism related genes fluctuate during
spheroid culture, a Trendy (Bacher et al., 2018) analysis, which is based
on segmented regression modeling, was performed for the selected
metabolism related genes summarized in Table S2 (Figs. 7A, 7C and
Supplementary Fig. S4, S5, and S6). A few representative members from
each phase are presented. Genes encoding cytochrome P450 enzymes
(CYPs) (Zhao et al., 2021) showed several distinct trends in their gene
expression change. For example, CYP3A4, CYP3A7, and CYP2J2
expression was increased at early time point (Day 3), peaked at Day 7,
and then decreased after Day 10. Importantly, the normalized gene
expression level at Day 3, Day 7, and Day 10 is always substantially
elevated as compared to the 2D control, while that of Day 14, Day 21,
and Day 28 is shown to be much less elevated (Figs. 7A, 7C, Supple-
mentary Fig. S4). The gene expression dynamics of both CYP1A1 and
CYP4V2 continuously increased until Day 28 although CYP1AL1 differs in
the extent of change, which appeared to be negligible compared to that
of CYP4V2, which showed a robust increase over the time-course
(Supplementary Fig. S4). CYP2D6 exhibited a dynamic pattern where
there is no change in trend after Day 7, but immediate gene expression
induction was observed on Day 3, and further on Day 7 (Supplementary
Fig. S4). Other members of the phase I enzymes, such as EPHX and FMO
showed a similar trend as CYPs with increased expression during all the
time points of 3D spheroid culture (Supplementary Fig. §4).

For two CYPs, CYP3A4 and CYP1A1, we measured their time-course
basal enzymatic activities up to Day 10 in spheroid cultures (the window
where most pronounced gene expression changes were observed) and
compared the results with 2D counterpart. CYP3A4 showed increase in
enzymatic activity which matches its gene expression profile (Figs. 7A
and 7B). In contrast, CYP1A1 gene expression showed an initial decrease
in 3D culture as compared to 2D culture but enzymatic activity increased
in 3D as compared to 2D culture despite decreased expression (Figs. 7C
and 7D). Thus, changes in gene expression level and dynamics do not
necessarily reflect the actual enzymatic activity of the corresponding
genes.

Gene expression changes for four GST family genes, GSTT1, GSTM4,
GSTO2, and GSTA1l were selected as representatives of the gene
expression dynamics of phase II enzymes (Supplementary Fig. S5). They
showed a similar trend where the expression level peaked at early time
points (Day 3 or Day 7) and then decreased, except GSTA1, which
increased its gene expression continuously until Day 28. SULTs and
UGTs showed a similar pattern as GST family genes (Supplementary
Fig. S5). Lastly, selected phase III transporters were investigated.
ABCC6, ABCB10, and ABCG8 behaved similarly, presenting a dramatic
decrease in gene expression as compared to 2D control on Day 3 in 3D
culture (Supplementary Fig. S6). SLC transporters also follow the same
trend where their gene expression peaked at Day 3 or Day 7
(Supplementary Fig. S6).

Most, but not all genes encoding DME (phase I, II, and III) showed a
similar trend of gene expression dynamics during spheroid culture -
dramatic early induction when transformed from 2D monolayer to 3D
structure. Also, we found that most of the time points during the
spheroid culture showed higher gene expression levels than the 2D
monolayer control, regardless of their gene expression dynamics (Fig. 6
and Fig. 7), which implicates the recovery of metabolic competence in
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Fig. 7. Time-course gene expression change and corresponding enzymatic activity of representative Phase I enzymes. Trendy plots showing gene expression dy-
namics of CYP3A4 (A) and CYP1AL1 (C). These plots are composed of gene name, x-axis, and y-axis. The x-axis indicates time in days while y-axis indicates normalized
mRNA expression value. The grey dots in the same x-axis show individual normalized expression values of actual biological replicates. Green dotted line indicates a
breakpoint where gene expression trend changes based on linear regression analysis by Trendy. The red line indicates ‘up’ trend of gene expression dynamics whereas
the blue line indicates ‘down’ trend. The black line depicts no statistically significant change in trend of gene expression. Normalized enzymatic activities of CYP3A4
(B) and CYP1A1 (D) in 2D and 3D spheroid cultures (up to Day 10) were presented. *p-value <0.05; **p-value <0.01. The assays were performed in three replicates.

3D spheroids at least regarding the DME gene expression.

4. Discussion

The development of in vitro human cell model systems for assessing
the potential toxicity of chemicals to human hepatocytes that balance
high throughput capabilities, ease of use, and metabolic competence
remains an ongoing challenge (Guillouzo, 1998; Allen et al., 2005;
Bandele et al., 2012). Primary human hepatocytes (PHH) while the most
metabolically active and representative of fully differentiated cells, can
be challenging to culture, short lived and not amendable to genetic
modifications (Guo et al., 2011; Gerets et al., 2012; Huggett et al., 2022).
iPSC-derived hepatocytes are still challenging to culture and differen-
tiate into fully mature adult hepatocytes (Corbett and Duncan, 2019).
Tumor derived cell lines such as HepG2, while extensively utilized in
toxicology due to ease of culture and rapid proliferation, are reported to
have limited metabolic capacity (Arzumanian et al., 2021). Some tumor
derived cell lines such as HepaRG can be induced to differentiate into
hepatocyte-like cells with more organotypic phenotypes than HepG2
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cells (Gerets et al., 2012; Nelson et al., 2017; Lorincz et al., 2021) and
increased metabolic activity (Dubois-Pot-Schneider et al., 2022; Louisse
et al., 2023), but concerns about HepaRG cancerous features (Gupta
et al., 2021) remain. More recently, HepG2/C3A cells, a derivative of
HepG2, are being considered for their utility in toxicity studies due to
their more differentiated and metabolically active hepatic phenotype
compared to its original counterpart, HepG2 cells (Coltman et al., 2021).
HepG2/C3A cells cultured in 3D spheroids recover some hepatocyte
functions such as storage of glycogen, transport of bile salts, and the
formation of structures resembling bile canaliculi (Okamoto et al., 2009;
Ramaiahgari et al., 2014; Skolik et al., 2021). Furthermore, studies
comparing whole-genome expression of HepG2 and HepaRG in chemical
hazard identification capability concluded that HepG2 is more suitable
for discriminating different genotoxic compounds using toxicogenomic
approaches (Bhattacharya et al., 2005; Jennen et al., 2010; Magkoufo-
poulou et al.,, 2011). Moreover, high metabolic capacity and CYP
inducibility, measured by gene expression or enzyme activity, do not
necessarily correlate with high sensitivity for the detection of hepato-
toxic drugs (Gerets et al.,, 2012; Bell et al., 2016). More recently,
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according to Basharat et al., HepG2/C3A spheroids showed a higher
sensitivity in response to a list of drug induced liver injury (DILI)--
causing chemicals than HepaRG spheroids, demonstrating a superior
predictiveness of HepG2/C3A in evaluating the early DILI responses in
drug development (Basharat et al., 2020). These studies suggest that
HepG2/C3A spheroids may be an appropriate model for comparative
studies of differential molecular responses and phenotypes to chemical
exposures. We thus undertook a detailed assessment of HepG2/C3A cells
cultured in a spheroid cell model to ascertain its suitability for subse-
quent genotype-phenotype based studies.

A clinostat principle-based 3D culture system (ClinoStar, CelVivo)
has recently been adopted to generate 3D spheroids for use in numerous
studies in toxicology, stem cell biology, and virus pathology(Calitz et al.,
2018; Stampar et al., 2021; Frandsen et al., 2022; Stewart et al., 2022;
Pinzon-Arteaga et al., 2023) due to potential benefits over other 3D
systems, including high uniformity in size, active diffusion of oxygen
and nutrients, and mitigation of gravitational forces and shear stress.
This system supports uniform spheroid maintenance for long-term cul-
ture periods as compared to other 3D systems, such as scaffold (collagen
or matrigel)-based, hanging drop, or magnetic levitation (Haycock,
2011; Ramaiahgari et al., 2014; Langhans, 2018). We utilized this cli-
nostat system to maintain HepG2/C3A spheroids and assess the
phenotypic and gene expression in long term culture. As documented in
the Fig. 2, spheroids were able to grow in a highly consistent manner
over time up to 35 days.

Spheroids with a diameter above 500 pm (Nath and Devi, 2016) are
reported to develop a “necrotic” core, which has been attributed to
decreased diffusion of oxygen and nutrients from the culture media into
the center of spheroid as it increases in size, as well as the accumulation
of metabolic waste products. Interestingly, the cellular phenotypic re-
sults (Fig. 2) showed that the average diameter of the spheroids reaches
500 pym shortly before Day 10, the approximate transition time point at
which the rate of cell proliferation and cell doubling dramatically
decrease. Limited nutrient and oxygen exchange is consistent with the
decreased in cell proliferation observed in our study. This phenomenon
was also observed in Fig. 2C, where ATP production in cells appeared to
slightly decrease compared to cell numbers consistent with hypoxic
conditions negatively affects cell metabolism and energy distribution
(Flood et al., 2023). The presence of a nutrient and oxygen gradient has
been argued to better mimic the cellular heterogeneity of liver tissue and
translatability (Zanoni et al., 2016). Such heterogeneity stems from
large spheroids characterized by an external proliferating zone and in-
ternal quiescent zone (Zanoni et al., 2016), where the majority of cells
experience hypoxia and glucose starvation that can be present in actual
tissues (Wrzesinski and Fey, 2018). Nonetheless, the use of large
spheroid models composed of cells in different proliferative and meta-
bolic states has raised concerns about the reproducibility of data (Zanoni
et al., 2016), which required careful interpretation of the data obtained
in later timepoints regarding the quality of data. The HepG2/C3A
spheroids generated and cultivated in this study started showing a
darker core consistent with a necrotic core observed in a previous study
(Stampar et al., 2020) from Day 14 and gene expression showed a
transition around Day 10. Thus, the determination of the appropriate
time window for toxicity studies in this system will depend on the
question of interest. Exposure prior to Day 10 may be appropriate for
high-throughput toxicant screening to reduce heterogeneity in response
while later exposures may provide a more the heterogenous response
mimicking complex tissue structures.

In previous studies (Wrzesinski and Fey, 2013; Wrzesinski et al.,
2013), the cellular growth rate of individual cells comprising spheroids
was assessed by measuring the protein content of a spheroid using
photomicrograph-based estimation. The estimated cell doubling time,
calculated indirectly using protein content, exceeded 12 days
(288 hours) around thel4th day of spheroid culture (Wrzesinski and
Fey, 2013). In our study, we used cell-number (cell counting)-based
doubling time calculation to obtain more precise data on cellular
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growth and avoid over- or underestimation by measuring protein con-
tent. 10 spheroids were collected at each timepoint which showed
consistent measurements and low variation. Furthermore, we validated
the cell counting data with an ATP-based cell proliferation assay which
showed a high correlation (Fig. 2C). Comparing our direct measurement
of two cell growth parameters (ATP-based cell proliferation assay and
cell counting) with the previous protein-based estimation, the cell
doubling time differed significantly, with our study finding significantly
slower doubling time of 74 hours on Day 14 (Fig. 2D), approximately
one-third of the value (240 hours) reported in the previous study
(Wrzesinski and Fey, 2013; Wrzesinski et al., 2013). It is not clear what
accounts for the significant difference in the doubling time estimates but
does suggest that the doubling rate may be underestimated using the
protein-based doubling time measurement. It is possible that the
observed differences could arise from the different cell densities of each
spheroid in a bioreactor, which might cause differences in oxygen and
nutrient uptake by individual cells (Browning et al., 2021), potentially
altering cell growth over the culture period. According to our results, we
identified a pronounced transition time point where cell doublings
change substantially, as indicated by our direct cell doubling measure-
ment. The transition point in cell doubling provides important infor-
mation for specific applications using HepG2/C3A spheroid models in
toxicology as well as other applications, such as in tissue engineering
and regenerative medicine development (Heydari et al., 2020).

Targeted and genome-wide transcriptomics in the field of toxicology
has enabled profiling of transcriptional signatures in response to
chemical exposures, utilizing whole animal, tissue, or cell culture
models. This approach can identify transcriptionally regulated biolog-
ical pathways that can help in the identification of mechanisms of
toxicity (van Delft et al., 2012; Bushel et al., 2018; Zheng et al., 2018;
Haimbaugh et al., 2022). We investigated the dynamics of the
whole-transcriptome in HepG2/C3A 3D spheroids to establish a baseline
for toxicological studies using this system. Xenobiotic exposure have
been primarily addressed in 2D systems, with a focus on early detection
of molecular phenotypes associated with toxic effects (Baccarelli and
Bollati, 2009; Joseph, 2017). In addition to providing information on
basal gene expression dynamics, our analysis revealed an enrichment of
differentially expressed genes (increased expression levels) related to
metabolism pathways at all time points during spheroid culture
compared to 2D systems. This finding confirms several previous studies
reporting increased expression levels of genes involved in metabolism
processes (either gene expression or enzyme activity) when human liver
cell lines form spheroids (Ramaiahgari et al., 2017; Wrzesinski and Fey,
2018; Eilenberger et al., 2019; Mandon et al., 2019; Stampar et al.,
2020, 2021; Kanebratt et al., 2021; Rose et al., 2022). Surprisingly, we
observed extensive changes in gene expression levels after 3 days of
culture as spheroids, and these significant molecular alterations per-
sisted throughout the entire spheroid culture period. This result appears
to contrast with some previous reports documenting that HepG2/C3A
spheroids recover physiological competence (metabolic capacity) after
18 days in 3D culture (Wrzesinski and Fey, 2013; Wrzesinski et al.,
2013). Although factors associated with liver-like properties, such as
bile duct formation and albumin expression (Bell et al., 2016; Ardi-
sasmita et al., 2022), may also contribute to physiological relevance, our
finding of immediate improvements (induction) in metabolism path-
ways can inform optimal exposure time windows during HepG2/C3A
spheroid culture.

In general, changes in cellular phenotypes are often closely associ-
ated with molecular phenotype, such as changes in gene expression, loss
of protein stability, alterations in enzymatic activity, and modifications
of protein-protein, protein-DNA, or protein-ligand interactions (Rao
et al., 2014; Wierbowski et al., 2018; Cozzolino et al., 2021; Lee et al.,
2023). Although not establishing a causal link (Lin and Musunuru,
2018), gene expression-based molecular phenotypes can provide infor-
mation about the genes or transcriptional networks which drive changes
in cellular phenotypes of interest. DEGs between adjacent time points in
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the study clearly indicated transitions in mRNA expression levels over
the culture period which could influence response to external stimuli.
The large number of DEGs when comparing 2D cultured cells and the
early Day 3 spheroids, as well as the additional DEGs noted when
comparing Day 10 and Day 14 spheroids, suggests significant functional
changes in specific biological pathways occurred between these time
points (Fig. S7 and Fig. 4). PCA plot and clustering analyses also
demonstrated a clear separation of time points, supporting the finding of
DEGs between adjacent time points. Moreover, the enriched KEGG and
GO pathways in genes in cluster 3 from K-means clustering identified
cell cycle and DNA replication processes, which are the pathways
directly related to cell proliferation. These time-course analyses using
whole-transcriptome (molecular phenotype) data are consistent with a
time-course change in cell doubling time (cellular phenotype) shown in
Fig. 2.

Since the absence or lower expression levels of some key drug-
metabolizing enzymes are considered a significant issue with the
HepG2/C3A cells (Guo et al., 2011), we assessed the gene expression of a
set of genes encoding drug-metabolizing enzymes, including selected
phase I, phase I, and phase III enzymes. The activity and inducibility of
CYP enzymes (Phase I) are important determinants of the pharmacoki-
netics and toxicity of drugs/chemicals; thus, poor expression of these
enzymes in hepatic cell lines is considered a key factor in the inaccurate
prediction of toxicity in humans (Ramaiahgari et al., 2014). The overall
trend of gene expression levels of most CYPs and other
drug-metabolizing enzymes were shown to be higher in the spheroid
model as compared to the 2D control (Fig. 6 and Fig. 7), consistent with
the result of the K-means clustering analysis where metabolism-related
genes and pathways were increased in spheroids as compared to 2D.
Although the absolute expression levels of metabolic enzymes are
generally lower in HepG2 /C3A than in other liver in vitro models, such
as HepaRG and hepatocyte-like cells (HLCs) (Ardisasmita et al., 2022),
our results suggest a rapid enhancement of metabolic capacity in
spheroid cultures as compared to the 2D counterpart. Furthermore, we
showed that gene expression dynamics of two representative CYPs,
CYP3A4 and CYP1Al, are not always correlated with actual enzymatic
activities as shown in Fig. 7. While CYP3A4 showed a good correlation
between gene expression (increased) and enzymatic activity (increased)
in spheroid cultures, CYP1A1 showed increase enzymatic activity upon
spheroid formation whereas gene expression didn’t increase upon
spheroid formation. CYP3A4 basal enzymatic activity in HepG2 spher-
oids has been examined, with reports ranging from three- to seven-fold
increases compared to 2D counterpart which is aligned with our data
(Yang et al., 2013; Sun et al., 2024).

Of note, the basal whole-transcriptome dynamics and cellular
growth rate along the time-course culture in HepG2/C3A spheroids
investigated in this study could potentially provide informative insights
for establishing a particular in vitro model that maintains cellular pro-
liferation while achieving improved metabolic capacity. For example,
there have been growing demands and efforts to utilize 3D cell culture
models for functional genetic screens (i.e., targeted or genome wide
CRISPR screen in spheroid models) to identify important genetic factors
involved in cellular responses to environmental cues or stimulations in a
more physiologically relevant condition (Takahashi et al., 2020; Zhang
et al., 2022; Meng et al., 2023). Such approaches have found that tumor
cells in 3D culture are largely dependent on NRF2 hyperactivation
(Takahashi et al., 2020), prostate cancer cells treated with PARPi drugs
are enriched with novel genetic components involved in DNA repair
pathways (Zhang et al., 2022), and neurodevelopment disorders (NDDs)
genes are responsible for human interneuron development (Meng et al.,
2023). However, these studies have not considered cell doubling times
in 3D culture which could confound the interpretation of results.
Furthermore, it is also important to investigate the critical time window
for appropriate exposure to toxicants in spheroid-based studies. The data
in this study, including the cell doublings data in combination with the
gene expression dynamics of drug-metabolizing enzymes, suggests that a
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time window from Day 3 to Day 10 is appropriate exposure period for
use in a proliferation-based 3D spheroid CRISPR screen in HepG2/CA3.
The combined cellular and molecular phenotypic data can be practically
used to select balanced and optimal experimental conditions necessary
for 3D genetic screens approach using HepG2/C3A in the future.

5. Conclusions

In this study, HepG2/C3A spheroids were successfully generated and
cultivated for 35 days (5 weeks) using the CelVivo bioreactor system
based on the clinostat principle. We profiled the whole-transcriptome
changes of the spheroids to comprehensively inform the baseline mo-
lecular phenotypic changes during 3D culture using the TempO-Seq
platform. With a particular focus on cellular growth and metabolic ca-
pacity (expression of genes encoding drug metabolism enzymes), we
report several findings, some of which are consistent with previous
studies while others are novel.
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