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Abstract
Liver-enriched transcription factors (LETF) play a crucial role in the control of liver-specific

gene expression and for hepatocytes to retain their molecular and cellular functions com-

plex interactions with extra cellular matrix (ECM) are required However, during cell isolation

ECM interactions are disrupted and for hepatocytes to regain metabolic competency cells

are cultured on ECM substrata. The regulation of LETFs in hepatocytes cultured on different

ECM has not been studied in detail. We therefore compared two common sources of ECM

and evaluated cellular morphology and hepatocyte differentiation by investigating DNA

binding activity of LETFs at gene specific promoters and marker genes of hepatic metabo-

lism. Furthermore, we studied testosterone metabolism and albumin synthesis to assess

the metabolic competence of cell cultures. Despite significant difference in morphological

appearance and except for HNF1β (p<0.001) most LETFs and several of their target genes

did not differ in transcript expression after Bonferroni adjustment when cultured on collagen

or Matrigel. Nonetheless, Western blotting revealed HNF1β, HNF3α, HNF3γ, HNF4α,

HNF6 and the smaller subunits of C/EBPα and C/EBPβ to be more abundant on Matrigel

cultured cells. Likewise, DNA binding activity of HNF3α, HNF3β, HNF4α, HNF6 and gene

expression of hepatic lineage markers were increased on Matrigel cultured hepatocytes. To

further investigate hepatic gene regulation, the effects of Aroclor 1254 treatment, e.g. a po-

tent inducer of xenobiotic defense were studied in vivo and in vitro. The gene expression of

C/EBP-α increased in rat liver and hepatocytes cultured on collagen and this treatment in-

duced DNA binding activity of HNF4α, C/EBPα and C/EBPβ and gene expression of

CYP1A1 and CYP1A2 in vivo and in vitro. Taken collectively, two sources of ECM greatly

affected hepatocyte morphology, activity of liver enriched transcription factors, hepatic

gene expression and metabolic competency that should be considered when used in cell bi-

ology studies and drug toxicity testing.
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Introduction
The liver plays a central role in the detoxification of drug and other xenobiotics and despite its
enormous potential for regeneration, morphological and pathophysiological changes induced
at toxic doses limit its functions that may result in injury and even acute liver failure. There is
unmet need to implement advanced technologies for an early recognition of drug induced liver
injury (DILI) and alternative testing strategies based on in vitro systems raise the hope to be
more informative and to contribute substantially to the reduction of animal use in biomedical
research. In recent years, significant advances in high throughput molecular technologies have
been achieved, and there has been the recognition that many of these technologies have appli-
cations in the detection of risk for DILI and an understanding of drug safety, though imple-
mentation has been more difficult than originally envisaged [1,2].

Various hepatoma cell lines have been employed for their ease of handling, unlimited life
span and stable phenotype and include the HepG2, HepaRG and HTC cell lines. A major limi-
tation in their use is the fact that they do not faithfully mirror the metabolic activities of healthy
liver cells, as exemplified by the impaired activity of drug metabolizing enzymes. The reduced
metabolic competency of hepatoma cells like HepG2 can be attributed, in part, to the poor ac-
tivity of some liver enriched transcription factor (LETF) and a culture system which supports
cellular proliferation but not cellular differentiation. In contrast, hepatic metabolism induced
by drugs can be studied more reliably in primary cell cultures. Hence, primary cell cultures are
widely used and these in vitromodels should reflect in vivo hepatic functions. The advent of
2D culture (collagen sandwich) and three dimensional spheroid culture systems based on com-
ponents of basement membranes (BM) equipped researchers with biologically more relevant
models [3].

In this regard, components of extracellular matrix (ECM) play a vital role in cellular growth,
differentiation and metabolic behavior and contribute to cell polarity for proper cell signaling.
BMs are thin (50–100 nm) proteinaceous components of ECM which underline the epithelial
and endothelial tissues forming a barrier between the cell monolayer and stromal tissue [4].
They provide structural support to cells and modify cellular behavior via outside-in signaling.
Although they are ubiquitous in distribution, they show diversity in molecular composition as
well as in biological function. The basement membranes are rich in type IV collagen while type
I collagen is the most abundant protein in human body [5]. The other major components of
basement membrane are laminin, perlecan, heparan sulfate and entactin/nidogen. They are
also rich in growth factors (transforming growth factor beta, fibroblast growth factor, epider-
mal growth factor and platelet derived growth factor) and proteases (matrix metalloproteases,
urokinase and tissue plasminogen activator). However, heterogeneity in composition of ECM
poses a challenge in constructing tissue specific matrices. Notably, Matrigel, a reconstituted
basement membrane extract of Engelbreth-Holm-Swarm (EHS) murine sarcoma is frequently
employed as substrata to promote survival and metabolic activity of cells in culture [6]. Hepa-
tocytes plated on Matrigel form smaller aggregates with lower expression of dedifferentiation
markers (actin, tubulin, vimentin etc.) [7]. Similarly, hepatocytes when cultured on the syn-
thetic peptide-based hydrogel PuraMatrxTM form three dimensional spheroids/aggregates of
different sizes and restore liver functions rapidly while cells cultured on poly-2-hydroxyethyl
methacrylate (pHEMA) microcarriers, particularly when coated with collagen and/or fibronec-
tin support hepatocyte attachment and cell spreading. It was also reported that modified algi-
nate sponges overcome limitation of oxygen and nutrition delivery to the center of the
spheroid [3]. Several studies have shown the effect of different basement membranes on cell
differentiation and polarization [8, 9] and LeCluyse and colleagues [10] reviewed comprehen-
sively current challenges of organotypic liver culture models for toxicity testing. This included
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an appraisal of the various ECM used in maintaining hepatic structure and function. Over the
years, diverse culture systems have been developed to improve hepatocyte morphology and
functionality as exemplified by co-culture systems containing supportive non-parenchymal
cells such as HepatoPac micropattern [11] and 3D spheroidal culture [12] and detailed infor-
mation regarding the diverse in vitro models and biomaterials used to facilitate adherence of
hepatocyte to culture plates as to restore morphology, function and growth can be obtained
from recently published reviews [10, 13–16].

Owing to its importance diverse substrata are used and include collagens, liver biomatrix,
Matrigel, collagen-coated plates with an Matrigel overlay to influence hepatocytes functionality
[10, 14–15] and it is the pioneering works of Caron [17] and DiPersio and colleagues [18] that
were among the first to allude to the importance of extracellular matrix in coordinately modu-
lating activity of liver enriched transcription factors and hepatocyte morphology. For instance,
HNF3α expression increases when hepatoma cell lines are cultured on an extracellular matrix
gel substratum [19]. Moreover, hepatocytes when cultivated as monolayers supports cell prolif-
eration; however at the expense of cell polarity that is associated with an altered morphology
including formation of stress fibers and a reduction in liver specific functions [16]. A typical
cuboid phenotype of hepatocytes can be achieved by overlaying the cultures with a collagen gel
while the spheroid culture system offers a scaffold for functionally viable hepatocytes with
abundant expression of liver-specific transcription factors (HNF4α and C/EBPα) and down-
stream target genes (albumin, tryptophan 2,3-dioxygenase, arginase 1 and cytochrome P450
7A1). It is further suggested that the switch in cellular dedifferentiation occurs easily on mono-
layer culture [20] whereas the spherical phenotype of FLC-4 cells is associated with a markedly
enhanced expression of genes responsible for drug and lipid metabolism through up-regulation
of HNF4α when cultured on a type I collagen-coated plastic dishes [21].

In general, the molecular interaction between HNF4α and hepatocyte specific genes is via
protein-DNA and mRNA—microRNA interactions and expression of CYP3A1 and CYP1A2
are more stable or even higher (CYP2B2) in 3D culture on collagen-coated nanofibrous scaf-
folds than 2D cultured hepatocytes treated with 3-methylcholanthrene and dexamethasone.
Additionally, a slight decrease in albumin expression was reported in 2D culture systems [22]
while the study of Tuschl and Mueller [23] evidenced transcript expression of CYP2C and
CYP4A1 to be decreased after 3 days of rat hepatocytes cultured on serum-containing mono-
layer as compared to serum free monolayer cultures.

Despite significant advances in biomaterials and cell culture protocols the role of matrix
components in the regulation of LETFs and the complex pathways initiated by these factors
have not been studied in detail.

Specifically, LETFs are trans-acting DNA binding proteins and are indispensable for expres-
sion of hepatic lineage marker and to commit embryonic stem cells to differentiate into hepato-
cyte [24]. Furthermore, ECMmodifies cell-cell and cell-matrix interaction to influence liver
gene expression. However, as of today the effects of ECM on the activity of LETF has not been
studied in detail. Therefore, we aimed at investigating the effect of two common ECM substrata
on the expression and DNA binding activity of LETF and their target hepatic lineage markers
in cultures of primary rat hepatocytes and to link this information to cellular morphology and
metabolic function. Moreover, the metabolic competency of hepatocytes cultured on different
ECM was studied by determining metabolism of testosterone and its metabolites. We also stud-
ied the effects of Aroclor 1254, i.e. a mixture of polychlorinated biphenyls, known for its ability
to induce drug metabolism and to modulate hepatic gene expression in rat hepatocytes cul-
tured on different ECM and to compare the results with findings obtained after in vivo treat-
ment of male Sprague-Dawley (SD) rats with Aroclor 1254. Overall, this study aimed at
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investigating the interplay between ECM and the complex regulatory cascades of LETF govern-
ing the metabolic competency of primary hepatocytes in cultures.

Materials and Methods

Animals
Formal approval to carry out animal studies was granted by the animal welfare ethics committee
of the State of Lower Saxony, Germany (‘Lower Saxony State office for Consumer Production
and Food Safety’ (LAVES)). The approval ID is Az: 33.9-42502-04-06/1143. The investigation
conforms to the Guide for the Care and Use of Laboratory Animals (The National Academy
Press, Washington, D.C., 1996). Male SD rats were obtained from Charles River laboratories
(Sulzfeld, Germany). Animals were housed at animal facility of Fraunhofer ITEM, Hannover,
Germany with a standard 12 hours of light/dark cycle and ad libitum food and water.

Preparation of rat tail collagen
Rat tail collagen was prepared as originally described by Elsdale and Bard [25]. In brief, colla-
gen fibers isolated from rat tails were washed twice with 150ml 1% NaCl and 200ml of distilled
water. Subsequently the fibers were suspended in 800 ml of 3% acetic acid solution and stirred
overnight at 4°C. The resulting mixture was filtered through sterile gauze and centrifuged for
2 h at 8600 rpm for 15 min at 4°C. The volume of the supernatant was determined and 1/5th of
the total volume was added as 30% NaCl solution overnight at 4°C. The collagen was precipi-
tated by centrifugation at 5000 rpm for 35 min at 4°C. The pellet was washed once with 100 ml
of 5% NaCl+0.6% acetic acid and re-suspended in 200 ml of the same solution and stirred over-
night at 4°C for homogenization. Subsequently, collagen was poured into the dialysis tubes.
The hoses were stirred in a beaker with 1 mMHCl at 4°C. The acid was changed for five times
and the total protein was determined according to Smith et al. [26].

Isolation of rat hepatocytes
Rat hepatocytes were isolated according to the original method of Seglen [27] and modifica-
tions reported in [28–32]. Briefly, after laparatomy, the vena porta was prepared, cannulated
and perfused with calcium-free Krebs—Ringer buffer (KRB) until visibly lightened. Subse-
quently, the liver was perfused with 100ml of 1mM EDTA buffer followed by a 0.5% collage-
nase-KRB solution. The liver was transferred to ice-cold wash-buffer and after removal of the
liver capsule with anatomical forceps hepatocytes were obtained by gently shaking of the
organ. The hepatocyte suspension was filtered through nylon mesh (100 mm) to remove debris
and washed two times with the washing buffer (1000 ml Hank’s balanced salt solution (PAA,
Germany) supplemented with 2.4 g Hepes (Sigma) and 2 g bovine serum albumin (Sigma) fol-
lowed by centrifugation at 4°C and 500 rpm for 5 min. The resulting pellet was re-suspended
in William’s E medium (Biochrom, Berlin, Germany) supplemented with 5% fetal calf serum
(FCS, Biochrom), 9.6 μg/ml prednisolone, 0014 μg/ml glucagon (Novo, Germany), 0,16 U/ml
insulin (Hoechst, Germany), 200 U/ml penicillin, and 200 U/ml streptomycin (GIBCO, Ger-
many). The cell suspension was adjusted to 1 million cells per ml. Before seeding, the viability
of cells was determined by the trypan blue exclusion test and found to be> 85%. A total of
2 ml of the hepatocyte suspension was used for cell seeding on collagen coated culture dishes
(see below). Twenty-four hours after seeding, cultures were overlaid with a second collagen
layer as originally described by Dunn et al. [33]. Medium was changed once daily using Wil-
liam’s E medium containing 5% FCS.
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Culture of primary hepatocytes as collagen sandwich
Collagen coating of 60 mm petri dishes (BD Biosciences, Heidelberg, Germany) was done as
previously described with minor modifications [31]. The pH of the collagen was adjusted to 7.4
using a NaHCO3 solution and 1 ml of a 0.5 mg/ml collagen solution was applied to coat the
60 mm Petri dishes (Greiner, Frickenhausen, Germany). The dishes were prepared in advance
of cell isolations. Following seeding of 2 x 106 hepatocytes per dish the cells were allowed to at-
tach. After 24 h in culture, the medium was removed along with non-adherent cells. A second
layer of collagen was pipetted on top of the cells. After gelation of the second layer culture
media [2 ml of William’s E supplemented with 5% fetal calf serum (FCS; Biochrom), 9.6 μg/ml
prednisolone, 0014 μg/ml glucagon (Novo, Germany), 0,16 U/ml insulin (Hoechst, Germany),
200 U/ml penicillin, and 200 U/ml streptomycin (GIBCO, Germany)] was added and changed
daily. The cells were cultured at 37°C and an atmosphere of 5% CO2 and were inspected by
phase contrast microscopy every 24h.

Culture of primary hepatocytes on Matrigel
Coating of 60 mm petri dishes with BDMatrigel (10 mg/ml, BD Biosciences, Heidelberg) was
done by adding 980 μl of 1:2 diluted Matrigel solution in Ham's F12 medium (Biochrom, Ber-
lin, Germany). The coated petri dishes were stored for 1 h at 4°C followed by 37°C for 30 min
for polymerization. Seeding density of hepatocytes, cell culture conditions and type of media
(Williams E with supplements, changed daily) was the same as described for the collagen sand-
wich cultures. Every 24h the cells were inspected by phase contrast microscopy.

Aroclor 1254 treatment of hepatocyte cultures and of SD rats
Following a recovery period of four days after seeding, the cultured hepatocytes were treated
with 10 μM of Aroclor 1254 for 24 hours. The final concentration of DMSO (solvent for Aro-
clor 1254) in culture medium was< 0.3% v/v. In order to compare in vitro results with in vivo
findings, male SD rats (n = 5, average body weight 230 gr) were given a single i.p. injection of
100 mg/kg body weight Aroclor 1254 dissolved in corn oil. Seventy two hours after this single
treatment RNA was isolated from rat liver while untreated rat liver served as control. Note, pre-
vious studies had demonstrated that at the 72h time point the administered Aroclor 1254 dose
was completely absorbed and therefore this time point is more appropriate for in vitro-in
vivo comparisons.

Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated from the rat hepatocytes cultured on the two matrices on 5, 6, 7, 9 and
12 days post isolation (Qiagen RNeasy Kit). The concentration and quality of isolated RNA
was checked by measuring absorbance at 260/280 nm and electrophoretic separation on 1.5%
agarose gel. Subsequently, cDNA was prepared from the isolated RNA using Omniscript RT
kit (Qiagen, Germany). The polymerase chain reaction (PCR) was carried out to amplify
cDNA using 25 ng of each cDNA in 19 μl reaction mixture containing 3 U of Taq DNA poly-
merase (Qiagen, Hilden Germany), 10 x reaction buffer (2 μl), 10 mM dNTPs (0.5 μl) and
4 μM of gene specific primers (5 μl). Amplification was carried out for 35 cycles each, at 94°C
for 30 sec, 54°C for 45 sec, 72°C for 1 min with a final extension at 72°C for 5 min in a thermal
cycler (T3, Biometra, Göttingen, Germany). The PCR product was separated on 1.5% agarose
gel containing 5 μg/ml of ethidium bromide and quantified by densitometric analysis (Kodak
ID image analysis software). Note, the expression of housekeeping genes β2 microglobulin and
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18S rRNA remained unchanged and gene expression data was subsequently normalized to the
mean expression level of internal controls. The primers used are listed in S1 and S2 Tables.

Isolation of nuclear extracts from collagen culture
Cultured cells were washed twice with 2 ml of cold PBS and lysed using 1 ml of Nonidet-P40
lysis buffer (150 mMNaCl, 1% NP-40 and 50 mM Tris, pH 8). The lysate was vigorously resus-
pended and incubated on ice for 15 min and filtered through cell strainers (BD Biosciences, Hei-
delberg, Germany). The cell sieves were washed thrice with 1 ml of lysis buffer and the filtrate
was centrifuged in a Megafuge at 4°C, 2000 rpm for 5 min. The pellets were resuspended in
300 μl of lysis buffer and a sucrose cushion was loaded and centrifuged in a microfuge at 4°C and
14000 rpm for 10 min. The pellets were added to 3 μl of Dignam C buffer (0.5M EDTA 40 μl, 25
ml Glycerin, 2 ml Hepes 1M pH 7.9, 150 μl MgCl2 1M, 21 ml NaCl 2M, 1 μl DTT 1M, 40 μl β-
Glycerophosphate 1M 5 μl sodium orthovandate 200 mM) (+)/dish and again centrifuged for 10
min at 4°C and 14000 rpm. The volume of the supernatant was determined and 30 μl of nuclear
extract was aliquoted and snap frozen in liquid nitrogen and subsequently stored at -80°C.

Isolation of nuclear extracts from Matrigel culture
Cells were washed with 2 ml of cold PBS and then with 3 ml of MatriSperse Cell Recovery Solu-
tion (Biotech, BD Biosciences, Germany) at 4°C. Following this, cells were scrapped using 1.5
ml of Matrisperse (Cell Recovery Solution) and cell suspension was incubated for one hour on
ice followed by centrifugation at 200–300xg (1100 rpm) for 5 min at 4°C. The pellet obtained
was washed twice with 40 ml of cold PBS and again centrifuged for 5 min at 200–300xg (1100
rpm) at 4°C. The pellets was dried carefully and snap frozen in liquid nitrogen and subsequent-
ly stored at -80°C. For preparation of nuclear extracts, 4 ml of 1% sodium NP40 lysis buffer
was added to pellet for 30 min on ice. The lysate was centrifuged for 5 min, 2200 rpm and 4°C.
The pellets were resuspended in 300 μl of NPB and 400 μl of sucrose (50%) was added. The sec-
ond steps onwards are similar to collagen culture.

Western blotting of LETFs
Western blotting of LETFs was done as previously described [34–39]. Expression of LETFs in
rat hepatocytes cultured on collagen and Matrigel was studied on day 7, 9 and 12 and in the
case of HNF4α and HNF-6 on days 5, 6 and 7. Approximately, 38 μg (HNF1α, HNF1β,
HNF3α, HNF3β and HNF3γ), 20 μg (HNF4α and HNF6) and 45 μg (C/EBPα and C/EBPβ) of
isolated proteins were separated on 12% SDS-PAGE gel (60–90 min at 25mA) and subsequent-
ly transferred to PVDF membrane (0.2 μm, NEN) following the manufacturer’s recommenda-
tion (2 h at 350 mA). The membrane was blocked for 1h at RT with TBS- Tween 20 (TBST)
containing 5% nonfat dried milk. Then, washed 3x for 5 min each and incubated with the re-
spective primary antibody dissolved in TBST for 1h at RT and subsequently washed thrice with
washing buffer. The membrane was incubated with an appropriate secondary antibody
(1:10,000) for 1h at RT and washed thrice with washing buffer. Following this, the membranes
were incubated for 1 min in 3 ml of chemiluminescence reagent (NEN) and signals were de-
tected with Kodak imager station 440CF. Quantification of band was performed using the
LI-COR image studio Lite software. Note, rat liver nuclear extract was prepared as originally
described by Gorski et al. [40] and Niehof and Borlak [39]. The nuclear extract were frozen in
aliquots and stored at -80C. Typically, 40 μg was taken as positive control for all the western
blot experiments. Details of the primary and secondary antibodies used are given in S3 Table.
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Western blotting of CYP monooxygenases
On day five in culture protein expression of CYP monooxygenases was studied. For this pur-
pose primary rat hepatocytes cultured on Matrigel and collagen were lysed using the RIPA
buffer (50 mM Tris HCl pH 8, 150 mMNaCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1%
SDS) andWestern blotting experiments were performed as described above with 30 μg of each
protein. Rat liver extract (40 μg) was taken as positive control. The details of primary and sec-
ondary antibodies used are given in S3 Table.

Electrophoretic mobility band shift assay (EMSA)
The nuclear extract (2.5 μg) and 105 cpm (0.027 ng) of 32P labeled oligonucleotides (MWG
Biotech, Germany) were incubated in binding buffer (25 mMHepes, pH 7.6, 5 mMMgCl2, 34
mM KCl, 2 mMDTT, 2 mM Pefabloc, 2% v/v aprotinin, 40 ng of poly (dI-dC)/μl and 100 ng
of bovine serum albumin/μl) for 20 min on ice. Free DNA and DNA-protein complexes were
resolved on a 6% polyacrylamide gel. Supershift experiments were done with specific antibod-
ies. Gels were blotted to Whatman 3 MM paper, dried under vacuum, exposed to imaging
screens for autoradiography and analyzed using a phosphor imaging system (Molecular Imager
FX pro plus; Bio-Rad Laboratories GmbH, München, Germany). Gene specific antibodies and
probes used are listed in S3 and S4 Tables, respectively.

Testosterone metabolites identified by HPLC
Cultures of primary hepatocytes were treated with 100 μM testosterone (dissolved in William's
Medium E) on days five and eight post isolation and cultivation. After 24 h of substrate incuba-
tion the cell culture supernatant was collected and testosterone and six of its metabolites (6α-
hydroxytestosterone, 7α-hydroxytestosterone, 6β-hydroxytestosterone, 16α-hydroxytestoster-
one, 2α-hydroxytestosterone and androstenedione) were detected by HPLC with 11α-hydroxy-
progesterone as the internal standard as previously reported [31].

Detection of ECM components by 2D gel electrophoresis and
MALDI-TOF-MS
The molecular composition of Matrigel and rat tail collagen was determined by 2D gel electro-
phoresis and MALDI-TOF-MS (Bruker Daltonics). The protein content of the collagen and
Matrigel matrix was 0.5 mg/mL (in 1mMHCl solution) and 11.1 mg/mL respectively. Subse-
quently, the Matrigel sample was diluted and the collagen sample was lyophilized and adjusted
to a concentration of 5 mg/ml. One mg each was used to perform 2D gel electrophoresis. The
separated protein spots on gels were digested with trypsin and identified by MALDI-TOF-MS
following the method described by Garaguso and Borlak [41].

Statistical analysis of gene expression data
Statistical analysis was performed with the SPSS software version 21. Analyses of variance
(ANOVA) was estimated to explore the effects of extracellular matrix substrata and time on
the expression and DNA binding activity of LETF and their target hepatic lineage markers in
cultures of primary rat hepatocytes by means of a multi-factorial model (factors: time, matrix,
gene and/or protein expression). Notably, ANOVA testing did not reveal a statistically signifi-
cant time effect. Hence, an independent T-Test was performed to compare the effects of extra-
cellular matrix substrata on the variables gene expression using the SPSS software and the
results were considered significant at p values of< 0.05. For both ANOVA and the T-Test
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Bonferroni post hoc testing was performed. Unless otherwise stated n = 5 independent experi-
ments were considered.

Results

Morphology of cultured primary hepatocytes
Cultures of primary rat hepatocytes grown on rat tail collagen and Matrigel were examined
daily by phase contrast microscopy. The cells displayed divergent morphologies as early as on
the second day of seeding. After adhering to rat tail collagen, hepatocytes started spreading and
developed polygonal structures with easily identifiable cell boundaries (Fig 1C3). The cells
were often binucleated. The confluency of the cultures in all repetitions was around 85–90%.
During later stages, the hepatocyte cytoarchitecture and cell polarity appeared organotypic and
formation of bile canaliculi was suspected (Fig 1C5). An increased number of dead and de-
tached cells were noticed from the ninth day of culture (Fig 1C9). The adherent cells begun
granulating and around 70% of the cells were detached on the twelfth day (Fig 1C12). In con-
trast, hepatocytes cultured on Matrigel formed aggregates. Morphological inspection revealed
small foci (Fig 1M0 and 1M3) and a filamentous structure of cells that was noted between
them on the fifth day of culture thus suggesting significant changes to the cytoskeleton
(Fig 1M5). Further with time, these structures disintegrated and again the cells formed smaller
clusters (Fig 1M9 and 1M12).

Gene expression of liver specific transcription factors and their target
genes
To determine the effects of extracellular matrix on the activity of LETFs and some hepatic line-
age markers hepatocytes were cultured on either Matrigel or collagen. Initially, transcript ex-
pression of different housekeeping genes was considered and a statistically significant
difference in expression was noticed for GAPDH (p<0.015) and 28S rRNA (p<0.000) while
transcript expression of β2 microglobulin (p<0.190) and 18S rRNA (p<0.661) remained un-
changed (S1 Fig). However, after Bonferroni adjustment for multiple testing none of the house
keeping genes differed significantly. Furthermore, ANOVA testing did not reveal a statistically
significant time effect. Note, gene expression changes were considered on days 5, 6, 7, 9 and 12
in culture and it did not matter whether the ANOVA was performed independent of the house-
keeping gene 18S rRNA or by considering gene expression changes relative to 18S rRNA.

Thus, the gene expression of HNF1α, HNF3β, HNF3γ, HNF4α, C/EBPα and C/EBPβ was
similar for hepatocytes cultured on either matrices. In contrast, HNF1β (p<0.001), HNF3α
(p<0.031), HNF6 (p<0.005), C/EBPγ (p<0.037) and C/EBPδ (p<0.047) were up-regulated in
hepatocytes cultured on collagen as compared to Matrigel. Furthermore, Coup-TF I that com-
petes with HNF4α for its cognate recognition site did not differ in transcript expression when
hepatocytes were cultured on either substratum. However, a significant change in CDP gene
expression was noticed for hepatocytes cultured on collagen (p<0.049). Applying the Bonfer-
roni correction only HNF1β remained significantly different (p<0.001) in transcript expres-
sion amongst the two culture systems.

In order to determine the effect of LETFs on target genes their expression pattern in cul-
tured hepatocytes were studied. For albumin and enzymes of energy metabolism (G6P,
G6PDH and PEPCK), expression was not affected by the type of ECM. In contrast, OTC gene
expression was significantly increased (p = 0.035) with cells cultured on Matrigel, however did
not remain significant after Bonferroni adjustment. Taken collectively and despite the signifi-
cant difference in morphological appearance (see Fig 1) most of the LETFs and several of their
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Fig 1. Morphology of primary rat hepatocytes cultured on Matrigel or collagen.Morphological
appearance of isolated rat hepatocytes cultured either as collagen sandwich or on Matrigel on day 0 (M0 and
C0), day 3 (M3 and C3), day 5 (M5 and C5), day 9 (M9 and C9) and day 12 (M12 and C12) of culture.
Images are presented at 200x magnification. M: Matrigel C: Collagen.

doi:10.1371/journal.pone.0124867.g001
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target genes did not differ in transcript expression when cultured on either collagen or
Matrigel.

Western blotting of LETFs
A representative example of n = 3 independent Western blot experiments is depicted in Fig 2
and the bands were quantified as described in the Material and Method section. Although not
always consistent, expression of HNF1α, HNF1β, HNF3γ, HNF4α and HNF6 was mostly in-
creased with hepatocytes cultured on Matrigel as compared to collagen sandwiched

Fig 2. Western blotting of liver enriched transcription factor in rat liver and primary rat hepatocytes
cultured on Matrigel and collagen. (A) The relative band density was determined using LI-COR image
studio of the Lite software. Expression of HNF-1α, HNF-1β, HNF-3γ, HNF-4α, HNF-6 and smaller isoforms of
C/EBP-α and C/EBP-β (p30 and p35, respectively) was higher in cells cultured on Matrigel as compared to
collagen sandwiched hepatocytes. (B and C) Image of Western blot of liver enriched transcription factors.
Isolated proteins were separated on 4–12% SDS-PAGE and transferred onto a PVDFmembrane as
described in the Material and Method section. M: Matrigel, C: Collagen.

doi:10.1371/journal.pone.0124867.g002
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hepatocytes. For instance, a higher expression of HNF3α, HNF3β, HNF3γ, HNF4α and HNF6
was observed with hepatocytes cultured on Matrigel for 7 days (Fig 2A–2C). Furthermore, the
larger isoforms of C/EBPα and C/EBPβ (p42 and p38, respectively) were equally expressed in
hepatocytes cultured on either matrices. Thus, the C/EBPα larger subunit served as an internal
loading control. Nonetheless, the smaller isoforms (p30 and p35, respectively) of both TFs
were significantly up-regulated with hepatocytes cultured on Matrigel as compared collagen
sandwiched hepatocytes (Fig 2A–2C). The Western blotting of LETFs of hepatocytes cultured
on collagen suggests a time dependent decline in expression of the smaller subunit of CEBPß
and HNF1α on day 12 and for HNF4α and HNF6 on day 7, respectively. Conversely, the pro-
tein expression of HNF1ß and HNF3α was increased over time for hepatocytes cultured on col-
lagen. Lastly, with hepatocytes cultured on Matrigel the expression of HNF1ß, HNF3α, ß and γ
was reduced in expression over time, while that of HNF4α and HNF6 increased with
culture time.

MALDI-TOF-MS analysis of collagen and Matrigel substrata
The proteins of cell free samples of the two ECMmatrices were analyzed by 2D gel electropho-
resis and MALDI-TOF mass spectrometry. Amongst the protein identified, collagen was com-
mon to both of the matrices. Laminin and nidogen (entactin) were the major ECM component
detected in Matrigel while the cytoskeleton and filament related proteins were detected in rat
tail collagen (Tables 1 and 2). Note, a quantitative analysis was not attempted.

DNA binding activity of LETFs
The DNA binding activity of HNF3α, HNF3β, HNF4α and HNF6 was considerably higher in
cells cultured on Matrigel (3.4, 2.6, 7.5 and 1.8 fold, respectively) at all-time points studied (Fig
3A–3D and 3G). In contrast, C/EBPα and C/EBPβ binding activity (1.6 and 1.7 fold, respec-
tively) of cells increased marginally when cultured on rat tail collagen (Fig 3E–3G). With the
exception of HNF4α on collagen, the DNA binding activity of the transcription factors de-
clined with time irrespective of the ECM type. Note, the depicted images are representative of
n = 3 independent band shift assays.

For comparison, band shift assays for HNF 1–4 and C/EBP-α with rat liver nuclear
extracts are shown in S2 Fig and DNA binding activity of all LETFs investigated could be
demonstrated.

Table 1. List of non-common proteins identified in cell free samples of Matrigel by MALDI-TOF-MS analysis.

Sn Number Gene M.wt
(kDa)

Protein Function

1 gi|6678656 Lama1 338.2 Laminin-α-1 ECM-component, glycoprotein cell-matrix-adhesion, receptor association, signal
transduction regulation of adhesion and migration

2 gi|126367 Lamb1-1 196.8 Laminin β1 Precursor,
Laminin γ1

ECM-component, cell matrix adhesion, EGF-analog domain

3 gi|6754854 Nid1 136.5 Nidogen 1(Entactin) ECM-component, calcium binding, cell matrix adhesion, ECM crosslinking, Nidogen
precursor

4 gi|
34810643

30.0 A Chain A Nidogen Laminin complex, ECM-component, cell matrix adhesion

5 gi|
31981722

Hspa5 72.4 Heat shock protein 5 Chaperon in endoplasmic reticulum, binding with transthyretin, glucose regulation

doi:10.1371/journal.pone.0124867.t001
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Table 2. List of non-common proteins identified in cell free samples of rat tail collagen by MALDI-TOF-MS analysis.

Sn Number Gene M.wt
(kDa)

Protein Function

1 gi|9845234 Anxa2 38.7 Annexin A2 Plasminogen receptor, cytoskeleton associated, organisation of collagen fibers;
phospholipase inhibitor-activator

2 gi|
42558981

Ppfia2 143.2 Liprin-α-2 Protein tyrosine phosphatase receptor type f (PTPRF) polypeptide interacting protein
alpha-2, cellular localisation of PTPRF and focal adhesion

3 gi|
20664363

1LCU_B 41.3 B Chain B Anti-parallel actin dimerization, actin filament polymerisation

4 gi|229690 1ATN_A 41.6 A Chain A Endo-desoxyribonuclease-I in complex with actin

5 gi|
11603008

CAST 49.1 CalpastatinType
IV-L

Calpain Inhibitor

6 gi|
21357425

Krt 20 57.1 Keratin complex 2 Intermediate filament protein

doi:10.1371/journal.pone.0124867.t002

Fig 3. DNA binding activity of liver enriched transcription factors in primary rat hepatocytes cultured
on Matrigel or collagen. EMSA assays for HNF-3α (A), HNF-3β (B), HNF-4α (C), HNF-6 (D), C/EBP-α (E)
and C/EBP-β (F) were carried out with nuclear extracts isolated on day 5, 6 and 7 of culture. The results
revealed that the binding activity of HNF-3α, HNF-3β, HNF-4α and HNF-6 to be higher when cultured on
Matrigel whereas the opposite was seen for C/EBP-α and -β when rat hepatocytes were cultured as collagen
sandwich. Nuclear extracts of rat liver served as positive control for EMSA assays. The results are given in
count/mm2 (G). B: Blank, M: Matrigel, C: Collagen.

doi:10.1371/journal.pone.0124867.g003
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Western blotting of CYP monooxygenases
We previously investigated transcript expression of major cytochrome P450 monooxygenases
in cultures of rat hepatocytes [29] and based on our earlier findings prominent members were
selected for Western blotting studies. This revealed expression of CYP1A2, CYP2E1, CYP3A1
and CYP3A2 to be significantly increased in hepatocytes cultured on Matrigel when compared
to collagen sandwiched cultures. However, expression of CYP1A1 was comparable in the two
culture systems tested. Furthermore, treatment with Aroclor 1254 significantly increased the
expression of CYP1A1 on Matrigel and collagen cultured hepatocytes thus evidencing similar
responsiveness of both culture systems to this inducer (Fig 4A and 4B).

Testosterone metabolism
To further determine the metabolic competency of hepatocytes cultured on different matrices,
100 μM of testosterone was added and a total of six metabolites were detected after a 24 h incu-
bation period. Essentially, less testosterone was metabolized at the fifth (p = 0.001) and eighth
(p = 0.021) day of cells cultured of rat tail collagen (Fig 5A). Conversely, production of andros-
tendione, i.e. the most abundant metabolite, was significantly higher on Matrigel cultured he-
patocytes on day eight (p = 0.001). However, no significant difference in androstendione
production in either of the culture systems was observed on the fifth day of culture (Fig 5B).
Furthermore, production of 2α-hydroxytestosterone was significantly increased with hepato-
cytes on collagen at day five in culture while its production increased significantly on day eight

Fig 4. Expression of CYP enzymes in primary rat hepatocytes cultured on Matrigel or collagen. (A)
Depicted are representative Western immunoblots of protein extracts of rat hepatocytes cultured for 5 days.
(B) The relative band density was determined using LI-COR image studio of the Lite software. Data are mean
±SD of n = 3 independent experiments. PC: positive control (rat liver extract); B: blank lane; C: control
hepatocyte cultures; A: Aroclor 1254 treated cultures

doi:10.1371/journal.pone.0124867.g004
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(p = 0.006) when cultured on Matrigel (Fig 5C). Likewise, 6α and 7α-testosteronehydroxylase
activity was significantly increased on Matrigel cultured cells at both time points (Fig 5D).
However, the production of 6β-hydroxytestosterone did not differ amongst the culture systems
at the time points examined (Fig 5E and 5F). Finally, production of 16α-hydroxytestosterone
increased significantly on day eight (p = 0.002) on collagen cultured cells (Fig 5G).

Gene expression and DNA binding activity of liver specific transcription
factors and CYP monooxygenases in response to Aroclor 1254
treatment
The effects of Aroclor 1254 treatment on the gene expression of LETFs and CYP monooxy-
genases were determined in vivo and in vitro and the results represent n = 5 independent exper-
iments. Aroclor 1254 treatment caused a significant increase in C/EBPα expression (4.7 folds)
in hepatocytes cultured on collagen. Conversely, a marginal decrease of 1.3 fold was deter-
mined on Matrigel cultured rat hepatocytes. Additionally, n = 5 rats were treated with a single
dose of 100 mg/kg of Aroclor 1254 and sacrificed three days later and this treatment caused a

Fig 5. Testosteronemetabolism in rat hepatocytes cultured on Matrigel or collagen. The metabolic
competence of rat hepatocytes cultured for 5 and 8 days was assayed at 100 μM testosterone substrate
concentration. Metabolites were determined by HPLC in culture media 24h after single testosterone
treatment. Data are given as mean±SD of at least three independent experiments. Statistical significance
was determined with the Student’s T-test.

doi:10.1371/journal.pone.0124867.g005

ECMModulated Transcription Factor Activity

PLOS ONE | DOI:10.1371/journal.pone.0124867 April 22, 2015 14 / 23



2.8 fold increase in expression of C/EBPα and induction of CYP1A1 and CYP1A2 mRNA by
3.7 and 1.7 fold, respectively, as compared to controls (Fig 6).

Furthermore, Aroclor 1254 treatment induced significantly expression of CYP1A1 (4 and 6
fold) and CYP1A2 (2.5 and 3 fold) in rat hepatocytes cultured on collagen and Matrigel, re-
spectively. However, the Aroclor 1254 treatment did not result in significant changes in tran-
script expression of HNF1α, HNF3γ, HNF4α, CYP2E1, CYP3A1, CYP4A1 and of phenyl
dehydrogenase, apolipoprotein C III and cyclophilin in either culture systems (data not
shown). Note, while these findings generally confirm results from our previous study [29] the
difference in CYP3A1, CYP4A1, HNF1 and HNF4 gene expression is likely caused by the dif-
ferent treatment conditions employed, i.e. 24h in the present study versus 48h in the previous
study. Likewise, the primers used in the previous study did not distinguish amongst isoforms
of HNF1 and HNF4 transcription factors.

Moreover, Aroclor 1254 treatment increased the DNA binding activity of C/EBPα by 1.4,
1.5 and 2.2 fold in rat liver, collagen and Matrigel cultured rat hepatocytes, respectively. Bind-
ing activity of C/EBPβ increased by 2.4 and 1.5 fold in rat liver and on collagen cultured rat he-
patocytes, respectively. Similarly, 1.6, 1.2 and 2.6 fold increases in DNA binding activity of
HNF4α were observed in rat liver, collagen and Matrigel cultured hepatocytes upon Aroclor
1254 treatment (Fig 7A–7C).

Discussion
Primary hepatocyte cultures are indispensable tools for hepatotoxicity testing. However, during
the process of tissue disaggregation and cell isolation, the cells become traumatized that leads
to cellular stress and a decline in metabolic competency. A perfect culture system should pro-
vide conditions to restore cellular functions which also depend on proper cell-cell and cell-ma-
trix interactions. The use of the collagen sandwich culture system provides conditions to
ensure well-differentiated phenotype of hepatocytes and to reestablish cell polarity [42] as was
seen in the present study with cultures of hepatocytes being well-differentiated and possibly
even forming bile canaliculi, as observed previously [43]. In contrast, cells cultured on Matrigel

Fig 6. Effect of Aroclor 1254 treatment on expression of liver enriched transcription factors and CYP
enzymes in rat liver and rat hepatocytes cultured on Matrigel or collagen. An average of three
independent measurements was taken and results are presented as mean fold change +/- SD over control.

doi:10.1371/journal.pone.0124867.g006
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showed limited cell-matrix adhesion, formed cell aggregates and retained spherical in cellular
morphology. These morphological features are often described in connection with tumor cells.
Indeed, Matrigel is an extracellular matrix of tumor origin; the observed morphology suggests
the importance of matrix component in cellular morphology and growth [44, 45].

Importantly, ECM components communicate to the cytoskeleton through transmembrane
receptors like integrin, β-catenin and the hyaluronic acid receptor to influence cellular mor-
phology by controlling the polymerization and organization of the cytoskeleton [46]. This
cross talk is carried beyond the cytoplasm to affect expression of genes coding for cell cycle and
metabolism amongst others. The role of extracellular signals in regulating liver-enriched

Fig 7. DNA binding activity of HNF-4α, C/EBP-α and C/EBP-β in response to Aroclor 1254 treatment.
Representative EMSA images are depicted in panel (A and B). The results are given as fold changes over
controls and are shown in panel (C). Band shift with specific antibodies are indicated by the symbol ‘+’. C:
Control, A: Aroclor 1254 treated.

doi:10.1371/journal.pone.0124867.g007
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transcription factors during hepatocyte differentiation has been the subject of several reviews
[47–49] and despite significant advances in the development of improved in vitro systems the
regulation of liver enriched transcription factors on divergent ECM substratum was not studied
in detail. We hypothesized that apart from providing mechanical and structural support the
various substrata will influence integrin, proteoglycan and growth factor receptor signalling
and as a result cellular differentiation. We therefore investigated the regulation of liver enriched
transcription factors in rat hepatocytes cultures on collagen and EHS sarcoma matrices by
RT-PCR, Western blotting and EMSA and evaluated the metabolic competency of cell cultures.
This revealed a significant up-regulation of 28S rRNA and GAPDH housekeeping genes in col-
lagen cultured rat hepatocytes while β2 microglobulin and 18S rRNA showed no difference
and were therefore used for normalization of results of subsequent studies. Gene expression
analysis revealed HNF1α, HNF1β, HNF3α, HNF3β, HNF6, C/EBPγ and C/EBPδ to be up-reg-
ulated in rat hepatocytes cultured on collagen while HNF3γ, HNF4α, C/EBPα and C/EBPβ
were increased in expression in rat hepatocytes cultured on Matrigel. Nonetheless, only
HNF1β, HNF3α, HNF6, C/EBPγ and C/EBPδ reached statistically significance. Oda et al. [8]
also reported up-regulation of HNF3α on collagen whereas HNF4α, C/EBPα and C/EBPβ were
increased on Matrigel cultured cells. Moreover, expression of COUP-TF1 that functionally in-
teracts with HNF4α at targeted promoters was insignificantly up-regulated on Matrigel cell
cultures. In a gene expression profiling studies with primary human hepatocytes and human
hepatoma cell lines a Matrigel sandwich configuration retained abundant expression of LETFs
such as CEBPα and HNF4α [50].

Conversely, expression of TFs at the protein level revealed a different picture and the mean
expression (see day 7, 9 and 12 of panel A Fig 2) of HNF1β, HNF3α and HNF3β were compa-
rable amongst the two culture systems. However, the protein expression of HNF1α, HNF3γ,
HNF4α and HNF6 was increased with hepatocytes cultured on Matrigel. Note, HNF4α plays a
central role in liver metabolism and in the complex interplay of HNFs. Its P2 promoter driven
embryonic isoforms HNF4α7–9 are predominant in dedifferentiated liver and pancreatic cells
and are also expressed in the early stages of hepatocarcinogenesis but are below the limit of de-
tection in liver of adult healthy individuals and patients with other diseases [51, 52]. We previ-
ously reported the regulation of P2 promoter driven HNF4α isoforms in hepatocarcinogenesis
and an identification of novel disease candidate genes found to be regulated in an EGF-induced
mouse liver cancer model and human HCC [38].

Besides, the smaller subunits of both C/EBPα and C/EBPβ were more abundantly expressed
in Matrigel. However, the larger subunits were found to be comparable in expression in both of
the culture systems. Difference in the translation initiation process involved in production of
different N-terminally truncated isoforms of C/EBPα and C/EBPβ have been reported [49].

The binding of transcription factors to their cognate recognition sequences is a prerequisite
for expression of target genes which in turns determines the coding of proteins and the meta-
bolic competency of the cells. The EMSA studies revealed increased binding activity of HNF3α,
HNF3β, HNF4α and HNF6 with hepatocytes cultured on Matrigel. These findings were in
agreement with the results obtained by Western blotting of nuclear proteins to evidence in-
creased level of HNF4α and HNF6.

As mentioned above, HNF4α plays a decisive role in defining metabolic competency of he-
patocytes and in the control of liver regeneration. However, after isolation, the cells are severely
harmed (enzyme digestion, damage to membrane bound receptors, receptor tyrosine kinases
and ion channels, etc.) and therefore require proper functioning of HNF4α to restore hepatic
functions [53]. Hence, a cell culture system that promotes HNF4α is highly desirable as was
clearly seen for hepatocytes cultured on Matrigel. The similar regulation of the larger subunits
of C/EBPα and C/EBPβ with hepatocytes cultured on either ECM is of interest. Both isoforms
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of C/EBPs have anti-proliferative functions and studies have shown that for proper hepatic dif-
ferentiation, entry of hepatocytes in the G0 phase is essential [54]. Additionally, there are re-
ports stating that tumor cells have reduced C/EBPα level [55]. The present study demonstrates
the gene and protein expression of hepatocyte nuclear factors are not of the same dynamic pro-
cesses when hepatocytes are cultured on either ECM. Apart from transcription, the level of pro-
tein is regulated by mRNA stability, post transcriptional modifications, translational efficiency,
post translational modifications and stability of the protein. The effect of post transcriptional
modification is also evidenced by the different expression levels of subunits of C/EBPα and C/
EBPβ in the two culture systems as shown in Fig 2.

To further delineate the effects of ECM on hepatocyte differentiation, expression analysis of
hepatocyte lineage markers target by TFs were performed. Hepatocyte lineage markers provide
important information about the differentiation state of mesenchymal stem cells progressing
towards functional hepatocyte [24]. A recent study evidenced HNF4α to function as a key reg-
ulator of epithelial-to-mesenchymal transition with repression of mesenchymal genes by
HNF4α being required by hepatocyte to retain fully differentiated [56]. The hepatocyte lineage
markers analyzed in the present study were HNF3β (endodermal marker), albumin, G6P (peri-
natal marker) and PEPCK (postnatal marker). As discussed above and with the exception of
hepatocytes cultured on Matrigel for 7 days there was no significant difference in the expres-
sion levels of HNF3β both at the gene and the protein level. Similarly, albumin gene expression
was not significantly different in the two culture systems. Note, the regulatory TFs for albumin
include C/EBPα, HNF1α and HNF3 [48, 57] and the genes coding for G6P and PEPCK and of
other enzymes of glucose metabolism were unchanged by the different ECM components. For
instance, HNF3β, HNF4α, HNF6 and C/EBPβ binds to consensus sequences of the PEPCK
gene to regulate its transcription [48, 49] and a recently published high resolution genome-
wide scan of HNF4α recognition sites revealed>17,500 DNA binding sites with a gene/binding
site ratio that differed>6-fold between chromosomes and clustered in distinct chromosomal
regions amongst>6600 genes targeted by HNF4α, thus suggesting this factor to be extremely
versatile [58].

Furthermore, OTC, an important enzyme of the urea cycle, was significantly up regulated
on Matrigel. As expected, HNF4α that participates in OTC transcription also displayed en-
hanced DNA binding activity on Matrigel cultivated hepatocytes [57]. The expression of
COUP-TF, a transcriptional repressor of OTC was unaffected by the different sources of ECM.
The discrepancy in the expression level of TFs and their target genes may in part be due to dif-
ferences in DNA binding activity of HNFs and of other regulatory proteins not studied in the
present investigation. Ultimately, expression of liver-specific genes is a complex orchestrated
interplay of many transcription factors, co-activators, repressor, co-repressor and epigenetic
mechanisms.

Further experiments were carried out to obtain information on the metabolic competency
of hepatocytes in both culture systems. Specifically, CYP enzymes play a major role in metabo-
lism of xenobiotics and endogenous molecules such as testosterone. The Western blotting ex-
periments revealed expression of CYP1A2, CYP12E1, CYP3A1 and CYP3A2 to be more
abundant with hepatocytes cultured on Matrigel and metabolic assays with testosterone as a
substrate confirmed significant higher production of 2α-hydroxytestosterone (CYP2C11), 6α-
hydroxytestosterone (CYP2A1) and 7α-hydroxytestosterone (CYP2A1) with hepatocytes cul-
tured on Matrigel while the production of 6-ß-hydroxytestosterone (catalyzed by CYP1A1,
CYP2A2, CYP2C13, CYP3A1 and CYP3A2) did not differ amongst the two culture systems. In
contrast, production of 2α- and 16α-hydroxytestosterone (CYP2C11, CYP2B1) was signifi-
cantly increased with collagen sandwiched hepatocytes on days 5 and 8, respectively. Note, this
reaction is catalyzed by CYP2C11, a major male specific CYP mono-oxygenase. Likewise, with
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collagen sandwiched hepatocytes the metabolism of testosterone to androstendione was ini-
tially increased but subsequently reduced and this reaction is catalyzed by 17β-hydroxysteroid
dehydrogenase and 5delta-reductase to yield 5α-androstane-3,17-dione. Overall, the results
suggested that cells cultured on Matrigel are more competent in metabolizing testosterone as
compared to collagen cultures but differences amongst individual isoforms are also seen.

We further examined albumin synthesis over a period of 9 days and the ELISA measure-
ments revealed similar production rates, i.e.1.9 μg/ml/2 Mio cells/24h and 2.3 μg/ml/2 Mio
cells/24h for Matrigel and collagen cultured hepatocytes, respectively (data not shown). Note,
the albumin mRNA expression was unchanged amongst the two culture systems.

LETFs are important regulators of the CYP gene family and the coded proteins play crucial
roles in the metabolism of endogenous and foreign molecules. Iwahori et al. [59] reported that
HNF4α plays a significant role in induction of CYP3A1/2 that is required for conversion of tes-
tosterone to 6α- and 6ß-hydroxytestosterone. In the present study, expression and DNA bind-
ing activity of HNF4α was significantly higher with hepatocytes cultured on Matrigel.
Likewise, with Matrigel production of 6α- and 6-ß-hydroxytestosterone was
significantly increased.

Moreover, the effect of Aroclor 1254 in rat liver and primary rat hepatocytes cultured on
collagen and Matrigel was studied. Aroclor 1254 treatment caused a significant increase (4.6
fold) in the expression of C/EBPα in rat hepatocytes cultured on collagen. Moreover, the DNA
binding activity of C/EBPα and HNF4α increased after Aroclor 1254 treatment in vivo as well
as in vitro when compared to controls. In the present study, Aroclor 1254 treatment induced
transcription of CYP1A1, CYP1A2 in rat liver after 3 days of a single dose. Note, the ability of
Aroclor 1254 to induce transcription has been repeatedly shown [28, 60, 61]. However, differ-
ences in the doses and exposure time do not permit direct comparisons of in vitro and in
vivo findings.

Conclusion
The molecular composition of ECM influences the expression and activity of tissue specific
transcription factors thereby instructing various programs of hepatocytes. The interplay of
transcription factors and other regulatory proteins infer on cellular differentiation, growth and
metabolism. A clear effect of ECM on the cell morphology of primary hepatocytes was ob-
served and the discrepancies in the expression at the gene and protein level in the two culture
systems are the result of transcriptional and posttranslational modifications endorsed by cellu-
lar—ECM interactions. Based on DNA binding activity and immunoblotting results particular-
ly of HNF4α we conclude that in vitro morphology is not a good indicator of differentiation of
hepatocytes. Taken collectively, the study provides evidence of the role of extracellular matrix
in the selective regulation of liver specific transcription factors to influence the metabolic com-
petency of cultured hepatocytes.

Supporting Information
S1 Fig. Expression of housekeeping genes, liver enriched transcription factors and hepato-
cyte-specific genes in primary rat hepatocytes cultured on Matrigel and collagen.Whisker-
box plot showing average RNA intensity of various genes in primary rat hepatocytes cultured
on Matrigel and collagen on day 5, 6, 7, 9 and 12. (A) GAPDH, 28S rRNA, (B)HNF-1β, HNF-
3α, HNF-6, (C) C/EBP-γ, C/EBP-δ and CDP were significantly up-regulated in rat hepatocytes
cultured on collagen sandwich as compared to Matrigel. (D)Ornithine transcarbamylase
(OTC) expression increased significantly in cells cultured on Matrigel as compared to collagen.
Depicted are 3 independent measurements taken at each time point (day 5, 6, 7, 9 and 12) and
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significance was determined using the student's T test. Results were considered significant at
p< 0.05. M: Matrigel, C: Collagen.
(TIF)

S2 Fig. DNA binding activity of liver enriched transcription factors in hepatic nuclear ex-
tracts of control animals. Depicted are EMSA assays for HNF-1α, HNF-3α, HNF-3β, HNF-
3γ, HNF-4α and C/EBP-α with nuclear extracts isolated from liver of control animals. Compe-
tition assays were performed with 100-fold excess of reference (lane 2) and/or mutant probe
(lane 3) for HNF4-α and C/EBP-α, respectively). Band shift assays were done with specific an-
tibodies as indicated. C: Control, Mu: Mutant.
(TIF)

S1 Table. Primer sequences and annealing temperature.
(DOC)

S2 Table. Primers for Aroclor 1254 experiment.
(DOC)

S3 Table. Antibodies used for Western blot and Gel shift assays.
(DOC)

S4 Table. DNA probes used for Gel shift assays.
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Acknowledgments
The skillful technical assistance of Ines Voepel, Angelika Holzmann and Dr. Monika Niehof is
gratefully acknowledged. The Aroclor 1254 studies were carried out by Andre Sowa. We are in-
debted to Anil Chougule for his support in the literature searches and help in the preparation
of Figures.

Author Contributions
Conceived and designed the experiments: JB. Performed the experiments: IR. Analyzed the
data: JB PKS IR. Contributed reagents/materials/analysis tools: JB. Wrote the paper: JB PKS IR.

References
1. Hartung T, van Vliet E, Jaworska J, Bonilla L, Skinner N, Thomas R. Systems toxicology. ALTEX. 2012;

29: 119–128. PMID: 22562485

2. Luhe A, Suter L, Ruepp S, Singer T, Weiser T, Albertini S. Toxicogenomics in the pharmaceutical in-
dustry: Hollow promises or real benefit? Mutat Res. 2005; 575: 102–115. PMID: 15924886

3. Wang S, Nagrath D, Chen PC, Berthiaume F, Yarmush ML. Three-dimensional primary hepatocyte cul-
ture in synthetic self-assembling peptide hydrogel. Tissue Eng Part A. 2008; 14: 227–236. doi: 10.
1089/tea.2007.0143 PMID: 18333775

4. Benton G, Kleinman HK, George J, Arnaoutova I. Multiple uses of basement membrane-like matrix
(BME/matrigel) in vitro and in vivo with cancer cells. Int J Cancer. 2011; 128: 1751–1757. doi: 10.1002/
ijc.25781 PMID: 21344372

5. LeBleu VS, Macdonald B, Kalluri R. Structure and function of basement membranes. Exp Biol Med
(Maywood). 2007; 232: 1121–1129. PMID: 17895520

6. Borok Z, Hami A, Danto SI, Zabski SM, Crandall ED. Rat serum inhibits progression of alveolar epitheli-
al cells toward the type I cell phenotype in vitro. Am J Respir Cell Mol Biol. 1995; 12: 50–55. PMID:
7811470

7. Harris AJ, Shaddock JG, Delongchamp R, Dragan Y, Casciano DA. Comparison of basal gene expres-
sion in cultured primary rat hepatocytes and freshly isolated rat hepatocytes. Toxicol Mech Methods.
2004; 14: 257–270. doi: 10.1080/15376520490434629 PMID: 20021105

ECMModulated Transcription Factor Activity

PLOS ONE | DOI:10.1371/journal.pone.0124867 April 22, 2015 20 / 23

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124867.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124867.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124867.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124867.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0124867.s006
http://www.ncbi.nlm.nih.gov/pubmed/22562485
http://www.ncbi.nlm.nih.gov/pubmed/15924886
http://dx.doi.org/10.1089/tea.2007.0143
http://dx.doi.org/10.1089/tea.2007.0143
http://www.ncbi.nlm.nih.gov/pubmed/18333775
http://dx.doi.org/10.1002/ijc.25781
http://dx.doi.org/10.1002/ijc.25781
http://www.ncbi.nlm.nih.gov/pubmed/21344372
http://www.ncbi.nlm.nih.gov/pubmed/17895520
http://www.ncbi.nlm.nih.gov/pubmed/7811470
http://dx.doi.org/10.1080/15376520490434629
http://www.ncbi.nlm.nih.gov/pubmed/20021105


8. Oda H, Nozawa K, Hitomi Y, Kakinuma A. Laminin-rich extracellular matrix maintains high level of he-
patocyte nuclear factor 4 in rat hepatocyte culture. Biochem Biophys Res Commun. 1995; 212: 800–
805. PMID: 7626113

9. Nguyen-Ngoc KV, Cheung KJ, Brenot A, Shamir ER, Gray RS, Hines WC, et al. ECMmicroenviron-
ment regulates collective migration and local dissemination in normal and malignant mammary epitheli-
um. Proc Natl Acad Sci U S A. 2012; 109: E2595–604. PMID: 22923691

10. LeCluyse ELWitek RP, Andersen ME, Powers MJ. Organotypic liver culture models: meeting current
challenges in toxicity testing. Crit Rev Toxicol. 2012; 42: 501–548. doi: 10.3109/10408444.2012.
682115 PMID: 22582993

11. Ukairo O, Kanchagar C, Moore A, Shi J, Gaffney J, Aoyama S, et al. Long-term stability of primary rat
hepatocytes in micropatterned cocultures. J BiochemMol Toxicol. 2013; 27: 204–212. doi: 10.1002/jbt.
21469 PMID: 23315828

12. Borlak J, Walles M, Elend M, Thum T, Preiss A, Levsen K. Verapamil: Identification of novel metabolites
in cultures of primary human hepatocytes and human urine by LC-MS(n) and LC-NMR. Xenobiotica.
2003; 33: 655–676. PMID: 12851041

13. Soldatow VY, Lecluyse EL, Griffith LG, Rusyn I. In vitro models for liver toxicity testing. Toxicol Res
(Camb). 2013; 2: 23–39. PMID: 23495363

14. Swift B, Pfeifer ND, Brouwer KL. Sandwich-cultured hepatocytes: An in vitro model to evaluate hepato-
biliary transporter-based drug interactions and hepatotoxicity. Drug Metab Rev. 2010; 42: 446–471.
doi: 10.3109/03602530903491881 PMID: 20109035

15. Godoy P, Hewitt NJ, Albrecht U, Andersen ME, Ansari N, Bhattacharya S, et al. Recent advances in 2D
and 3D in vitro systems using primary hepatocytes, alternative hepatocyte sources and non-parenchy-
mal liver cells and their use in investigating mechanisms of hepatotoxicity, cell signaling and ADME.
Arch Toxicol. 2013; 87: 1315–1530. doi: 10.1007/s00204-013-1078-5 PMID: 23974980

16. Hewitt NJ, Lechon MJ, Houston JB, Hallifax D, Brown HS, Maurel P, et al. Primary hepatocytes: Current
understanding of the regulation of metabolic enzymes and transporter proteins, and pharmaceutical
practice for the use of hepatocytes in metabolism, enzyme induction, transporter, clearance, and hepa-
totoxicity studies. Drug Metab Rev. 2007; 39: 159–234. PMID: 17364884

17. Caron JM. Induction of albumin gene transcription in hepatocytes by extracellular matrix proteins. Mol
Cell Biol. 1990; 10: 1239–1243. PMID: 2406565

18. DiPersio CM, Jackson DA, Zaret KS. The extracellular matrix coordinately modulates liver transcription
factors and hepatocyte morphology. Mol Cell Biol. 1991; 11: 4405–4414. PMID: 1875930

19. Hayashi Y, WangW, Ninomiya T, Nagano H, Ohta K, Itoh H. Liver enriched transcription factors and dif-
ferentiation of hepatocellular carcinoma. Mol Pathol. 1999; 52: 19–24. PMID: 10439834

20. Sakai Y, Yamagami S, Nakazawa K. Comparative analysis of gene expression in rat liver tissue and
monolayer- and spheroid-cultured hepatocytes. Cells Tissues Organs. 2010; 191: 281–288. doi: 10.
1159/000272316 PMID: 20051666

21. Laurent T, Kataoka Y, Kobayashi S, Ando M, Nagamori S, Oda H. Spherical cell shape of FLC-4 cell, a
human hepatoma cell, enhances hepatocyte-specific function and suppresses tumor phenotype
through the integration of mRNA-microRNA interaction. Biol Open. 2012; 1: 958–964. doi: 10.1242/bio.
20121438 PMID: 23213373

22. Bierwolf J, Lutgehetmann M, Feng K, Erbes J, Deichmann S, Toronyi E, et al. Primary rat hepatocyte
culture on 3D nanofibrous polymer scaffolds for toxicology and pharmaceutical research. Biotechnol
Bioeng. 2011; 108: 141–150. doi: 10.1002/bit.22924 PMID: 20824672

23. Tuschl G, Mueller SO. Effects of cell culture conditions on primary rat hepatocytes-cell morphology and
differential gene expression. Toxicology. 2006; 218: 205–215. PMID: 16337326

24. Kheolamai P, Dickson AJ. Liver-enriched transcription factors are critical for the expression of hepato-
cyte marker genes in mES-derived hepatocyte-lineage cells. BMCMol Biol. 2009; 10: 35. doi: 10.1186/
1471-2199-10-35 PMID: 19389256

25. Elsdale T, Bard J. Collagen substrata for studies on cell behavior. J Cell Biol. 1972; 54: 626–637.
PMID: 4339818

26. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, et al. Measurement of
protein using bicinchoninic acid. Anal Biochem. 1985; 150: 76–85. PMID: 3843705

27. Seglen PO. Preparation of isolated rat liver cells. Methods Cell Biol. 1976; 13: 29–83. Review. PMID:
177845

28. Borlak J, Thum T. Induction of nuclear transcription factors, cytochrome P450 monooxygenases, and
glutathione S-transferase alpha gene expression in Aroclor 1254-treated rat hepatocyte cultures. Bio-
chem Pharmacol. 2001; 61: 145–153. PMID: 11163329

ECMModulated Transcription Factor Activity

PLOS ONE | DOI:10.1371/journal.pone.0124867 April 22, 2015 21 / 23

http://www.ncbi.nlm.nih.gov/pubmed/7626113
http://www.ncbi.nlm.nih.gov/pubmed/22923691
http://dx.doi.org/10.3109/10408444.2012.682115
http://dx.doi.org/10.3109/10408444.2012.682115
http://www.ncbi.nlm.nih.gov/pubmed/22582993
http://dx.doi.org/10.1002/jbt.21469
http://dx.doi.org/10.1002/jbt.21469
http://www.ncbi.nlm.nih.gov/pubmed/23315828
http://www.ncbi.nlm.nih.gov/pubmed/12851041
http://www.ncbi.nlm.nih.gov/pubmed/23495363
http://dx.doi.org/10.3109/03602530903491881
http://www.ncbi.nlm.nih.gov/pubmed/20109035
http://dx.doi.org/10.1007/s00204-013-1078-5
http://www.ncbi.nlm.nih.gov/pubmed/23974980
http://www.ncbi.nlm.nih.gov/pubmed/17364884
http://www.ncbi.nlm.nih.gov/pubmed/2406565
http://www.ncbi.nlm.nih.gov/pubmed/1875930
http://www.ncbi.nlm.nih.gov/pubmed/10439834
http://dx.doi.org/10.1159/000272316
http://dx.doi.org/10.1159/000272316
http://www.ncbi.nlm.nih.gov/pubmed/20051666
http://dx.doi.org/10.1242/bio.20121438
http://dx.doi.org/10.1242/bio.20121438
http://www.ncbi.nlm.nih.gov/pubmed/23213373
http://dx.doi.org/10.1002/bit.22924
http://www.ncbi.nlm.nih.gov/pubmed/20824672
http://www.ncbi.nlm.nih.gov/pubmed/16337326
http://dx.doi.org/10.1186/1471-2199-10-35
http://dx.doi.org/10.1186/1471-2199-10-35
http://www.ncbi.nlm.nih.gov/pubmed/19389256
http://www.ncbi.nlm.nih.gov/pubmed/4339818
http://www.ncbi.nlm.nih.gov/pubmed/3843705
http://www.ncbi.nlm.nih.gov/pubmed/177845
http://www.ncbi.nlm.nih.gov/pubmed/11163329


29. Borlak J, Hock A, Hansen T, Richter E. DNA adducts in cultures of polychlorinated biphenyl-treated
human hepatocytes. Toxicol Appl Pharmacol. 2003; 188: 81–91. PMID: 12691726

30. Borlak J, Klutcka T. Expression of basolateral and canalicular transporters in rat liver and cultures of pri-
mary hepatocytes. Xenobiotica. 2004; 34: 935–947. PMID: 15801539

31. Thum T, Borlak J. Detection of early signals of hepatotoxicity by gene expression profiling studies with
cultures of metabolically competent human hepatocytes. Arch Toxicol. 2008; 82: 89–101. PMID:
17851650

32. Anderson N, Borlak J. Molecular mechanisms and therapeutic targets in steatosis and steatohepatitis.
Pharmacol Rev. 2008; 60: 311–357. doi: 10.1124/pr.108.00001 PMID: 18922966

33. Dunn JC, Yarmush ML, Koebe HG, Tompkins RG. Hepatocyte function and extracellular matrix geome-
try: long-term culture in a sandwich configuration. FASEB J. 1989; 3: 174–177. Erratum in: FASEB J.
1989; 3: 1873. PMID: 2914628

34. Niehof M, Borlak J. HNF4alpha dysfunction as a molecular rational for cyclosporine induced hyperten-
sion. PLoS One. 2011; 6:e16319. doi: 10.1371/journal.pone.0016319 PMID: 21298017

35. Niehof M, Borlak J. Expression of HNF4alpha in the human and rat choroid plexus: implications for drug
transport across the blood-cerebrospinal-fluid (CSF) barrier. BMCMol Biol. 2009; 10: 68. doi: 10.1186/
1471-2199-10-68 PMID: 19575803

36. Niehof M, Borlak J. HNF4 alpha and the Ca-channel TRPC1 are novel disease candidate genes in dia-
betic nephropathy. Diabetes. 2008; 57: 1069–1077. doi: 10.2337/db07-1065 PMID: 18184923

37. Kel AE, Niehof M, Matys V, Zemlin R, Borlak J. Genome wide prediction of HNF4alpha functional bind-
ing sites by the use of local and global sequence context.Genome Biol. 2008; 9: R36. doi: 10.1186/
gb-2008-9-2-r36 PMID: 18291023

38. Niehof M, Borlak J. EPS15R, TASP1, and PRPF3 are novel disease candidate genes targeted by
HNF4alpha splice variants in hepatocellular carcinomas. Gastroenterology. 2008; 134: 1191–1202.
doi: 10.1053/j.gastro.2008.01.027 PMID: 18395097

39. Niehof M, Borlak J. RSK4 and PAK5 are novel candidate genes in diabetic rat kidney and brain. Mol
Pharmacol. 2005; 67: 604–611. PMID: 15615695

40. Gorski K, Carneiro M, Schibler U. Tissue-specific in vitro transcription from the mouse albumin promot-
er. Cell. 1986; 47: 767–776. PMID: 3779841

41. Garaguso I, Borlak J. Matrix layer sample preparation: An improved MALDI-MS peptide analysis meth-
od for proteomic studies. Proteomics. 2008; 8: 2583–2595. doi: 10.1002/pmic.200701147 PMID:
18546159

42. Berthiaume F, Moghe PV, Toner M, Yarmush ML. Effect of extracellular matrix topology on cell struc-
ture, function, and physiological responsiveness: Hepatocytes cultured in a sandwich configuration.
FASEB J. 1996; 10: 1471–1484. PMID: 8940293

43. Shulman M, Nahmias Y. Long-term culture and coculture of primary rat and human hepatocytes. Meth-
ods Mol Biol. 2013; 945: 287–302. doi: 10.1007/978-1-62703-125-7_17 PMID: 23097113

44. Moghe PV, Berthiaume F, Ezzell RM, Toner M, Tompkins RG, Yarmush ML. Culture matrix configura-
tion and composition in the maintenance of hepatocyte polarity and function. Biomaterials. 1996; 17:
373–385. PMID: 8745335

45. Borlak J, Blickwede M, Hansen T, KochW, Walles M, Levsen K. Metabolism of verapamil in cultures of
rat alveolar epithelial cells and pharmacokinetics after administration by intravenous and inhalation
routes. Drug Metab Dispos. 2005; 33: 1108–1114. PMID: 15886350

46. Bissell MJ, Hall HG, Parry G. How does the extracellular matrix direct gene expression? J Theor Biol.
1982; 99: 31–68. PMID: 6892044

47. Liu JK, DiPersio CM, Zaret KS. Extracellular signals that regulate liver transcription factors during he-
patic differentiation in vitro. Mol Cell Biol. 1991; 11: 773–784. PMID: 1990282

48. Schrem H, Klempnauer J, Borlak J. Liver-enriched transcription factors in liver function and develop-
ment. part I: The hepatocyte nuclear factor network and liver-specific gene expression. Pharmacol Rev.
2002; 54: 129–158. PMID: 11870262

49. Schrem H, Klempnauer J, Borlak J. Liver-enriched transcription factors in liver function and develop-
ment. part II: The C/EBPs and D site-binding protein in cell cycle control, carcinogenesis, circadian
gene regulation, liver regeneration, apoptosis, and liver-specific gene regulation. Pharmacol Rev.
2004; 56: 291–330.48. PMID: 15169930

50. Olsavsky KM, Page JL, Johnson MC, Zarbl H, Strom SC, Omiecinski CJ. Gene expression profiling
and differentiation assessment in primary human hepatocyte cultures, established hepatoma cell lines,
and human liver tissues. Toxicol Appl Pharmacol. 2007; 222: 42–56. PMID: 17512962

ECMModulated Transcription Factor Activity

PLOS ONE | DOI:10.1371/journal.pone.0124867 April 22, 2015 22 / 23

http://www.ncbi.nlm.nih.gov/pubmed/12691726
http://www.ncbi.nlm.nih.gov/pubmed/15801539
http://www.ncbi.nlm.nih.gov/pubmed/17851650
http://dx.doi.org/10.1124/pr.108.00001
http://www.ncbi.nlm.nih.gov/pubmed/18922966
http://www.ncbi.nlm.nih.gov/pubmed/2914628
http://dx.doi.org/10.1371/journal.pone.0016319
http://www.ncbi.nlm.nih.gov/pubmed/21298017
http://dx.doi.org/10.1186/1471-2199-10-68
http://dx.doi.org/10.1186/1471-2199-10-68
http://www.ncbi.nlm.nih.gov/pubmed/19575803
http://dx.doi.org/10.2337/db07-1065
http://www.ncbi.nlm.nih.gov/pubmed/18184923
http://dx.doi.org/10.1186/gb-2008-9-2-r36
http://dx.doi.org/10.1186/gb-2008-9-2-r36
http://www.ncbi.nlm.nih.gov/pubmed/18291023
http://dx.doi.org/10.1053/j.gastro.2008.01.027
http://www.ncbi.nlm.nih.gov/pubmed/18395097
http://www.ncbi.nlm.nih.gov/pubmed/15615695
http://www.ncbi.nlm.nih.gov/pubmed/3779841
http://dx.doi.org/10.1002/pmic.200701147
http://www.ncbi.nlm.nih.gov/pubmed/18546159
http://www.ncbi.nlm.nih.gov/pubmed/8940293
http://dx.doi.org/10.1007/978-1-62703-125-7_17
http://www.ncbi.nlm.nih.gov/pubmed/23097113
http://www.ncbi.nlm.nih.gov/pubmed/8745335
http://www.ncbi.nlm.nih.gov/pubmed/15886350
http://www.ncbi.nlm.nih.gov/pubmed/6892044
http://www.ncbi.nlm.nih.gov/pubmed/1990282
http://www.ncbi.nlm.nih.gov/pubmed/11870262
http://www.ncbi.nlm.nih.gov/pubmed/15169930
http://www.ncbi.nlm.nih.gov/pubmed/17512962


51. Lazarevich NL, Shavochkina DA, Fleishman DI, Kustova IF, Morozova OV, Chuchuev ES, et al. Dereg-
ulation of hepatocyte nuclear factor 4 (HNF4) as a marker of epithelial tumors progression. Exp Oncol.
2010; 32: 167–171. PMID: 21403612

52. Lazarevich NL, Cheremnova OA, Varga EV, Ovchinnikov DA, Kudrjavtseva EI, Morozova OV, et al.
Progression of HCC in mice is associated with a downregulation in the expression of hepatocyte nucle-
ar factors. Hepatology. 2004; 39: 1038–1047. PMID: 15057908

53. Odom DT, Zizlsperger N, Gordon DB, Bell GW, Rinaldi NJ, Murray HL, et al. Control of pancreas and
liver gene expression by HNF transcription factors. Science. 2004; 303: 1378–1381. PMID: 14988562

54. Mitaka T. The current status of primary hepatocyte culture. Int J Exp Pathol. 1998; 79: 393–409. PMID:
10319020

55. Xu G, Yi S, Xu R. Effects of octreotide on implanted liver tumor after partial hepatectomy in rats. Zhon-
ghuaWai Ke Za Zhi. 2001; 39: 948–950. PMID: 16201180

56. Santangelo L, Marchetti A, Cicchini C, Conigliaro A, Conti B, Mancone C, et al. The stable repression of
mesenchymal program is required for hepatocyte identity: a novel role for hepatocyte nuclear factor 4α.
Hepatology. 2011; 53: 2063–2074. doi: 10.1002/hep.24280 PMID: 21384409

57. Nishiyori A, Tashiro H, Kimura A, Akagi K, Yamamura K, Mori M, et al. Determination of tissue specifici-
ty of the enhancer by combinatorial operation of tissue-enriched transcription factors. Both HNF-4 and
C/EBP beta are required for liver-specific activity of the ornithine transcarbamylase enhancer. J Biol
Chem. 1994; 269: 1323–1331. PMID: 8288597

58. Weltmeier F, Borlak J. A high resolution genome-wide scan of HNF4α recognition sites infers a regula-
tory gene network in colon cancer. PLoS One. 2011; 6: e21667. doi: 10.1371/journal.pone.0021667
PMID: 21829439

59. Iwahori T, Matsuura T, Maehashi H, Sugo K, Saito M, HosokawaM, et al. CYP3A4 inducible model for
in vitro analysis of human drug metabolism using a bioartificial liver. Hepatology. 2003; 37: 665–673.
PMID: 12601364

60. Meredith C, Scott MP, Renwick AB, Price RJ, Lake BG. Studies on the induction of rat hepatic CYP1A,
CYP2B, CYP3A and CYP4A subfamily form mRNAs in vivo and in vitro using precision-cut rat liver
slices. Xenobiotica. 2003; 33: 511–527. PMID: 12746107

61. Xu C, Li CY, Kong AN. Induction of phase I, II and III drug metabolism/transport by xenobiotics. Arch
Pharm Res. 2005; 28: 249–268. PMID: 15832810

ECMModulated Transcription Factor Activity

PLOS ONE | DOI:10.1371/journal.pone.0124867 April 22, 2015 23 / 23

http://www.ncbi.nlm.nih.gov/pubmed/21403612
http://www.ncbi.nlm.nih.gov/pubmed/15057908
http://www.ncbi.nlm.nih.gov/pubmed/14988562
http://www.ncbi.nlm.nih.gov/pubmed/10319020
http://www.ncbi.nlm.nih.gov/pubmed/16201180
http://dx.doi.org/10.1002/hep.24280
http://www.ncbi.nlm.nih.gov/pubmed/21384409
http://www.ncbi.nlm.nih.gov/pubmed/8288597
http://dx.doi.org/10.1371/journal.pone.0021667
http://www.ncbi.nlm.nih.gov/pubmed/21829439
http://www.ncbi.nlm.nih.gov/pubmed/12601364
http://www.ncbi.nlm.nih.gov/pubmed/12746107
http://www.ncbi.nlm.nih.gov/pubmed/15832810

