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Abstract

Cell lines are powerful tools for research into liver function at the molecular level. However, they are generally unsuitable for
rigorously assessing the effects of amino acid composition, because many lines require serum-containing medium for their
maintenance. Here, we aimed to investigate the effects of ornithine and arginine, which are included in the characteristic
metabolic process in hepatocyte, on a human hepatoma-derived cell line (FLC-4) that can be cultured in serum-free medium.
FLC-4 cells were cultured under the following three conditions: + ornithine/—arginine, —ornithine/—arginine, and —ornith-
ine/ +arginine. Albumin expression evaluated by quantitative polymerase chain reaction and enzyme-linked immunosorb-
ent assay and showed no obvious differences based on the presence of ornithine or arginine. However, the mRNA levels of
two liver-enriched transcription factors (CEBPB and HNF'1A), which are involved in regulating albumin expression, were
significantly higher in cells grown in medium-containing arginine than that in cells grown in ornithine-containing medium.
Western blotting showed that the levels both activating and inhibitory C/EBPf isoforms were significantly increased in cells
grown in arginine medium. Furthermore, we have found that depletion of both ornithine and arginine, the polyamine sources,
in the medium did not cause polyamine deficiency. When ornithine and arginine were depleted, albumin production was
significantly reduced at the mRNA level, CEBPB mRNA levels were increased, and the level of activating form of C/EBPf
was increased. The results of this study suggest that in hepatocyte, these two amino acids might have different functions,
and because of which they elicit disparate cellular responses.
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Introduction

We had previously studied the development of bioartifi-
cial livers composed of a radial flow bioreactor (RFB) and
human hepatocellular carcinoma-derived cell lines, FLC-
4, FLC-5, or FLC-7 [1-4]. One of the major features of
these cell lines is that they can be cultured in serum-free
medium, meaning that studies can be performed without
considering the amino acids present in serum. Our previ-
ous study showed that selection of serum-free medium is
an important factor for effective use of bioartificial liv-
ers containing these cell lines [4]. In the study that used
RFB and FLC-7 cells, ASF104N medium was shown to be
more suitable for cell growth than the IS-RPMI medium
(based on RPMI-1640). However, ASF104N was less suit-
able for producing fibrinogen, which is specifically pro-
duced in hepatocytes, than IS-RPMI. When comparing
both media types, we had focused on the effects of two
amino acids, ornithine and arginine, using media that had
complementary compositions of ornithine and arginine
(ASF104N: + ornithine/ — arginine; RPMI-1640: — ornith-
ine/ +arginine). Similar results were observed with respect
to albumin production in another experiment. Albumin
production by FL.C-4 cells was improved by replacing the
ASF104N (+ ornithine/ — arginine) medium in the RFB
with E-RDF (- ornithine/ + arginine) (Online Resource).
Many commercially available media used for hepatocel-
lular carcinoma cell culture contain arginine but not orni-
thine. Ornithine is used when culturing human-induced
pluripotent stem cells (iPS cells), and is a key compo-
nent of the hepatocyte selection medium. One particular
medium composition (+ ornithine/ — arginine) helped to
eliminate unwanted iPS cells from a culture of primary
hepatocytes [5]. These observations suggest that the two
amino acids, which appear to complement each other in the
urea cycle, have differing effects on hepatocyte function.
Understanding the effects of the components of the
medium on protein production by cultured cells is impor-
tant for evaluating of hepatocellular carcinoma cell func-
tion. Albumin, which is produced specifically and in large
amounts by hepatocytes, is an attractive model for evaluat-
ing these relationships. It is the most abundant serum pro-
tein and its physiological and clinical significance is well
established [6]. Serum albumin levels are used as diagnos-
tic/prognostic markers for various diseases, and as a nutri-
tional assessment index in clinical practice. A plethora of
reports exist regarding the factors regulating albumin syn-
thesis [7-11]. Serum albumin concentration is maintained
within a normal range by a combination of these various
regulatory factors [12]. However, there is a general theory
that hepatocyte-specific genes, including ALB, are usu-
ally regulated at the mRNA level by transcription factors

enriched in the liver, including members of the C/EBP and
hepatocyte nuclear factor (HNF) families [13]. To all of
the various factors, it is not completely understood how
signals controlling albumin expression are transduced in
cells.

Ornithine and arginine are involved in the urea cycle,
which is characteristic feature of hepatocytes. Citrulline
is converted into arginine in hepatocyte cytoplasm, and
arginine is subsequently hydrolyzed into urea and ornith-
ine. Ornithine is used for the next reaction step along with
carbamoyl phosphate, in the mitochondria. The citrulline
produced in that reaction (in the cytoplasm) is converted
into arginine [14]. Ornithine is also involved in polyamine
synthesis as a source of putrescine, which is converted into
spermidine and spermine [15]. The positive effects of ornith-
ine on albumin synthesis were first reported by two research
groups almost 30 years ago. The authors used polyamine
synthesis inhibitors [a-difluoromethylornithine (DFMO) or
a-methylornithine (MO)] to demonstrate that promotion of
albumin synthesis by ornithine can occur through polyam-
ines [7, 16, 17]. However, it is unclear whether inhibition
of polyamine synthesis recapitulates ornithine deficiency,
and any direct link between ornithine depletion and albu-
min expression has not been established. Therefore, in this
report, the effects of ornithine and arginine on ALB expres-
sion were evaluated using FLC-4 cells and three variants
of serum-free medium [(+ ornithine/ — arginine), (— ornith-
ine/ — arginine), and (— ornithine/ + arginine)].

Materials and methods
Cell line, media, and culture conditions

The human hepatocellular carcinoma-derived cell line,
FLC-4 (RRID: CVCL_D204), which was established and
have been maintained at The Jikei University School of
Medicine, was used in this study, as previous reports [1,
4, 18-20]. Cells were maintained in ASF104N serum-free
medium (Ajinomoto Co., Inc., Tokyo Japan) at 37 °C in an
atmosphere containing 5% CO,. The custom-made medium
ASOR (-), which differ from ASF104N only with respect
to ornithine [absent in ASOR (—)], was purchased from
KOHIJIN BIO Co., Ltd. (Saitama, Japan). The ASF104N
medium includes ornithine (100 mg/L), but not arginine,
which means that the amino acid components of the urea
cycle are not present in ASOR (—). A third medium sup-
plemented with arginine (200 mg/L) was also used in this
study. The concentration of arginine in the medium was the
same as that in RPMI-1640. In this study, we denoted the
three medium conditions as “Orn” (= ASF104N), “Arg”
{=ASOR (-)+ Arg}, and “Dep (meaning depletion of both
amino acids)” {=ASOR (-)}. The cells were seeded into
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6-well plates at a density of 1x 10° cells/well in ASF104N,
and after 3 days (day 3), the cells were treated with one
of the three media {Orn, Arg, or Dep}. The medium was
changed every 3 days, and cell counting and sampling (cells
and culture supernatants) were performed on days 3, 6, and
12. For cell counting, only the cells that were not stained
with Gibco™ Trypan Blue Solution (0.4%) (Thermo Fisher
Scientific Inc., MA, USA) were counted.

Polyamine quantification

High-performance liquid chromatography (HPLC) analysis
was performed to determine polyamine levels in cultured
cells. Cultured cells were lysed with TDT [25 mM Tris-
HCI (pH 7.2), 1 mM EDTA, 0.01% Tween80] and sonicated
using a BRANSON 250D (Branson Ultrasonics, CT, USA)
(output 60%, 5 sx3 times). The protein concentration in
the lysate was measured using a DC™ Protein Assay Kit
(Bio-Rad Laboratories, Inc., CA, USA), and then, the lysate
was treated with HC1O, (final 4%). After centrifugation
(13,000 g, 4 °C, 10 min), the filtered supernatant (using
0.45 um PVDF membrane) was subjected to HPLC. HPLC-
based polyamine quantification was performed in accord-
ance with a previously described method [21].

Quantification of ammonia and urea concentration

Cells were seeded into 6-well plates (n=3) at a density of
1x10° cell/well in ASF104N (day 0). After 3 days (day 3),
the cells treated with one of the three media {Orn, Arg and
Dep}, and on day 6, ammonium chloride (NH,Cl) was added
to all media at a final concentration of 3 mM. At that time,
control wells without any cells were prepared for each of the
three media. Then, the medium was replaced with fresh one
containing NH,Cl on day 9. Aliquots of fresh media after
exchange (day 9) and old media (without exchange; day 12)
were subjected to ammonia and urea quantification. Ammo-
nia quantification was performed using a WAKO NH3 test
(WAKO Pure Chemical Industries, Ltd., Osaka, Japan) at
a reduced (12.5%) scale from the manufacturer’s protocol.
Urea quantification was performed with the QuantiChrom
Urea Assay Kit (BioAssay Systems, CA, USA), according
to the manufacturer’s protocol. Numerical differences in
optical absorbance (520 nm) between days 12 and 9, after
subtracting the control values (without cells), were used for
calculation.

Quantitative real-time PCR
Total RNA from cultured cells was isolated using the Qia-
gen RNeasy mini kit (Qiagen, Hilden, Germany), and fur-

ther purified with DNase I (Takara Bio Inc., Shiga, Japan)
and TRIZOL® reagent (Thermo Fisher Scientific Inc., MA,
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USA). Complementary DNA was synthesized from puri-
fied total RNA using a High-Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems™, Thermo Fisher Scien-
tific Inc.) in accordance with the manufacturer’s protocol.
Real-time quantitative PCR (qPCR) was performed using a
TagMan® probe system. The TagMan® probe and primer sets
were purchased from Applied Biosystems™ (Thermo Fisher
Scientific Inc.) in the form of the TaqMan® Gene Expres-
sion Assay System [GAPDH; Hs99999905_m1, ALB (Albu-
min); Hs00910225_m1, HNFA (HNFla); Hs00167041_m1,
HNFB (HNF1p); Hs01001602_m1, HNF4A (HNF4a);
Hs00230853_m1, CEBPA (C/EBPa); Hs00269972_s1,
CEBPB (C/EBPp); Hs00270923_s1]. Thermal cycling reac-
tions and data analyses were performed using a StepOne-
Plus™ Real-Time PCR System and the StepOne™ software
Ver. 2.2.2 (Applied Biosystems™, Thermo Fisher Scientific
Inc.). Data were analyzed via the 2724 method [22].

Enzyme-linked immunosorbent assay (ELISA)

For albumin quantification, sandwich ELISA was per-
formed using two antibodies against human serum albu-
min [0855029 (MP BIOMEDICALS, CA, USA), capture
antibody; AB19181 (Abcam, Cambridge, UK), detection
antibody]. The assay plate was coated with the capture anti-
body (500x) at room temperature (24—28 °C) for 2 h and
then blocked with 1% BSA prepared in PBS(—). Culture
media were diluted 100-fold with the blocking reagent and
used as assay samples. Samples were probed with the HRP-
conjugated secondary detection antibody (5000%) at room
temperature for 2 h. For the detection of albumin-antibody
specific reactions, 0.3 mM 4-methylumbelliferyl phosphate
was used as a fluorescent substrate for HRP (excitation
wavelength: 360 nm, emission: 460 nm).

Western blotting

Cultured cells were lysed using an RIPA Lysis Buffer Sys-
tem (Santa Cruz Biotechnology, TX, USA) in the presence
of protease and a phosphatase inhibitors, in accordance with
the manufacturer’s protocol. After quantifying protein con-
centration, cell lysates containing equal amounts of protein
were boiled with 2 X sample buffer {0.125 M Tris-HCI (pH
6.8), 10% (v/v) 2-mercaptoethanol, 4% (w/v) Sodium dode-
cyl sulfate, 10% (w/v) sucrose, 0.01% (w/v) Bromophenol
Blue}. These samples were loaded onto a SuperSep™ Ace
(10%) polyacrylamide gel (Wako Pure Chemical Industries,
Ltd.) for electrophoretic separation, and transferred onto a
polyvinylidene fluoride membrane via TransBlot SD (Bio-
Rad Laboratories, Inc.). The membrane was probed with
antibodies against C/EBPf (sc-150X; Santa Cruz Biotech-
nology) (RRID: AAB_2260363). Detection and imaging of
the specific bands were performed using the ECL™ Prime
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Western Blotting Detection System (GE Healthcare UK
Ltd., Buckinghamshire, UK) and ChemiDoc™ Touch imag-
ing system (Bio-Rad Laboratories, Inc.). Band intensities
were calculated using ImageJ 1.52a (RRID: SCR_003070)
(National Institutes of Health, MD, USA).

Statistical analysis

Quantification of data is presented as the mean + stand-
ard deviation (n=3). To evaluate the statistical difference
between the three groups (Orn, Dep, and Arg) from data
collected on the same day, one-way analysis of variance
(ANOVA) and Tukey’s honestly significant difference
(HSD) test were performed using VassarStats (https://vassa
rstats.net/). The threshold for statistical significance was
set to P <0.05. Tukey’s HSD test results are shown as *:
P <0.05 and **: P<0.01.

Results

Polyamine synthesis and ammonia metabolism
under three medium conditions

As described above, there are several reports indicating a
positive effect of ornithine on albumin production, as medi-
ated by polyamines [7, 16, 17]. These have been shown in
experiments with polyamine synthesis inhibitors, but it is
unclear whether inhibition of polyamine synthesis mimics
ornithine deficiency, and the direct link between ornithine
deficiency and ALB expression remains unclarified. We
first performed quantitative analyses of polyamine levels in
FLC-4 cells cultured under three different medium condi-
tions. These were performed to elucidate whether ornithine
deficiency directly causes polyamine deficiency (Fig. 1).
Interestingly, polyamine starvation was not observed in cells
cultured in Dep medium that contained neither ornithine nor
arginine. Conversely, only spermidine levels were increased,
by approximately 2.5-fold, in Dep medium at both days 6
and 12, as compared to the other two medium conditions
(Fig. 1b). When comparing Orn and Arg, the only significant
differences found were for putrescine and spermidine levels
at day 6 (Fig. 1a, b, respectively). From these results, we can
reject the hypothesis that ornithine deficiency and inhibition
of polyamine synthesis are the same condition.

Our previous study using microarray analysis showed
that the many ammonium metabolism genes were not
expressed in FLC-4 cells cultured in RFB [19]. To deter-
mine whether the urea cycle is active under the culture
conditions used in this study, urea and ammonia levels
were evaluated (Fig. 2). Differences in ammonia concen-
tration between days 9 and 12 showed that ammonia levels
were decreased under Orn and Arg conditions, but not
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Fig.1 Quantitative analysis of polyamine levels in FLC-4 cells
cultured under three different medium conditions. Three kinds of
polyamine molecules metabolized from ornithine were quanti-
fied, i.e., putrescine (a), spermidine (b), and spermine (c). Polyam-
ine molecules were extracted from FLC-4 cells cultured under each
medium condition (white: Orn, black: Dep, gray: Arg) and quantified.
All values in this figure are shown as the average of three samples
(n=3). A significant difference in putrescine level among the three
groups was observed at day 6 (F=34.39, P=0.000517), but not at
day 12 (F=0.19, P=0.831748). For spermidine and spermine, sig-
nificant difference was observed on day 6 and day 12 {Spermidine:
day 6; (F=416.31, P<0.0001), day 12; (F=1403.25, P<0.0001)}
{Spermine: day 6; (F=5.81, P=0.039485), day 12; (F=197.06,
P <0.0001)}. Asterisks indicate the results for comparisons between
groups by Tukey’s HSD test (*P <0.05, **P <0.01)

decreased under Dep condition (Fig. 2b). Urea produc-
tion was also observed under Orn and Arg conditions, but
could not be detected under the Dep condition (Fig. 2c).
These results indicate that ammonia metabolism involving
the urea cycle was active in FLC-4 cells when the medium
contained either ornithine or arginine.

@ Springer


https://vassarstats.net/
https://vassarstats.net/

T.J. Fujimi et al.

594
a
FLC-4 om cell count
1 %108 cell/well Dep
(n =3/ medium) Arg
spread 1
i
| | | | |
* * *
dayO0 day3 day6 day9 day12
b c
2.5 7.0 -
3 2] 860 -
e 1.5 <)
Ay = 5.0 -
3 14 S
IS IS
€ 05 E40 1+
% 0 } } { % 3.0 -
N N
57097 \—l‘l D20 -
< 1 <
I g 10 -4
Z 1.5 A S5 N.D
'2 - OO T T 1
Orn Dep Arg Orn  Dep Arg

Fig.2 Quantitative analyses of ammonia and urea concentrations. a
Schematic drawing of the experimental design for quantifying ammo-
nia and urea concentrations. Asterisks indicate the points of medium
change (black: media without ammonia chloride; gray: media con-
taining ammonium chloride). b Quantification of differential amounts
of ammonia between days 9 and 12 in three different medium condi-
tions. Ammonia levels were normalized to cell number {NH;A(d12-
d9) pmol/ 10° cells}. ¢ Quantification of differential amounts of urea
between days 9 and 12 in three different medium conditions. Urea
levels were normalized to cell number {UreaA(d12-d9)/10° cells}
N.D. indicates a non-detectable level

Responses in FLC-4 cells with respect to growth
and albumin production under three different
culture conditions

Subsequently, cell growth and albumin production were
evaluated in the three different medium conditions (Orn,
Arg, and Dep) (Fig. 3a). In terms of cell growth and albumin
production, there were no significant differences between
the Orn and Arg conditions after the medium was changed
on day 3. However, significant differences were observed
under Dep conditions as cell growth was severely arrested
on days 3—12, and decreased slightly. Albumin production
in cells cultured under Dep conditions on days 6 and 12
was significantly lower at the mRNA level, compared to that
in cells cultured under Orn and Arg conditions, as was the
amount of albumin protein quantified by ELISA (Fig. 3b,
c). These results confirmed that FLC-4 cells require either
arginine or ornithine, which are amino acids related to the

@ Springer

urea cycle, and that a lack of both amino acids significantly
affects albumin production and cell growth.

Expression of liver-enriched transcriptional
regulatory factors under the three medium
conditions

Several liver-enriched transcription factors, in particular the
members of C/EBP and HNF families, play critical roles in
the transcriptional regulation of liver-specific genes, includ-
ing albumin [13]. To understand the effects of amino acids
involved in urea cycle on FLC-4 cells, the mRNA levels of
five liver-enriched transcription factors (CEBPA, CEBPB,
HNFIA, HNFIB, and HNF4A) were evaluated by qPCR
(Fig. 4). On comparing gene expression under the three
medium conditions, all genes showed significant differ-
ences in either or both culture periods by one-way ANOVA
(n=3, F>15.93, P<0.003980). Most exhibited significant
increases when cultured under Dep conditions, except for
HNF4A. The mRNA levels of CEBPA at day 6 and HNF'IB
(both days 6 and 12) were elevated significantly in the Dep
condition (Fig. 4a, d). The mRNA level of HNF4A at day 12
was decreased significantly in the Dep condition (Fig. 4e).
For CEBPB and HNFIA, significant differences were also
observed between Orn and Arg conditions (Fig. 4b, ¢). In
these genes, transcriptional levels under Arg conditions were
higher than those observed under Orn conditions (Fig. 4c).
These results suggest that arginine and ornithine do not play
identical roles with respect to regulating the expression of
the five liver-enriched transcription factors. Among these
five transcription factor genes, CEBPB at day 12 exhibited
remarkable differences under all three medium conditions
(Orn vs Arg; 1.8-fold, Orn vs Dep; 3-fold). Therefore, in
subsequent analyses, we analyzed C/EBPp, focusing on day
12.

Changes in C/EBP protein levels under the three
medium conditions

C/EBPp is a critical transcription factor involved in the
regulation of cell growth and liver-specific protein synthe-
sis, including albumin in hepatocytes and HepG2 cells [13,
23-27]. Three major isoforms (46, 42, and 20 kDa) of C/
EBP are produced from a single mRNA via the use of dif-
ferent translation start sites. Among these, the 20 kDa form
exerts a negative regulatory effect on target gene transcrip-
tion, and is termed the liver-enriched transcriptional inhibi-
tory protein (LIP) [28]. Hence, we confirmed the genera-
tion of the three major isoforms of C/EBPp protein under
the three medium conditions at day 12 by western blotting.
The results of western blot analysis showed that immunopo-
sitive signals related to these three isoforms were detected
under all medium conditions (Fig. 5a). The main signal
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Fig.3 Comparison of cell growth and albumin synthesis under »

the three culture conditions. a Cell growth under the three medium
conditions (white: Orn, black: Dep, gray: Arg) (Cells: FLC-4) was
analyzed. All values in this figure are shown as the average of three
samples (n=3). For the three groups (Orn, Arg, and Dep) of sam-
ples from the same day (days 6 or 12), significance was analyzed by
one-way ANOVA. The data for cell numbers on day 6 (F=27.81,
P=0.000923) and day 12 (F=25.62, P=0.001152) revealed signifi-
cant differences among the three groups. Alphabetical marks indi-

“,

cate significant difference between groups (“a” vs “b”: with signifi-
cance set to P<0.01). b Quantification for albumin mRNA in FLC-4
cells via qPCR analysis. The value from day 3 in ASF104N medium
was used as a reference for the other days and media. For the three
groups of samples on the same day (days 6 or 12), significance was
analyzed by one-way ANOVA. The data for ALB on day 6 (F=26.3,
P=0.00107) and day 12 (F=556.36, P <0.0001) revealed significant
differences among the three groups. Asterisks indicate the results of
comparisons between two groups by Tukey’s HSD test (**P <0.01).
¢ Quantification of albumin protein in medium by ELISA. For the
three groups of samples from the same day (days 6 or 12), statisti-
cal significance was analyzed by one-way ANOVA. The data for
albumin protein levels at day 6 (F=18.89, P=0.002574) and day 12
(F=9.12, P=0.015165) revealed significant differences among the
three groups. Asterisks indicate the results of comparisons between
two groups by Tukey’s HSD test (*P <0.05, **P <0.01)

was observed at a molecular weight of 42 kDa, consistent
with that of an isoform referred to as liver-enriched tran-
scriptional activator protein (LAP). Compared with the Orn
condition, the immunopositive signals were significantly
increased under Dep and Arg conditions (Fig. 5b, c¢). In
particular, significantly stronger LIP signals were observed
under Arg conditions (3.5-fold greater than those for Orn)
(Fig. 5c). These results suggest that the increase in CEBPB
mRNA levels, as shown in Fig. 4b, indicates elevation in
LAP levels under Dep conditions, and an increase in both
LAP and LIP isoforms under Arg conditions.

Discussion

The data regarding albumin synthesis in the present study
showed no significant differences between Orn and Arg con-
ditions (Fig. 3b, c). These results could indicate that albumin
synthesis in FLC-4 cells requires the presence of sufficient
amounts of ornithine or arginine. However, the results of
gPCR for liver-enriched transcription factors were not identi-
cal between Orn and Arg medium conditions (Fig. 4). Fur-
thermore, the levels of C/EBPp and its isoforms differed
between Orn and Arg medium conditions (Fig. 5). Multi-
ple liver-enriched transcription factors, including HNFs, C/
EBPs, and combinations of them, are related to the expres-
sion of liver-specific proteins [13, 25, 29, 30]. Moreover,
non-essential amino acids, including arginine, often play
various roles in animals [31]. The results of this study sug-
gest that the contributions of the two amino acids studied are
not identical in FLC-4 cells, and that they can elicit different
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cellular responses. Albumin expression is regulated by vari-
ous signals and exhibits strong homeostasis at the individual
level [7-12]. The differences between medium conditions
for Orn and Arg in this study might have been within the
range of homeostatic maintenance at the cellular level. In
our previous studies using RFB, the efficiency of liver-
specific protein synthesis varied depending on the culture
medium used. These studies used an arginine concentration
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Fig.4 Analysis of the transcrip-
tion levels of liver-enriched
transcription factors. Quan-
tification of mRNA levels

under three medium conditions
(white: Orn, black: Dep, gray:
Arg). The mRNA levels of five
liver-enriched transcription fac-
tors { CEBPA (a), CEBPB (b),
HNFIA (¢), HNFIB (d), and
HNF4A (e)} are indicated. The
corresponding gene symbol is
indicated at the top left of each
graph. The value at day 3 in Orn
medium was used as a reference 3
for the other days and medium
conditions. All values in this
figure are shown as the average
of three samples (n=3). Error
bars indicate standard deviation.
For the three groups from dif-
ferent medium conditions (Orn,
Arg, and Dep) in samples from
the same day (days 6 or 12),
statistically significance was
analyzed by one-way ANOVA.
The data for CEBPA at day 12
(F=4.8, P=0.056896) and
HNF4A at day 6 (F=4.57,
P=0.062241) exhibited no
significant differences among
the three groups (P> 0.05).
Other data sets showed signifi- 3
cance among the three groups
{CEBPA: day 6; (F=37.15,
P=0.000417)} { CEBPB: day 6;
(F=57.49, P=0.000122), day
12; (F=163.05, P<0.0001)}
{HNFIA: day 6; (F=17.62,
P=0.003080), day 12;
(F=79.88, P<0.0001)}
{HNFIB: day 6; (F=52.28,
P=0.000160), day 12;
(F=15.93, P=0.003980)}
{NHF4A: day 12; (F=126.36,
P <0.0001)}. Asterisks rep-
resent the results of compari-
sons between two groups via
Tukey’s HSD test (*P < 0.05,
**P<0.01)

Relative amount of mMRNA
O~ N WMo

0

HNF1A

Relative amount of mRNA

0.5 A1

Relative amount of MRNA @

O om

of 200 mg/L (for IS-RPMI; examined fibrinogen produc-
tion) [4] and 581.45 mg/mL (for E-RDF; examined albumin
production) (Online Resource), respectively in media. Fur-
thermore, it has been reported that three-dimensional culture
affects gene expression status in FLC-4 cells [19]. To clarify
the differences between this report and previous RFB stud-
ies, evaluation of three-dimensional culture conditions and
higher levels of arginine represent future areas of study.
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Although there appeared to be no difference between argi-
nine and ornithine with respect to albumin production, the
deficiency of both amino acids dramatically reduced albumin
production. This result suggest that the absence of both orni-
thine and arginine in the amino acid composition of cell cul-
ture medium is important for albumin expression. Another
finding was the relationship between ornithine depletion and
polyamine synthesis in Dep conditions. Two other research
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Fig.5 Western blotting for C/EBPf under the three medium condi-
tions. Western blotting for C/EBPP was performed on day 12 lysates
of cultured cells grown under Orn, Arg, or Dep conditions (a). The
lane labels indicate the different medium conditions (shown at the top
of gel image). Three independent culture samples were tested for each
medium condition. Equal amounts of protein (10 pg) were loaded into
each well. Semi-quantitative analyses of C/EBPp isoform expression
based on comparison of signal intensity for LAP (b) or LIP (¢) bands
are shown. The average band intensities of the three lanes were com-
pared. The values for samples from the Orn medium condition were
used as a reference for the other medium conditions. Error bars indi-
cate standard deviation. For the three groups from different medium
conditions (Orn, Arg, and Dep), statistical significance was analyzed
by one-way ANOVA. Both data sets revealed statistically significant
differences among the three groups {LAP: (F=11.21, P=0.009410),
LIP: (F=8.9, P=0.016022)}. Asterisks indicate the results of com-
parisons between two groups by Tukey’s HSD test (*P<0.05,
**P<0.01)

groups have previously concluded that the mechanism
underlying the positive role of ornithine in albumin synthe-
sis is related to polyamine synthesis, because treatment with
polyamine synthesis pathway blockers (DFMO or MO) that
inhibit the generation of putrescine from ornithine abrogates
ornithine-induced enhancement of albumin synthesis [7, 16,
17]. However, these authors did not demonstrate any direct
evidence that blocking polyamine synthesis mimics ornith-
ine depletion. In our study, using Dep (- ornithine/— argi-
nine) medium and FLC-4 cells, we were able to create actual
ornithine-deficient conditions, and analyzed the effects
on albumin synthesis. Albumin expression was markedly
reduced in FLC-4 cells cultured in Dep medium, although
polyamine starvation did not occur (Figs. 1, 3). These results
suggest that DFMO (or MO) addition and actual ornithine
deficiency represent different conditions. Thus, the results
also suggest that ornithine plays a role in the expression of
ALB, besides acting as a source for polyamine synthesis.

Maintaining cellular polyamine levels is critical for a variety
of cellular processes [32, 33]. Therefore, in Dep medium, it
is thought that the minimal amounts of arginine and orni-
thine are probably supplied as metabolites of other amino
acids derived from the medium, or result from intracellular
protein degradation. In experiments in rats, the Michaelis
constants of two enzymes employing ornithine as a substrate
were shown. The Michaelis constant of ornithine decarboxy-
lase (ODC), which produces putrescine from ornithine, is
smaller than that of ornithine transcarbamylase (OTC), one
of the key enzymes involved in the urea cycle [14, 34]. This
is also the case in FLC-4 cells; lower levels of intracellular
ornithine might be occupied by ODC to maintain the poly-
amine levels.

Insufficient amounts of both ornithine and arginine pos-
sibly recreate the effects of clinically severe malnutrition.
Dep medium contains a sufficient carbon energy source, but
insufficient amino acid components. In other words, it is
thought that the Dep condition used in this study can mimic
severe nutritional stress related to insufficient protein intake
in culture cell lines, thereby mimicking disorders such as
Kwashiorkor. Thus, the mechanisms underlying the develop-
ment of hypoalbuminemia due to insufficient protein intake
could be explained not only as representing defective protein
synthesis (translation), which originates from deficiencies
involving the amino acid components of albumin protein,
but also as a result of affected transcription.

Acknowledgements This work was technically supported by the Core
Research Facilities for Basic Science (Divisions of Molecular Cell
Biology and Molecular Genetics) of Jikei University.

Author contributions Conceptualization: TJF and TM; analysis and
investigation: TJF, YM, TM, AT, MN, AY, and YM; writing—origi-
nal draft preparation: TJF; writing—review and editing: NM, SK, and
HA; funding acquisition: SK; providing resources (essential reagents
and materials): NM, and MA; supervision: TM. All authors read and
approved the final manuscript.

Funding This study was supported by Research on the Innovative
Development and the Practical Application of New Drugs for Hepatitis
B (Principal investigator/grant identification number: Soichi Kojima/
JP19fk0310112h0003 and Tomokazu Matsuura/JP20fk0310112h0004),
provided by the Japan Agency for Medical Research and Development
(AMED).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are

@ Springer



598

T.J. Fujimi et al.

included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Fujise K, Nagamori S, Hasumura S, et al. Integration of hepatitis
B virus DNA into cells of six established human hepatocellular
carcinoma cell lines. Hepatogastroenterology. 1990;37:457-60.

2. Saito M, Matsuura T, Masaki T, et al. Reconstruction of liver orga-
noid using a bioreactor. World J Gastroenterol. 2006;12:1881-8.

3. Kanai H, Marushima H, Kimura N, et al. Extracorporeal bio-
artificial liver using the radial-flow bioreactor in treatment
of fatal experimental hepatic encephalopathy. Artif Organs.
2007;31:148-51.

4. Matsumoto M, Matsuura T, Aoki K, et al. An efficient system for
secretory production of fibrinogen using a hepatocellular carci-
noma cell line. Hepatol Res. 2015;45:315-25.

5. Tomizawa M, Shinozaki F, Motoyoshi Y, Sugiyama T, Yamamoto
S, Ishige N. Hepatocyte selection medium eliminating induced
pluripotent stem cells among primary human hepatocytes. World
J Methodol. 2015;5:108-14.

6. West BJ, ed. Best and Taylor’s physiological basis of medical
practice. Baltimore: Williams & Wilkins 1991.

7. Oratz M, Rothschild MA, Schreiber SS, Burks A, Mongelli J,
Matarese B. The role of the urea cycle and polyamines in albumin
synthesis. Hepatology. 1983;3:567-71.

8. Sani BP, Meeks RG. Subacute toxicity of all-trans- and 13-cis-
isomers of N-ethyl retinamide, N-2-hydroxyethyl retinamide,
and N-4-hydroxyphenyl retinamide. Toxicol Appl Pharmacol.
1983;70:228-35.

9. Woodworth CD, Isom HC. Regulation of albumin gene expres-
sion in a series of rat hepatocyte cell lines immortalized by simian
virus 40 and maintained in chemically defined medium. Mol Cell
Biol. 1987;7:3740-8.

10. Yamada Y, Shidoji Y, Fukutomi Y, et al. Positive and negative
regulations of albumin gene expression by retinoids in human
hepatoma cell lines. Mol Carcinog. 1994;10:151-8.

11. Kimball SR, Horetsky RL, Jefferson LS. Hormonal regulation of
albumin gene expression in primary cultures of rat hepatocytes.
Am J Physiol. 1995;268:E6-14.

12. Herlong HF, Jr. MCM, eds. Laboratory tests. 11th edn. UK:
Wiley-Blackwell; 2012.

13. Carmichael E, Wu YG, editors. Transcription, RNA processing,
liver specific factors, RNA translocation, translation, protein
cotranslocation, secretion. 2nd ed. Oxford: Oxford University
Press; 1999.

14. Wu G. Amino acids. London: CRC Press Taylor & Francis Group;
2013.

15. Coleman CS, Hu G, Pegg AE. Putrescine biosynthesis in mam-
malian tissues. Biochem J. 2004;379:849-55.

16. Lescoat G, Theze N, Fraslin JM, Pasdeloup N, Kneip B, Guguen-
Guillouzo C. Influence of ornithine on albumin synthesis by
fetal and neonatal hepatocytes maintained in culture. Cell Differ.
1987;21:21-9.

17. Lescoat G, Desvergne B, Loreal O, et al. Modulation of albumin
secretion by ornithine alpha-ketoglutarate in adult rat hepatocyte

@ Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

cultures and a human hepatoma cell line (HepG2). Ann Nutr
Metab. 1989;33:252-60.

Aizaki H, Nagamori S, Matsuda M, et al. Production and
release of infectious hepatitis C virus from human liver cell cul-
tures in the three-dimensional radial-flow bioreactor. Virology.
2003;314:16-25.

Kosuge M, Takizawa H, Maehashi H, Matsuura T, Matsufuji S. A
comprehensive gene expression analysis of human hepatocellular
carcinoma cell lines as components of a bioartificial liver using a
radial flow bioreactor. Liver Int. 2007;27:101-8.

Kobayashi K, Yoshida A, Ejiri Y, et al. Increased expression of
drug-metabolizing enzymes in human hepatocarcinoma FLC-4
cells cultured on micro-space cell culture plates. Drug Metab
Pharmacokinet. 2012;27:478-85.

Onoue H, Matsufuji S, Nishiyama M, Murakami Y, Hayashi S.
Changes in ornithine decarboxylase and antizyme activities in
developing mouse brain. Biochem J. 1988;250:797-803.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta
C(T)) method. Methods. 2001;25:402-8.

Friedman AD, Landschulz WH, McKnight SL. CCAAT/enhancer
binding protein activates the promoter of the serum albumin gene
in cultured hepatoma cells. Genes Dev. 1989;3:1314-22.
Tronche F, Rollier A, Bach I, Weiss MC, Yaniv M. The rat albu-
min promoter: cooperation with upstream elements is required
when binding of APF/HNF1 to the proximal element is partially
impaired by mutation or bacterial methylation. Mol Cell Biol.
1989;9:4759-66.

Johnson PF. Transcriptional activators in hepatocytes. Cell
Growth Differ. 1990;1:47-52.

Buck M, Turler H, Chojkier M. LAP (NF-IL-6), a tissue-specific
transcriptional activator, is an inhibitor of hepatoma cell prolifera-
tion. EMBO J. 1994;13:851-60.

Buck M, Chojkier M. Signal transduction in the liver: C/EBP-
beta modulates cell proliferation and survival. Hepatology.
2003;37:731-8.

Descombes P, Schibler U. A liver-enriched transcriptional activa-
tor protein, LAP, and a transcriptional inhibitory protein, LIP, are
translated from the same mRNA. Cell. 1991;67:569-79.
Kajiyama Y, Tian J, Locker J. Characterization of distant enhanc-
ers and promoters in the albumin-alpha-fetoprotein locus during
active and silenced expression. J Biol Chem. 2006;281:30122-31.
Tacob R, Rudrich U, Rothe M, et al. Induction of a mature hepato-
cyte phenotype in adult liver derived progenitor cells by ectopic
expression of transcription factors. Stem Cell Res. 2011;6:251-61.
Hou Y, Yin Y, Wu G. Dietary essentiality of "nutritionally non-
essential amino acids” for animals and humans. Exp Biol Med
(Maywood). 2015;240:997-1007.

Pegg AE. Mammalian polyamine metabolism and function.
IUBMB Life. 2009;61:880-94.

Coburn RF. Polyamine effects on cell function: possible cen-
tral role of plasma membrane PI(4,5)P2. J Cell Physiol.
2009;221:544-51.

Morrison DM, Goldsmith LA. Ornithine decarboxylase in rat skin.
J Invest Dermatol. 1978;70:309-13.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


http://creativecommons.org/licenses/by/4.0/

	Investigation of the effects of urea cycle amino acids on the expression of ALB and CEBPB in the human hepatocellular carcinoma cell line FLC-4
	Abstract
	Introduction
	Materials and methods
	Cell line, media, and culture conditions
	Polyamine quantification
	Quantification of ammonia and urea concentration
	Quantitative real-time PCR
	Enzyme-linked immunosorbent assay (ELISA)
	Western blotting
	Statistical analysis

	Results
	Polyamine synthesis and ammonia metabolism under three medium conditions
	Responses in FLC-4 cells with respect to growth and albumin production under three different culture conditions
	Expression of liver-enriched transcriptional regulatory factors under the three medium conditions
	Changes in CEBPβ protein levels under the three medium conditions

	Discussion
	Acknowledgements 
	References




