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Two commonly used culture systems in hepatic tissue engineering are the collagen sandwich (CS) and mono-
layers of cells. In this study, genome-wide gene expression profiles of primary hepatocytes were measured over
an 8-day period for each cell culture system using Affymetrix GeneChips and compared via gene set enrichment
analysis to elicit biologically meaningful information at the level of gene sets. Our results demonstrate that gene
expression in hepatocytes in CS cultures steadily and comprehensively diverges from that in monolayer cultures.
Gene sets up-regulated in CS cultures include several associated with liver metabolic and synthesis functions,
such as metabolism of lipids, amino acids, carbohydrates, and alcohol, and synthesis of bile acids. Mono-
oxygenases such as Cytochrome-P450 enzymes do not show any change between the culture systems after 1 day,
but exhibit significant up-regulation in CS cultures after 3 days in comparison to hepatocyte monolayers. These
data provide insights into the up- and down-regulation of several liver-critical gene sets and their subsequent
effects on liver-specific functions. These results provide a baseline for further explorations into the systems
biology of engineered liver mimics.

Introduction

As one of the important organs in our bodies, the
liver performs many essential functions such as me-

tabolism, synthesis, secretion, and detoxification.1 Hepato-
cytes are the principal cells in the liver, comprising over 80%
of its mass. Hepatocytes perform several characteristic
functions of the liver, such as lipid metabolism, glucose ho-
meostasis, regulation of urea, production of plasma proteins,
alcohol clearance, and biotransformation of xenobiotics.1 In
hepatic tissue engineering, two widely used culture systems
are hepatocyte monolayers (HMs) and the collagen sandwich
(CS).2,3 In HMs, hepatocytes are cultured on a single-collagen
gel. Such cells progressively lose their phenotypic charac-
teristics over time. In CS cultures, hepatocytes are main-
tained between two collagen gels and remain stable over
extended periods.4,5 Studies have indicated that CS cultures
exhibit the preservation of differentiated functions, including
secretion of urea, expression of plasma proteins such as al-
bumin and fibrinogen, polygonal morphology, the presence
of bile canaliculi, as well as the synthesis of gap junction and
tight junction proteins.4,5 Although morphological and
physiological characteristics of hepatocytes in CS cultures
have been studied extensively, comprehensive evaluations of
temporal genome-wide gene expression programs in these

culture systems have not been reported. Global gene ex-
pression of human hepatocellular carcinoma cells (HepG2) in
monolayer and spheroidal cultures revealed up-regulated
metabolic functions in spheroids but not in monolayer cul-
tures.6 Since these data were taken at a single time point,
they did not reveal temporal variations. Another study that
monitored temporal gene expression in HMs cultured over a
3-day period revealed the down-regulation of cytochrome-
P450 expression.7 However, neither did this study investi-
gate longer time points nor did it compare monolayers to
other, more stable culture conditions. DNA microarray
measurements have also been used to study specific path-
ways through which toxicity was conferred in human he-
patoblastoma cells8 and to understand the effects of
nonparenchymal cells in 2D cocultures of hepatocytes with
fibroblasts or sinusoidal endothelial cells.9,10

We hypothesized that the enhanced in vivo liver-like
phenotypes in CS cultures were a result of the underlying
differences in the transcriptional program between hepa-
tocytes cultured in CS and HMs. Accordingly, genome-
wide gene expression profiles of primary hepatocytes were
measured at four different time points over an 8-day pe-
riod for each cell culture system using Affymetrix Gene-
Chips. Among the wide range of techniques that are
available to analyze DNA microarray data, a method was
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desired that would summarize, at the level of predefined
biological pathways, the differences between the culture
conditions at each time point. Gene set enrichment analysis
(GSEA)11 was selected since it satisfies this criterion. GSEA
is one among a family of techniques that can summarize
differential expression at the level of gene sets.12 GSEA is
widely used, generates detailed information on the results,
and has shown very good performance in a comparison of
methods that compute enrichment at the level of gene
sets.13 Further, GSEA has been used to identify pathways
involved in liver toxicity in human hepatoblastoma cells.8

GSEA is designed to identify predefined gene sets that are
differentially expressed in a treatment and a control. All
the genes expressed on each gene chip are ranked based
upon their differential expression in CS and HM cultures.
Therefore, a gene set could be important if its members are
clustered within the ranked gene list. GSEA measures the
statistical significance of the distribution of ranks within
the gene set against the background of the ranks of all the
genes.

Over the 8-day culture period, the gene expression pro-
gram of hepatocytes in CS cultures monotonically diverged
from cells cultured as a monolayer. Gene sets that were up-
regulated to a statistically significant extent in CS cultures
included those associated with liver-specific functions such
as bile acid synthesis and lipid, amino acid, carbohydrate,
and alcohol metabolism. Nuclear receptors, which play a
key role in controlling the transcriptional activation of target
proteins, were up-regulated in CS cultures on day 1 in
culture. Sets containing genes whose expression is mediated
by nuclear receptors were up-regulated in CS systems after
1 day. Gene sets related to xenobiotic metabolism and
monoxygenase activity were not differentially expressed
after 1 or 2 days, but showed highly significant up-regulation
after 3 days, suggesting a recovery in expression of the
genes in these sets. Numerous gene sets related to the cell
cycle were down-regulated, suggesting that the cell cycle
was arrested in hepatocytes maintained in CS culture sys-
tems in comparison to HMs. These findings recapitulated
well-known aspects of liver function, thereby suggesting
that DNA microarrays are a powerful tool for shedding
light on the transcriptional signatures that underlie differ-
ences between these two culture systems. The DNA mi-
croarray data generated in this study are available at
NCBI’s Gene Expression Omnibus under accession num-
ber GSE20659 at www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc¼GSE20659. All our results are available at the following
supplementary Web site: http://bioinformatics.cs.vt.edu/
*murali/supplements/2010-kim-tissue-engineering.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM) containing
4.5 g/L glucose, phosphate-buffered saline, penicillin, strep-
tomycin, and trypsin–ethylenediaminetetraacetic acid were
obtained from Invitrogen Life Technologies. Type IV colla-
genase, HEPES [4-(2-hydroxyethyl) piperazine-1-ethane-
sulfonic acid], glucagon, and hydrocortisone were obtained
from Sigma-Aldrich. Unless otherwise noted, all chemicals
were used as received from Fisher Scientific.

Hepatocyte isolation and culture

Primary rat hepatocytes were harvested from female
Lewis rats (Harlan) that weighed between 170 and 200 g.
Animal care and surgical procedures were conducted as per
procedures approved by Virginia Polytechnic Institute and
State University’s Institutional Animal Care and Use Com-
mittee. A two-step in situ collagenase perfusion method was
utilized to excise the liver.4,5 Briefly, animals were anesthe-
tized with 3 L/min of a gas mixture of 3% (v/v) isofluorane/
97% oxygen (Veterinary Anesthesia Systems Co.). The liver
was perfused through the portal vein with Krebs Ringer
Buffer (7.13 g/L sodium chloride, 2.1 g/L sodium bicarbon-
ate, 1 g/L glucose, 4.76 g/L HEPES, and 0.42 g/L potassium
chloride) that contained 1 mM ethylenediaminetetraacetic
acid, followed by serial perfusion with a 0.075% w/v and a
0.1% w/v collagenase (Type IV; Sigma-Aldrich) in Krebs
Ringer Buffer containing 5 mM calcium chloride. Cell sus-
pensions were filtered through nylon meshes with porosity
ranging from 250 to 62 mm (Small Parts, Inc.). Hepatocytes
were separated using a Percoll (Sigma-Aldrich) density
centrifugation technique. Cell viability was determined
by trypan blue exclusion. Hepatocytes were cultured on
collagen-coated 6-well sterile tissue culture plates (Becton
Dickinson Labware) and were maintained in a culture
medium that consisted of DMEM supplemented with 10%
heat-inactivated fetal bovine serum (Hyclone), 200 U/mL
penicillin, 200 mg/mL streptomycin, 20 ng/mL epidermal
growth factor (BD Biosciences), 0.5 U/mL insulin (USP),
14 ng/mL glucagon, and 7.5 mg/mL hydrocortisone. A col-
lagen gelling solution was prepared by mixing nine parts of
type I collagen (BD Biosciences) solution and one part of 10�
DMEM. Sterile 6-well tissue culture plates were coated with
0.5 mL of the gelling solution and incubated at 378C for 1 h to
promote gel formation. Isolated hepatocytes were suspended
in the hepatocyte culture medium at a concentration of
1�106 cells/mL and seeded on the collagen-coated wells at a
density of 1 million cells/well. CS cultures were formed by
the deposition of a second layer of collagen 1 day after the
hepatocytes were seeded.4,5 Hepatocytes maintained in sta-
ble CS and in unstable confluent HM cultures served as
positive and negative controls, respectively. Hepatocyte
cultures were maintained at 378C in a humidified gas mix-
ture of 90% air/10% CO2. The culture medium was replaced
every 24 h.

RNA extraction and gene chip hybridization

Primary rat hepatocytes cultured in CS and HM cultures
were maintained for an 8-day culture period. The samples
were analyzed at four time points: days 1, 2, 3, and 8 after
deposition of the second layer of collagen gel on hepatocytes.
Total RNA was extracted and purified from cells for each
culture system using an RNeasy mini kit (Qiagen) following
the manufacturer’s protocol. Isolated RNA samples in trip-
licate at each time point were labeled according to the Af-
fymetrix Standard Target labeling process, hybridized to the
GeneChip Rat Genome 230 2.0 array (Affymetrix), and
scanned as described by the manufacturer. Complementary
RNA (cRNA) synthesis, hybridization, and scanning were
performed at the Virginia Bioinformatics Institute Core La-
boratory facility as follows. Briefly, total RNA was converted
into double-stranded complementary DNA using a T7-oligo
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(dT) primer (50-GGCCAGTGAATTGTAATACGACTCACTA
TAGGGAGGCGG–(dT)24–30) and reverse transcription. Syn-
thesized cDNA was converted into biotinylated cRNA by
transcription using T7 RNA polymerase. Randomly frag-
mented cRNA was hybridized to GeneChip and the arrays
were washed and stained according to Affymetrix’s protocols.
The arrays were scanned using an Affymetrix 7G scanner.

Microarray data analysis

The Bioconductor package14 was used to perform initial
statistical analysis of the DNA microarray data. The data
from 24 chips (2 culture conditions�4 time points�3 repli-
cates) were normalized using the Robust Multichip Average
method for further analysis. The affylmGUI interface to lin-
ear models for microarray data (LIMMA)15 was used to
perform differential gene expression analysis for the con-
trasts shown in Table 1. Specifically, for each contrast,
LIMMA was used to compute a p-value for each probe set
that indicated the statistical significance of the difference of
the expression levels of that probe set between the two
conditions in the contrast.

Gene set enrichment analysis

The normalized gene expression data were analyzed using
GSEA.11 Given replicate gene expression measurements for a
control phenotype (e.g., HM at day 1) and for a treatment
phenotype (e.g., CS at day 1), GSEA starts by ranking all
genes by the extent of their differential expression in the two
phenotypes. Thus, the lower the rank of a gene, the more up-
regulated it is in the treatment than the control. Next, given a
gene set of interest (e.g., the genes involved in metabolism of
xenobiotics), GSEA uses a modified Kolmogorov–Smirnov
test16 to determine if the genes in this set have surprisingly
high or low ranks in the list of differentially expressed genes.
GSEA computes an enrichment score that summarizes the
ranks of genes in the gene set. This score has the following
interpretation: the more positive the score, the more up-
regulated the genes in the gene set are in the treatment
(compared to the control), and the more negative the score,
the more down-regulated the genes in that gene set are. Since
the size of a gene set may influence its enrichment score,
GSEA controls this bias by performing a permutation test
and calculating a p-value that represents the statistical sig-
nificance of the enrichment score. Finally, GSEA converts the
p-value into a q-value that measures the false discovery rate,

after adjusting for multiple hypothesis testing. Note that the
q-value is unsigned but the enrichment score is signed
(positive for overall up-regulation and negative for overall
down-regulation). We applied GSEA using the following
criteria:

1. Sort genes in decreasing order of the signal-to-noise
measure.

2. Compute p-values using 10,000 permutations of the
sample-to-phenotype associations.

3. Report all gene sets with q-value (false discovery rate) at
most 0.2. Note that with this cutoff, we expect one out
of five gene sets to be a false discovery.

Results

LIMMA and GSEA were applied to compare the two
culture conditions, as shown in Table 1. The first set of four
contrasts compared the hepatocyte transcriptional program
in CS cultures to that in HMs, at each of the four time-points
analyzed. These contrasts were expected to reveal time-
dependent differences between these two culture conditions.
The second set of three contrasts compared CS samples to
each other: 8 days to 1 day, 8 days to 2 days, and 8 days to
3 days. Such contrasts were expected to provide information
on how transcriptional programs may vary within CS cul-
tures condition over time.

The transcriptional program in CS cultures steadily
and comprehensively diverges from that in HMs

For each of the first four contrasts in Table 1, the number
of differentially expressed probe sets was counted after ap-
plying different cutoffs on the p-values computed by LIM-
MA. The first column in Table 2 indicates the p-value cutoff,
while each of the other four columns show the number of
probe sets whose p-value meets the cutoff specified in each
row. An important feature revealed by these data is the
monotonic divergence between the transcriptional programs
of CS and HM samples over the 8-day culture period. For
each cutoff, the number of differentially expressed probe
sets increased steadily from day 1 to 8. Further, this trend
was maintained even over a variation of four orders of
magnitude in the p-value cutoff. On day 8, as many as 6185
probe sets had a p-value of at most 0.01 (2242 had a p-value
of at most 10�5). Since, the Affymetrix Rat230_2 GeneChip
has 31,099 probe sets, these results suggest widespread

Table 1. Contrasts Analyzed Using Gene Set

Enrichment Analysis

Contrast name Treatment Control

CS vs. monolayer cultures
CS vs. HM 1 day CS 1 day HM 1 day
CS vs. HM 2 days CS 2 days HM 2 days
CS vs. HM 3 days CS 3 days HM 3 days
CS vs. HM 8 days CS 8 days HM 8 days

Within CS
CS 8 days vs. 1 day CS 8 days CS 1 day
CS 8 days vs. 2 days CS 8 days CS 2 days
CS 8 days vs. 3 days CS 8 days CS 3 days

CS, collagen sandwich; HM, hepatocyte monolayer.

Table 2. The Number of Differentially Expressed

Genes in the Each of the Four Collagen Sandwich

Versus Hepatocyte Monolayer Contrasts at Different

p-Value Cutoffs

CS vs. HM

p-Value cutoff 1 day 2 days 3 days 8 days

10�5 31 224 1046 2242
0.0001 61 362 1535 3092
0.001 118 569 2277 4287
0.01 276 1095 3497 6185
0.05 552 1812 5134 8551
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transcriptional perturbation in CS cultures compared to HM
cultures.

Upon the identification of the global trends, GSEA was
employed to study patterns of differential expression in
specific gene sets. GSEA was applied to the gene expression
data obtained through our experiments and to the following
gene sets in the Molecular Signature DataBase (MSigDB):
1892 curated gene sets from various sources such as online
pathway databases, publications in PubMed, and knowledge
of domain experts; 837 motif gene sets containing genes that
share a cis-regulatory motif that is conserved across the
human, mouse, rat, and dog genomes; and 1454 gene sets
corresponding to genes annotated by different Gene Onto-
logy (GO) terms. For each contrast in Table 1 and for each of
these gene sets, GSEA was used to compute a q-value.

Gene sets were filtered to those that exhibited a monotonic
up-regulation in the CS–HM comparison. Specifically, gene
sets were restricted to those whose q-values decreased
monotonically from day 1 to 8 and whose enrichment scores
were positive in all four CS–HM contrasts (the first four
contrasts in Table 1). Gene sets that were monotonically
down-regulated in CSs over the 8-day period were also
identified (q-values decreasing monotonically and negative
enrichment scores in all four CS–HM contrasts). Since
MSigDB collates data from several sources, many gene sets in
it have high degrees of overlap. When an overlapping group
of gene sets is up-regulated or down-regulated in our data,
only one gene set per group is discussed below. The complete
sets of results are available on our supplementary Web page.

Liver-specific gene sets are up-regulated starting
on day 1 or 2 in CS cultures

Hsiao et al.17 created a compendium of gene expression in
normal human tissues with the goal of defining a reference
for basic organ systems biology. They identified 251 genes
expressed selectively in the liver, which are included in
MSigDB in the HSIAO_LIVER_SPECIFIC_GENES gene set.
In a similar study, Su et al.18 profiled gene expression from 91
human and mouse samples across a diverse array of tissues,
organs, and cell lines. They identified 37 genes that were
expressed specifically in human liver tissue samples; these
genes belong to the HUMAN_TISSUE_LIVER gene set. The
gene sets HSIAO_LIVER_SPECIFIC_GENES and LIVER_

SPECIFIC_GENES were up-regulated significantly at day 1
and 2, respectively. They were monotonically up-regulated
on subsequent days. Both these gene sets had insignificant
q-values in the CS–CS contrasts, suggesting that liver-specific
genes are up-regulated on day 1 in CS cultures, and that they
continue to be monotonically up-regulated on subsequent
days (Fig. 1). The presence and concentration of albumin is
often used as a marker of phenotypic function of in vitro
hepatic models.4,5 The albumin gene was expressed in sev-
eral gene sets such as HSIAO_LIVER_SPECIFIC_GENES and
V$HNF1_Q6 that were up-regulated over the 8-day culture
period (Fig. 1). The promoter regions of genes in the set
V$HNF1_Q6 contain binding sites for hepatic nuclear factor
(HNF1), a transcription factor that activates gene expression
of albumin.19,20 This gene set has an overlap of 25 genes with
the gene set HSIAO_ LIVER_ SPECIFIC_GENES, indicating
that HNF1 monotonically up-regulates expression of albu-
min and other liver-specific genes in CS cultures but not in
HMs. These observations support the conclusion that tran-
scriptional programs that have been identified in other da-
tasets to be liver-specific are active through the 8-day period
in CS cultures but are not active in HMs.

Gene sets involved in cholesterol, fatty-acid, alcohol,
and carbohydrate metabolism are significantly
up-regulated starting on day 1 or 2 in CS cultures

Cholesterol metabolism. Cholesterol metabolism is an
important component of hepatic phenotypic function.1 The
trends exhibited by gene sets linked to cholesterol metabolism
in our data were investigated. Multiple gene sets involved in
cholesterol metabolism were up-regulated in CS cultures com-
pared to HMs. These gene sets include HSA00120_BILE_
ACID_BIOSYNTHESIS, MONOOXYGENASE_ACTIVITY,
CELLULAR_LIPID_METABOLIC_PROCESS, NUCLEAR_
RECEPTORS, and CARBOXYLIC_ACID_TRANSMEM-
BRANE_TRANSPORTER_ACTIVITY (Fig. 2). Bile acids
mediate cholesterol metabolism, and the synthesis of bile
acids is initiated through the activity of CYP7A1, CYP8B1,
and CYP27A1 enzymes21–23 (Fig. 3). In CS samples, the three
CYP enzymes mentioned above are present either in the gene
set HSA00120_BILE_ACID_BIOSYNTHESIS or in the gene
set MONOOXYGENASE_ACTIVITY, both of which are up-
regulated in CS cultures. Gene expression of CYP enzymes is

noitpircseDemaNteSMH.svSC
d8d3d2d1

Liver-specific 
HSIAO_LIVER_SPECIFIC_GENES liver tissue genes 
HUMAN_TISSUE_LIVER genes specifically expressed in human liver tissue 

rotcafraelcuncitapehroffitomretomorp6Q_1FNH$V

Color legend for up-regulated q-values 
q-value 1 0.2 0.05 0.01 0.001 0.0001
Color 

FIG. 1. Liver-specific up-regulated gene sets. The bottom table shows the q-value ranges for each color. The color scheme
used in this figure is RdYlGn from Color Brewer (http://colorbrewer2.org). CS, collagen sandwich; HM, hepatocyte
monolayer. Color images available online at www.liebertonline.com/ten.
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activated by nuclear receptors—specifically, the retinoid
X receptor (RXR) and the liver X receptor (LXR).24–27 The
gene set NUCLEAR_RECEPTORS, which contains nuclear
receptors involved in the activation of hepatic functions, be-
haved similarly to the liver-specific gene sets discussed ear-
lier: it had insignificant q-values in the CS–CS contrasts,
suggesting that nuclear receptors were up-regulated on day 1
in CS cultures and remained up-regulated on subsequent
days. The nuclear receptor Farnesoid X receptor (FXR) plays a
critical role in liver functioning. FXR is responsible for
regulating the concentration of bile acids.21–25,28,29 Bile-acid-
mediated activation of FXR leads to the transcriptional acti-
vation of the ATP-binding cassette transporter B11 (ABCB11,
also known as bile salt export pump), a process that is crucial
for cholesterol secretion into the bile canaliculi.27,28 In CS
samples, the transcription of ABCB11, present in gene set
CARBOXYLIC_ACID_TRANSMEMBRANE_TRANSPORTER_
ACTIVITY, was shown to be up-regulated over the culture
period in comparison to HMs. This gene set contains genes
annotated with the Gene Ontology molecular function that
involves the catalysis of the transfer of carboxylic acids from
one side of the membrane to the other. These trends and data

indicate that genes responsible for the formation, transfor-
mation, and transport of bile acids are up-regulated in CS
cultures, thereby promoting cholesterol metabolism.

Fatty acid metabolism (peroxisome-proliferator-activated
receptor a–mediated metabolism). Peroxisome-proliferator-
activated receptor a (PPARa) is a nuclear receptor that acti-
vates gene expression of enzymes linked to fatty acid
metabolism.30–33 PPARa-mediated fatty acid metabolism
initiates transcriptional activation of liver fatty-acid-binding
protein (L-FABP or FABP1), which deliver fatty acids to its
cognitive nuclear receptor, PPARa, and promote expression
of two transporters, ABCD2 and ABCD3, which are neces-
sary to transport fatty acids into peroxisomes, where target
enzymes catalyze the clearance of fatty acids.21,30,32,33

PPARa, being dependent on intracellular FABP concentra-
tions, regulates expression of Acyl-CoA oxidases (ACOXs),
short/branched-, long-, and very long-chain Acyl-CoA de-
hydrogenase (ACADs), and mitochondrial enzymes involved
in b-oxidation.34–38 In our data, the gene sets involved in
PPARa-mediated fatty acid metabolism are HSA00071_FATTY_
ACID_METABOLISM, PEROXISOME, HSA03320_PPAR_

CS vs. HM 
1d 2d 3d 8d 

noitpircseDemaNteS

Cholesterol metabolism 
   HSA00120_BILE_ACID_BIOSYNTHESIS KEGG bile acid synthesis genes 

MONOOXYGENASE_ACTIVITY (GO MF) integration of one oxygen atom into a 
compound 

   CELLULAR_LIPID_METABOLIC_PROCESS (GO BP) lipid reactions and pathways 

   CARBOXYLIC_ACID_TRANSM_TRANSP (GO MF) transfer of carboxylic acid across a 
membrane 

   NUCLEAR_RECEPTORS GenMAPP nuclear receptor genes 
Fatty-Acid Metabolism 

HSA00071_FATTY_ACID_METABOLISM KEGG fatty acid metabolism pathways 
   MITOCHONDRIAL_FATTY_ACID_BETA GenMAPP fatty acid oxidation in mitochondria 

emosixorephtiwdetaicossa)CCOG(EMOSIXOREP
HSA03320_PPAR_SIGNALING_PATHWAY KEGG PPAR signaling pathway 

Alcohol Metabolism 
   ALCOHOL_METABOLIC_PROCESS (GO BP) reactions and pathways involving alcohols

HSA00071_FATTY_ACID_METABOLISM KEGG fatty acid metabolism pathways 
   HSA00980_METABOLISM_OF_XENOBIOTICS metabolism of xenobiotics by cytochrome P450 

Carbohydrate Metabolism 
   GLUCOSE_METABOLIC_PROCESS (GO BP) pathways involving glucose 
   HSA00010_GLYCOLYSIS_AND_GLUCON KEGG glycolysis and gluconeogenesis pathways 

Color legend for up-regulated q-values 
q-value 1 0.2 0.05 0.01 0.001 0.0001
Color 

FIG. 2. Up-regulated gene sets involved in cholesterol, fatty-acid, alcohol, and carbohydrate metabolism. The bottom table
shows the q-value ranges for each color. Abbreviations: CARBOXYLIC_ACID_TRANSM_TRANSP, CARBOXYLIC_ACID_
TRANSMEMBRANE_TRANSPORTER_ACTIVITY; MITOCHONDRIAL_FATTY_ACID_BETA, MITOCHONDRIAL_FATTY_
ACID_BETAOXIDATION; HSA00980_METABOLISM_OF_XENOBIOTICS, HSA00980_METABOLISM_OF_XENOBIOTICS_
BY_CYTOCHROME_P450; HSA00010_GLYCOLYSIS_AND_GLUCON, HSA00010_GLYCOLYSIS_AND_GLUCONEOGENESIS.
Color images available online at www.liebertonline.com/ten.
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SIGNALING_PATHWAY, and MITOCHONDRIAL_FATTY_
ACID_BETAOXIDATION (Fig. 2). All these gene sets were
monotonically up-regulated in CS samples over the 8-day pe-
riod in contrast to HMs. The gene FABP1, which belongs to the
gene set HSA03320_PPAR_SIGNALING_PATHWAY, was up-
regulated in CS cultures and its expression increased over time.
In response to expression of FABP1, the gene PPARa is ex-
pressed.30 The PPARa signaling pathway promotes the tran-
scriptional activation of fatty acid metabolic enzymes [ACOX
(acyl-CoA oxidase), ACAD (acyl-CoA dehydrogenase), CPT
(carnitine palmitoyltransferase), LPL (lipoprotein lipase), and
ACAT (acetyl-CoA acetyl transferase)].30,34–36 These genes are
members of the HSA00071_FATTY_ACID_METABOLISM,
PEROXISOME, and MITOCHONDRIAL_FATTY_ACID_
BETAOXIDATION gene sets. The combination of expression of
key enzymes responsible for fatty acid metabolism as well as
expression of two members of the ABC transporter family
(ABCD2 and ABCD3) indicate that PPARa-mediated
metabolism was up-regulated in CS samples.

Alcohol metabolism. Alcohol, specifically ethanol, is
metabolized in the liver by several enzymes present in the

subcellular compartments of hepatocytes. Alcohol dehydro-
genase (ADH), a key cytoplasmic enzyme, plays an impor-
tant role in converting ethanol to acetaldehyde.39–41

Acetaldehyde, a toxic molecule, is subsequently converted to
nontoxic acetates by mitochondrial acetaldehyde dehydro-
genase.39,41 Additionally, CYP2E1 enables the clearance of
ethanol through an oxidative reaction41–43 (Fig. 4). The gene
sets ALCOHOL_METABOLIC_PROCESS, HSA00980_ME-
TABOLISM_OF_XENOBIOTICS_BY_CYTOCHROME_P450,
and HSA00071_FATTY_ACID_METABOLISM were up-
regulated over time in CS cultures in comparison to HMs
(Fig. 2). These gene sets include three alcohol dehydrogenase
genes, ADH, ADH1A, and ADH7, that mediate the trans-
formation of alcohol.

Carbohydrate metabolism. Gluconeogenesis and glycol-
ysis are essential to maintain glucose homeostasis.44–47 The
maintenance of a healthy glucose level is dependent upon
the presence and concentration of insulin and glucagon.44–46

In our gene expression data, genes for key enzymes involved
in the formation and metabolism of glucose are up-regulated
in CS cultures in contrast to HMs. The relevant gene sets
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FIG. 3. Pathway for cholesterol metabolism that shows gene sets involved in this process.
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include HSA00010_GLYCOLYSIS_AND_GLUCONEOGEN-
ESIS and GLUCOSE_METABOLIC_PROCESS (Fig. 2). Spe-
cifically, genes corresponding to enzymes implicated in
glycolysis are hexokinase (HK), glucose phosphate isomerase
(or phosphoglucose isomerase, GPI, or PGI), phosphofruc-
tokinase (PFK), aldolase (ALDOB and ALDOC), triosepho-
sphate isomerase (TPI1), phosphoglycerate kinase 1 (PGK1),
phosphoglycerate mutase (PGAM), pyruvate kinase (PKLR),

and lactate dehydrogenase C (LDH) (terminal).47 PKLR catalyzes
the transphosphorylation of phosphoenolpyruvate into py-
ruvate and adenosine triphosphate (ATP), which is the rate-
limiting step of glycolysis. LDH catalyzes the terminal step in
glycolysis. Genes that code for enzymes involved in gluco-
neogenesis are phosphoenolpyruvate carboxykinase 1 (PCK
or PEPCK), glucose-6-phosphatase (G6PC), pyruvate car-
boxylase (PC), and fructose-1, 6-bisphosphatase 1 (FBP1).46–48

In the gene sets related to carbohydrate metabolism, genes
such as ALDOB, ALDOC, PKLR, PFK, PGK1, and GPI, which
are involved in glycolysis, and genes such as G6PC, FBP1,
PCK1, and PC, which are involved in gluconeogenesis, were
up-regulated in CS samples.

Urea production. In the liver, the formation of urea is a
critical step in ammonia clearance. The metabolism of amino
acids results in the formation of urea through the conversion
of glutamate, an intermediate metabolite.1 Gene sets in-
volved in glutamate metabolism such as HSA00251_GLU-
TAMATE_METABOLISM are gradually up-regulated over
time in CS cultures (Fig. 5). Urea is formed as a result of
the action of five enzymes: carbamoyl phosphate synthetase-
1 (CPS-1), ornithine transcarbamoylase (OTC), argininosucci-
nate synthase (ASS), argininosuccinate lysase (ASL), and
arginase (ARG)49–54 (Fig. 6). These five genes are present in the
gene set HSA00220_UREA_CYCLE_AND_METABOLISM_
OF_AMINO_GROUPS. This gene set is up-regulated in CS
cultures over the 8-day period. In addition, the gene
sets NITROGEN_COMPOUND_CATABOLIC_PROCESS and
NITROGEN_COMPOUND_METABOLIC_PROCESS include
genes such as ASL, ARG, and ASS. Both gene sets are also
monotonically up-regulated in CS cultures. The nuclear
receptor HNF-4a (a member of the up-regulated gene set
NUCLEAR_RECEPTORS) plays an important role in trigger-
ing the transcription of key enzymes for urea production.49

Together, these data provide information on why urea pro-
duction is stable in CS cultures but not in HMs.
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FIG. 4. Pathway for alcohol metabolism that shows gene
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Monooxygenases are initially not differentially
expressed but recover after day 3 in CS cultures

Xenobiotic metabolism in the liver is mediated through cy-
tochrome P450 enzymes.55–58 Expression of these enzymes has
been shown to decrease upon the isolation of hepatocytes from
the liver.57,58 The gene set MONOOXYGENASE_ACTIVITY
contains several cytochrome P450 genes and flavin containing
monooxygenase. This gene set had q-values of 0.03, 0.01,
6�10�3, and 7�10�5 at days 1, 2, 3, and 8, respectively (Fig. 7).
The q-values at days 1 and 2 were nearly identical but de-
creased by an order of magnitude at day 3 and by another order
of magnitude at day 8. These trends were examined further by
computing the q-values for this gene set in the CS–CS contrasts.
This gene set was up-regulated with q-value 0.13 for the day
8–day 1 contrast, 0.11 for the day 8–day 2 contrast, and 1.00 for
the day 8–day 3 contrast. The statistical significance values for
corresponding contrasts among the HM samples were also
computed. This gene set was down-regulated in all three con-
trasts. The q-values were 0.13, 0.06, and 0.13, respectively.

Thus, the variation in expression of this gene set arises from a
combination of up-regulation in CS cultures and down-
regulation in HM cultures. Taken together, these trends indi-
cate that the genes in this set recovered or became up-regulated
at day 3 and later within CS cultures, in comparison to HM
cultures. This trend is of significance since genes in this set
include those that encode for CYP3A, CYP4A, CYP1A, and
CYP2C enzymes. CYP3A and 4A enzymes metabolize a wide
range of pharmaceuticals and drugs, and the CYP2C and
CYP1A enzymes break down toxins and xenobiotics. The
gene set HSA00980_ METABOLISM_OF_XENOBIOTICS_BY_
CYTOCHROME_P450, which contains cytochrome P450s,
phase II metabolizing enzymes such as UDP-glucuronosyl-
transferase (UDP-GT) isoforms, and glutathione S-transferase
(GST), also exhibited a similar trend. It showed no signifi-
cant regulation at day 1, had a q-value of 0.20 at day 2, but
had q-values an order of magnitude less at days 3 and 8
(2�10�3 and 10�3, respectively). In the three CS–CS con-
trasts, the q-values for this gene set were 0.12, 0.05, and 0.13
(all for up-regulation), while they were 0.1, 0.12, and 1 in

Glutamine 

Glutamate

NH4
+ Carbamoyl

Phosphate Ornithine
Transcarbamoylase

Argininosuccinate
synthase Argininosuccinate

lysase

Arginase

Urea

Aspartate

Urea Cycle

Glutaminase

Glutamate
dehydrogenase

Carbamoyl
phosphate
synthase-1

Citrulline

Arginino-
succinate

Arginine

Ornithine

(A)

(A)

(B)

(C, D)

(C)
(C, D)

(C, D)

NITROGEN_COMPOUND_METABOLIC_PROCESS D

C

B

A

No.

NITROGEN_COMPOUND_CATABOLIC_PROCESS

HSA00251_GLUTAMATE_METABOLISM

HSA00220_UREA_CYCLE_AND_METABOLISM_OF_
AMINO_GROUPS

Name of gene set 

[52-54] 

[52-54] 

[49-54] 

[49-54] 

[49-54] 

[49-54] 

[49-54] 

FIG. 6. Pathway for urea production that shows gene sets involved in this process.

CS vs. HM 
1d 2d 3d 8d 

noitpircseDemaNteS

0.03 0.01 6e-03 7e-05 MONOOXYGENASE_ACTIVITY (GO MF) integration of one oxygen atom into 
a compound 

1.00 0.20 2e-03 1e-03 HSA00980_METABOLISM_OF_XENOBIOTICS metabolism of xenobiotics by cytochrome 
P450 

Color legend for up-regulated q-values 
q-value 1 0.2 0.05 0.01 0.001 0.0001 
Color 

FIG. 7. Gene sets that show recovery after day 3. We show the q-values to underscore the recovery. MF, molecular function.
Color images available online at www.liebertonline.com/ten.

1456 KIM ET AL.



the HM–HM contrasts (all for down-regulation). In a pre-
vious study, expression of a single-CYP enzyme, specifi-
cally, CYP1A1, was monitored and was shown to recover
on day 3.59 However, additional time points or CYP en-
zymes were not investigated. The results in this work point
to a more widespread recovery phenomenon among the
CYP gene family.

Cell-cycle activity decreases significantly
in CS cultures

Analysis of the down-regulated gene sets presented in-
teresting insights into cellular response within CS and HM
systems. Our results suggested a significant difference in
cell cycle activity between the HM and CS samples over the
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FIG. 8. Down-regulated gene sets. The bottom table shows the q-value ranges for each color. CC, cellular component. Color
images available online at www.liebertonline.com/ten.

FIG. 9. Gene set level network of up-regulated processes in CS cultures.
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8-day culture period. The monotonic down-regulation of the
gene sets MITOTIC_CELL_CYCLE and CELL_CYCLE_
KEGG, coupled with insignificant q-values in the CS-versus-
CS comparisons (data not shown), suggested decreasing cell
cycle activity within the CS cultures (Fig. 8). Nuclear trans-
port and import functions show decreased activity within CS
samples as indicated by the monotonically down-regulated
gene sets NUCLEOCYTOPLASMIC_TRANSPORT and
PROTEIN_IMPORT_INTO_NUCLEUS. In addition, the
down-regulation of processes involved in microtubule organi-
zation (gene sets such as MICROTUBULE_CYTOSKELETON,
MICROTUBULE_ORGANIZING_CENTER, SPINDLE, and
CENTROSOME) were also observed. Our results are similar
to a previous study in which the cell cycle and cell prolifera-
tion were found to be up-regulated in HMs in comparison
to hepatoma cells cultured in a 3D spheroid culture.6 Although
hepatocytes cultured in spheroids experience an environ-
ment that differs from CS configurations, they have been
shown to exhibit metabolic and synthesis profiles similar to CS
cultures.6

Discussion

In vitro hepatic cultures play an increasingly important
role in the design and development of pharmaceutics, tox-
icity testing, and the design of bio-artificial liver devices.
Therefore, obtaining a comprehensive understanding of the
global trends in transcription over time is critical to the
advancement of each of these applications. A common
problem associated with in vitro cultures of primary hepa-
tocytes is the onset of de-differentiation soon after the cells
are removed from the tissue. The temporal genome-wide
transcriptional studies reported in this study provide in-
sights into the up- and down-regulation of various liver-
critical gene sets and their subsequent effects on various
metabolic activities, synthesis of proteins, and detoxification.
A gene set level network was constructed to obtain a sys-
tems level perspective of the current results (Fig. 9). Each
node in this network is an up-regulated gene set and two
gene sets are connected by an edge if they share a statisti-
cally significant number of genes. Only those connections
between gene sets are included that are significant after
correcting for testing multiple hypotheses using the method
of Benjamini and Hochberg,60 at an alpha of 0.05. This cor-
rection resulted in the omission of several insignificant
connections. A gene set was placed at the first time point at
which it was significantly up-regulated (i.e., had a q-value
reported by GSEA of at most 0.2). Note that day 8 does not
appear in Figure 9 since all the genes sets are significantly
up-regulated by day 3. Although this network does not re-
veal the multiple signaling pathways involved in liver-
related processes in their entirety, it presents a preliminary
high-level view of the temporal cascade of transcriptional
activation in CS cultures. For instance, nuclear receptors,
liver-specific genes, and the PPAR-a pathway are up-regulated
significantly on day 1. Processes related to alcohol metabo-
lism, bile acid biosynthesis, and urea production are
up-regulated significantly on day 2. Lipid metabolism is
activated at later time points. Although monooxygenase
activity and xenobiotic metabolism appear on days 1 and 2,
respectively, in this network, these gene sets show much
more statistical significance at days 3 and 8, as noted earlier.

Nuclear receptors are known to trigger gene expression of
CYP 450 enzymes (which are monooxygenases and involved
in metabolism of xenobiotics). It is intriguing that nuclear
receptors are up-regulated at day 1 but with a q-value of 0.1.
At later time points, this gene set becomes much more sta-
tistically significant (q-values of 0.01 at days 2 and 3 and a q-
value of 3�10�3 at day 8), mirroring the trend observed for
monooxygenase activity and xenobiotic metabolism. These
observations will direct future experimental studies. It is
also notable that the gene set NUCLEAR_RECEPTORS is
not connected to any gene sets in day 2, suggesting that
there is little overlap between the genes that are members of
NUCLEAR_RECEPTORS and the gene sets that nuclear re-
ceptors may regulate. In future work, we will develop
computational techniques that can utilize protein and gene
interaction networks to automatically suggest regulatory
connections between gene sets.

The time-dependent overview of the transcriptional
changes that occur in HM and CS cultures illustrated in
Figure 9 enables the investigation of liver phenotypic func-
tions at appropriate time points. For example, in the absence
of inducers, measuring the enzymatic activity and kinetics of
CYP enzymes would be appropriate after hepatocytes are
maintained in CS cultures for 3 days or more. In contrast,
investigating metabolic activity could reveal important in-
formation when conducted on hepatocytes maintained in CS
cultures for a minimum of 2 days. In vitro hepatic cultures
can never replace or truly replicate animal models. However,
their significance lies in their ability to serve as models to
explore a wide range of physiological phenomena. Therefore,
obtaining a comprehensive view of the numerous tran-
scriptional changes that occur over a period and character-
izing these changes in terms of succinct gene-set-level
signatures will be valuable in guiding further investigations
of cell signaling, metabolism, and protein synthesis functions
in engineered livers.

In summary, the genome-wide gene expression profiles
in two major hepatocyte culture systems have been ana-
lyzed, the first such dataset to our knowledge. The com-
parative analysis of transcriptional data obtained from the
two culture systems reveals numerous liver-specific tran-
scriptional programs that are up-regulated in CS cultures
but not in monolayers. These processes span a wide
range of biological processes important to liver function.
Taken together, these trends and results provide a base-
line for further systems-level modeling of engineered liver
tissues.
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