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All-trans retinoic acid down-regulates human albumin gene expression

through the induction of C/EBPS-LIP
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ATRA (all-rrans retinoic acid), which is a major bivactive meta-
bolite of vitamin A and a potent regulator of development and
differentiation, mediates down-regulation of the human albumin
gene, However, the mechanism of ATRA-mediated down-regu-
lation is not well understood. In the present study, deletion ana-
lysis and luciferase assays demonstrate that ATRA causes @
marked decrease in the activity of the albumin promoter, the
region between nt —367 and — 167 from the franscription
start'site, where C/EBP {CCAAT/enhancer-binding protein)-bind-
ing sites are tightly packed, is indispensable for ATRA-mediated
down-regulation, ChiP {(chromatin immunoprecipitation) assays
revealed that in vive binding of C/EBPa to the region markedly
decreases upon incubation with ATRA, whereas ATRA treatment
marginally increases the recruinment of C/EBPS. We found
that ATRA has the ability to differentially and directly induce
expression of a truncated isoform of C/EBPS. which is an

LIP (liver-enriched wanscriptional inhibitory proteiny that lacks
a transactivation domain, and to increase the binding activity
of C/EBPB-LIP to its response element. QOverexpression of
C/EBPA-LIP negatively regulates the endogenons expression
of albumin, as well #s the activity -of the albumin promoter
induced by C/EBF transactivators such as C/EBPo and full-
length C/EBPA. In conclusion, we propose a niovel model for
down-regulation of the albumin géne, in which ATRA triggers
an increase in the wanslation of C/EBPS-LIP that antagonizes
C/EBP wansactivators by interacting with their binding sites in
the albumin promoter.

Key words: all-irans retinoic acid (ATRA), liver-enriched tan-
scription factor, CCAATfenhancer-binding protein (C/EBP),
dominant-negative factor, FLC-4 cell, liver-enriched transcrip-
tional inhibitory protein (LIP).

INTRODUCTION

Serum albumin is the most abundant and characteristic protein
that is produced by the mature liver; albumin functions as 4 trans-
porter of various substances and is a prime regulator of colloid
osmotic pressure [1]. Albumin is exclusively synthesized in the
liver, approx. 200mg/kg per day [2], leading to its high steady-
state concentration in plasma {35-50 g/l in humans). It has been
reported that the albuminlevel in plasma is decreased 4s a result
of reduced albumin synthesis in clinical disorders suel as liver
disease [2], infectious disease [3], and cancer [4]. Serum albumin
can be used as a reliable indicator for the prognosis and severity
of these diseases [5,6]. Therefore it is probable that albumin
synthesis is regulated accurately and dramatically in a variety
of physiological and pathophysiological conditions.

Albumin synthesis is regulated mainly at the transcriptional
level through tissue-specific transcription factors such as HNF
(hepatocyte nuclear factor)-1 dnd C/EBP (CCAAT/enhancer-
binding protein) [7,8]. The transcription of the albumin gene
is down-tegulated by a number of factors, including ¢ytokines
[9-11], vitamins [12-14], colloid osmotic pressure [15,16] and
amino acid limitation [17]. ATRA (all-rrans retinoic dcid), a
major bicactive metabolite of vitamin A, plays a crucial role
in hepatocyte differentiation, proliferation and apoptosis [18,197.
ATRA has been shown to down-regulate albumin gene expression
in rat hepatocytes [207 and human hepatoma cell lines [12,13].

In animal experiments, it has been reported that 4 decrease in
serum albumin conéentration is observed after the administration
of ATRA to rodents [21]. Furthermore, in clinical studies of
fenretinide (4-hydroxyphenyl-retinamide), 4 synthetic derivative
of ATRA that posesses inhibitory activity against various types of
malignant cells [22-24], administration of the drug caused
hypoalbuminemia as an adverse effect [25]. Nevertheless, little
is known about the ATRA-mediated down-regulation of albumin
expression-either in experimental or clinical research fields.

In the present study, we have examined the molecular mech-
anism by which ATRA down-regulates albumin expression in
human HCC (hepatocellular carcinoma) cells, with special atten-
tion to thie transcription-factors invalved. We present evidence that
ATRA preferentially induces the expression of a runcated isoform
of C/EBPS: 20 kba LIP (liver-enriched transcriptional inhibitory
protein). We also present evidence that C/EBPS-LIP functions as
an antagonist of ¢JEBP transactivators in the expression of the
albumin gene.

EXPERIMENTAL
Plasmids

The promoter fragment of the human albumin gene between
nt — 1867 and + 39 was obtained by PCR amplification using
the genomic DNA of human HCC FLC-4 cells [26,27] as a

Abbreviations used: ATRA, all-trans retinoic acid; C/EBP, CCAAT/enhancer-binding protein, C/EBP - ’CL CfEBPﬂ -full-length; ChiP, chromatin immune-

precipitation: CUG-BP1, CUG tripietrepeat binding protein 1; DR, directrepeat; elf, eukaryotic transiationin

itiation factorEMSA, eleciropharetic mobility-

shift assay: HCC, hepatocslivlar carcinoma; HNF hepatocyte nuciear factor, LAP, liver-enriched transcriptional activator protein; LI, liver-enviched
transcriptional Inhibitory protein, RARE, retincic acid response eiement; RT, reverse-ranscriptase.
1 To whom corresporigerice shouid be addressed femall tesuzuki@nitrgo jok
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template; the forward primer (5¥-GGCTAGCCTGGACTAATA-
TTATTCTTTTCATTTG-3) and the reverse primer (5-CCTC-
GAGGTGTGCCAAAGGCGTGTGGGGETT-3) contain restric-
tion. sites for Nhel and Xhol respectively at the 5 end. After
PCR amplification, the 1.9 kb product was. digested with Nhel
and Xhol and it was then ligated into the pGL3-Basic vector
{Promega, Madison, Wi, U.S.A.) to produce pAL1.9-LUC. A
series of hunian albumin promoter 3'end-deletion constructs were
created by PCR amplification using the above reverse primer
and the following forward primers: 1456 bp construct (nt — 1417
to +39), 5-GGCTAGCCAGTACCCATTICTGAAGAAG-3,
806 bp construct (nt —767 to +39), 3-GGCTAGCCCTCA-
TTTGGGTCCATTTTCC-3; 606 bpconstruct (1t — 567 to 4+ 39),
5'-GGCTAGCCAGCTTTTTCAGACAGAATGG-3',406 bpeon-
struct (nt —367 to +39), 5-GOCTAGCCTATTTAGTTTGG-
TTAGTAAT-3" and 206 bp construct (nt — 167 to +39), 5-GG-
CTAGCCCAGATGGTAAATATACACAA-3. Euach Nhel/Xhol
fragment was inserted into the pGL3-Basic vector, to yield
pAL14-LUC, pALO.8-LUC, pALO.6-LUC, pALO4-LUC or
pALO2-LUC. To create expression plasmids for C/EBPa,
C/EBPSA-FL (C/EBPB-full-length) and C/EBPS-LIP, the cor-
responding sequences were amplified by PCR using pCMV-
C/EBPy and pCMV-C/EBPS, which were provided by Dr G. 1.
Darlington (Department of Pathology, Baylor College of
Medicine, Houston, TX, U.S.A)), as templates and primers
containing an EcoRI site at the 5" ends. Each EcoRI fragment
was cloned into the EcoRT site of the pCAGGS vector [28].

Cell culture and treatment with ATRA

FLC-4 cells were maintained in ASFIO4 serum-free medium
(Ajinomoto, Tokyo, Japan) without any supplements, at 37°C in
a humidified 5 % CO,/95 % air atmosphere. In experiments using
ATRA, FLC-4 cells were cultured in ASF104 serum-free medium
with or without 1-1000 nmol/l ATRA (Sigma, St. Louis, MO,
U.S.A.). For transient transfection experiments, FLC-4 cells were
cultured in Dulbeceo’s modified Eagle'’s medium supplemented
with 100 units/ml penicitlin, 100 pg/ml streptomyein and 10%
foetal bovine serum.

ELISA

Albumin levels in culture medium were measured using a
human albumin ELISA quantification kit (Bethyl Laboratories,
Montgomery, TX, U.S.A) according fo the manufacturer’s
instructions.

RNA isolation and reai-time RT (reverse transcriptase}-PCR

Total RNA was extracted from FLC-4 cells using the RNeasy
mini kit (QIAGEN, Tokyo, Japan) according to the manufacture’s
protocol. Quantitative real-time RT-PCR analysis was performed
using the ABL Prism 7700 Sequence Detector (PerkinElmer
Applied Biosystems, Foster City, €A, U.S.A)) as described
previously [29]. The standard curve was created using serially
diluted total RNA obtained from FLC-4 cultures. The amount of
target gene expression was calculated from the standard curve,
and its-quantitative normalization in each sample was carried out
using f-actin (PerkinElmer Applied Biosystems) as an internal
control. The foilowing primers and flucrescent dual-fabelled
probes were used: albumin forward primer, §-CGATTTTCTT-
TTTAGGGCAGTAGC-3; albumin reverse primer, 5'-TGGAAA-
CTTCTGCAAACTCAGC-3"; albumin probe, 5-CGCCTGAG-
CCAGAGATTTCCCA-3 HNF-1o forward primer, 5-AGCG-
GGAGGTOGGTCGATAC-3; HNF-1w reverse primer, 5-CATG-
GGAGTGCCCTTGTTG-3; HNF-la probe, 5-TCAACCAG-
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TCCCACCIGTCCCAACA-3"; HNF-16 forward primer, 5'-AG-
CCCAGTTTCCCTTCTATGC-3; HNF-18 reverse primer,
STCCTCTTICGGTCGGTTICCTTGT-37 HNF-18 probe, §-
CACAATGCCTCTCCCACGATGTCAAG-3; C/EBPy  for-
ward primer, 5*CAACGTGGAGACGCAGCA-%, C/EBPy re-
verse primer, 5-GCTCAGCTGTTCCACCCG-3; C/EBPw
probe, 3-CTGACCAGTGACAATGACCGCCTGC -3 C/EBPS
forward primer, 5-GCCCTCGCAGGTCAAGAG-3'; C/EBPS re-
verse primer, 5-TGCGCACGGCGATGT-3" and C/EBPS probe,
§-CAAGCACAGCGACGAGTACAAGATCCG-3.

Plasmid transfection and luciferase assay

For the expression of luciferase reporter plasmids in FLC-4 cells,
1 % 10° cells per 22 mm well were seeded and cultured overnight.
The adherent cells were transfected with 5 pg of plasmid DNA
using TransIT-LT1 transfection reagent (Mirus, Madison, WI,
U.S.A.) according to the manufacturer’s instructions. After the
transfection; the cells were incubated with the fresh medium in
the presence or absence of 100 nmol/l ATRA for 48 h, followed
by determination of the luciferase activity in cells by using the
Dual-Luciferase Reporter Agsay System (Promega) according to
the manufacturer’s instructions. For ¢o-expression with C/EBPs,
FLC-4 cells were seeded at 2 x 10° cells per 22 mm well on the
day before transfection. The cells were transfected with C/EBP
expression vectors and the luciferase reperter, pALL.9-LUC,
using TransIT-LT1 transfection reagent, and were cualtured for
an additional 48 h before the luciferase assay. The total amount of
transfected DNA was kept constant by the addition of an empty
vector, The pRL-CMV vector (Promega) was used as an internal
control for the luciferase assay. To examine the effect of C/EBPs
on endogenons albumin expression, FLC-4 cells were seeded at
2 x 107 eells per 22 mm welland cultured overnight. The adherent
celly were transfected with C/EBP expression vectors andfor
an empty vector using TransIT-LT1 transfection reagent. One
day later, the culture medium was changed and the cells were
incubated for a further 48 h. After harvesting ‘the medjum, the
amourit of secreted albumin was measured by ELISA.

Western blotting

The proteins were transferred on to a PVDF membrane
{(Immobilon; Millipore, Bedford, MA, U.S.A.) after separation by
SDS/PAGE (12.5 or 15 % gels). After blocking, the membrane
was probed with a rabbit polyclonal anti-C/EBP¢ antibody (sc-
61; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A), a
rabbit polyclonal anti-C/EBPS antibody (sc-150; Santa Cruz
Biotechnology}. or a mouse monoclonal anti-g-actin antibody
(Sigma), followed by incubation with a peroxidase-conjugated
secondary antibody and wvisualization with a SuperSignal
West Pico Chemiluminescent Substrate (Pierce Biotechnology,
Rockford, IL, U.S.A.). The amount of protein signal was quanti-
fied by densitometric analysis (Cool Saver AE-6955; ATTO,
Tokyo, Japan).

ChiP (chromatin immunaprecipitation) assay

ChiP assays were performed using the protocol for the ChIP assay
kit (Upstate, Lake Placid, NY, U.S.A.). Briefly, FLC-4 cells in
100 mm dishes were grown to 70% confluency with or without
ATRA treatment for 48 h. The chromatin from formaldehyde-
fixed FLC-4 cells was sonicated and immunoprecipitated
using the rabbit polyclogal anti-C/EBPo or ant-C/EBPS dnti-
bodies. The chromatin immunoprecipitate was analysed by PCR
(33 eyclesy with the following primer puirs (F1/R1 and F2/R2j for
twodifferentregions of the albumin gene: the region from nt— 414
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to ~ 188 containing four potential binding sites for C/EBP, Fi
(5-GCAATTTGGGACTTAACTCTTTCAGTA-3) and R1 (5~
CCTTGTCAATGTATTAAAGTTGTGTAAAACA-3), and the
regien from nt — 876 to ~ 638 without binding sites for C/EBP;
F2 (5-CAGGGATGOGAAAGAATCCTATGCC-3Y) and R2 (5~
CCATGTTCCCATTCCTGCTGT3).

EMSA (electrophoretic mobility-shift assay)

Nuclear proteins were extracted from FLC-4 cells that were
treated with or without 100nmol/l ATRA for 48h, or that
transiently expressed the LIP protein, using NE-PER Nuclear
and Cytoplasmic Extraction reagents (Pierce Biotechnology). A
LightShift Chemiluminescent EMSA kit (Pierce Biotechnology)
was used to verify the DNA binding of C/EBPA-LIP to potential
C/EBP-responsive sequences in the region from nt —414 1o
— 188 of the albumin gene. Nuclear protein (4 y1g) was incubated
with the double-stranded biotinylated oligonuclestide that con-
tained the. C/EBP-binding site (5-GTAAAATTTGATAAGAT-
GTT-3) for 20 min at room temperatiure. For competition or
supershift assay, a. 50-fold nrolar excess of unlabelled wild-type
or mutant oligonucleotides (5-GTAAAAACTGATACAATGTT-
3%, or 1 g -of the monoclonal anti-C/EBPS antibody (sc-7962
X; Santa Cruz Biotechnology) was incubated withnuclearextracts
for 30 min before the addition of labelled oligonucleotides.
Reaction mixtures were then separated on 4 6% native poly-
acrylamide gel, and shifted bands that corresponded to protein-
DNA complexes were captured by a horse radish peroxidase-
based detection system,

Statisticai analysis

Student’s + test was wsed to evaluate the statistical difference
between groups. All F values were obtained using a two-tailed
statistical analysis, and £ < 0.05 was considered statistically sig-
nificant. Results are means + S.D.

RESULTS

Down-regulation of albumin secrelion and gene
expression by ATRA

Among the established human HCC cell lines, FLC-4 is known
to have relatively well-preserved liver cell functions, such as
albumin synthesis, enzyme activity and drug metabolism [26,27].
When FLC-4 cells were incubated in the presence of ATRA for
48 h, the altbumin level i1 the culture mediam was significantly
decreased in a dose-dependent manner: the inhibitory effect of
ATRA atconcentrations of 1, 10, 100 and 1000 nmol/l on albumin
production was 37.04 + 3.60 %, 50.04 4+ 3.27%, 5996+ 471 %
and 65.74+ 0.74 % respectively (Figure 1A). After treatment
with 1000 nmol/l ATRA, the growth rate of FLC-4 cells was
only slightly (approx. 30 %) inhibited, and the cells exhibited
no morphological changes (results not shown). To address the
mechanism of down-regulation of albumin synthesis by ATRA,
the mRNA level of albumin in the cells treated with ATRA for
24 h was examined. As shown in Figure 1(B). consistent with the
level of the secreted protein, cellular albumin mRNA expression
was Inhibited significantly and dose-depéndentdy by ATRA. A
61.95% decrease in the albumin mRNA level was observed in
the presence of 100 nmol/l ATRA, demonstrating that albumin
synthesis is down-regulated by ATRA viz a reduction in the
level of mRNA, which is presumably caused by a decrease in
transcriptional activity of the albumin gene and/oralbuminmRNA
stability.
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Figure 1 Effect of ATRA ireaiment on albumin secrelion and mRNA

expression in FLC-4 cells

(A} The culture medium was colibtted 48 halter the addition of ATRA Albumin lavels i the
medium weré quantified by ELISA. ™ P < 0.9 compared with.no ATRA treatment. (B) The cells
were harvesled afler incubation-with ATRA for 248 Albumin mBNA levels Were measured by
quantitative RT-PCRanalysis Albumin mBNA-levels were normalized to S-actin mBANA levels.
P < 001 compared with control celle without ATRA tréalment

ldentification of the 5’ end flanking region of the albumin-gene
responsible for its transcriptional down-regulation by ATRA

It 15 well known that the effect of ATRA on the transactivation
of target gene expression is mediated by retinoic acid receptors
and retineid X-receptors that bind DNA asa heterodimmer [30,31].
These nuclear receptors are ligand-dependent transcription factors
that bind RAREs (retinoic acid response elements) consisting
of two AGGTCA sites usually arranged as DRs (direct repeats)
[30,31]. The RARESs found on ATRA-regulated genes are made
up of DR motifs with a spacing of 2 (DR2) or 5 nt (DRS) [31].
However, neither the consensus sequence of RAREs nor RARE-
like sequences were identified in the 5 end flanking region of the
human albumis gene by sequenice analysis witha computer search
program, TESEARCH (Searching Transcription Factor Binding
Sites;  httpy/www.cbre.jp/research/db/TFSEARCH. himl}), One
can hypothesize that the ATRA-mediated transcriptional regu-
lation of the albumin gene is a secondary response toretinoic acid
in human livercells,

To identify the region responsible for the down-regulation of
albumin gene expression by ATRA, a reporter plasmid, pAL1.9-
LUC, containing a 1.9 kb fragment of the albumin 5" end flanking
sequence linked to a firefly luciferase gene was constructed
(Figure 2B) and wansfected into FLC-4 cells. The reporter
luciferase assay demonstrated that the activity of the albumin
promoter from pAL1.S-LUC was markedly decreased to 30,78 %
after treatment with ATRA (Figure 2B). This inhibitory effect
correlated well with the inhibition of albumin mRNA expression
(as shown in Figure 1B), suggesting that the § end 1.9 kb flanking
sequence of the albumin gene s involved intransériptional dowin-
regulation of albumin expression by ATRA. To define an ATRA-
responsive element within the 1.9 kb fragment, a series of S'end-
deletion-constructs fused with the luciferase gene were created
(Figure 2B). As shown in Figure 2(B), deletions that extended
fo nt —367 (pPALG.4-LUC) resulted in basal promater activities
and an inhibitory effect of ATRA on promoter activity that are
comparable with those -observed in the cells transfected with
pALL9-LUC. By contrast, a further deletion up to nt — 167,
pALO.2-LUC, yielded a marked decrease in the basal promoter
activity, a8 well a8 in the inhibitory effect of ATRA on the pro-
mofer activity. These results suggest that the region from nt
—367 to ~ 167 contains a putative element responsible for

© 2006 Biochemical ‘Sociely



