348 T Masaki-and others

A CIEBP

CIEBP
HHF.1 CIEBP

HNF CIEBPR

cigep ciEep cEep || CiEBP] HNE4
Myl T HTIT
+ /,{/ ‘?“zf/’ _L 1 n X._L : _L

B : H ' : |

i T cEsP. H \CEBP L TATA
SAB6T 1817 767 567 367 167
(-1857/+38)

(181738
{16739}

LUG| BAL1GLUC

E@ PALLSLUC

(-5671439) PALBSLUC
s | 1G] PALD 2:LUC
(36738} jLue]
LUC] pALE.2:LUT
Frrea Lk
26L3-Basic

Figure 2

It UG pALL.S-LUC

Atra (Jo H 00 (nmoifd)

4 § 16 15 20 25 3@
Fold increase

Identification of the 5 end flanking region of the albumin gene responsible for its transeriptional down-reguiation by ATRA

(A}-Schematic diagram of the potential Binding sites for liver-enriched transcription factors in the'5”end flanking reglon of the albumin: geneanalysed with 2 computer search program, TFSEARCH.
{8} Deletion constructs of the upstrear ragulalory ragion of the:albumin gene linked 1o the firefly uciferase reporter gene (LUC) are shown. FLE-4 cellswers co-lransfected with a Renflla lucifarase
internal contral reporter (pRL-CMV yandafirefly luciterase reporter. Then, cells were stimultated with (black columns) orwithout {white columng) 100 nmol/t ATRATor 48 h. The relative luciferase activ-
ity was obtainad by normalizing the firefly luciferass activity to the Renilia tuciferase activify. The value of the emply veclor (pGL3-Basic) wassetto 1.*"P < 0.01 compared wilh transfacted celis not

exposed 1o ATRA. P < 0.05; ¥1P < 0.01 compared with cells tranisfected with emply-vecior
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Figure 3 mBNA fevels of liver-enrichied transcription facfors in FLC-4 cells frealed with ATRA

The cells were Harvested after traatment with ATRA for 24 b, -and the mBNA levels of HNF-Te (A}, HNF-18 (B}, C/EBPw (C) and C/EBP B (D) were measured by-quantitative RT-PCR analysis. The
mRNA lavel of sach of these liver-énrichad transcription factors'was normalized to B-actin mANA level. **P < (.01 compated with unireated contiol cells.

transcriptional repression by ATRA and thit this region is
important for 4 high level of expression of the human albumin
gene.

Effect of ATRA on the expression of franscription factors that
possibly bind to the albumin promater

Several potential cis-¢lements within nt — 367 to — 167 were
identified by sequence analysis using TFSEARCH. This region
contained binding sites for liver-specific transcription factors,
C/EBPs and HNF-1s, as indicated in Figure 2(A). We next
examined whether ATRA regulates expression of these tran-
scription factors at the transcriptional level using quantitative real-
time RT-PCR (Figure 3). As shown in Figure 3(C), the mRNA
level of C/EBPw, which had the most abundant expression of
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the four transcription factors tested, was significantly decreased
by ATRA treatment ina dose-dependent manner; C/EBPy mRNA
expression in FLC-4 ¢ells was suppressed by 47 % in the presence
of 100 nmol/l ATRA. By contrast; ATRA exhibited no effect or
only a'marginal effect on the mRNA levels of HNF-1e, HNF-18
and C/EBPS (Figure 3A, B and D). Since C/EBPw is known to
be 3 positive regulator of human albumin expression [32,33]. it
may be possible that down-regulation of C/EBPw expression ig
one of the mechanisms involved in the inhibitory effect of ATRA
on human albumin synthesis.

In vive recruitment of C/EBPs to the human albumin promoter

To investigate whether the inhibitory effect of ATRA on albumin
expression is associated with the recruitment of C/EBPs to
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Figure 4 Effects of ATRA on in vivo recruitment of G/EBPs to the human albumin promoier

(R) The-sequence of the upsiream reguialory region (between it — 414 and —188) of human albumin was amplified using a PCR primer pair (F1-and R1), indicated by the arrows, The potential
binding sites for C/EBP and HNF-1 in this region are in capilal letiers and onderlined respectively: (B} FLC-4 cells were fncubaled with or without ATRA (100 nmol/t) for 48 h before the ChiP assay.
DA fragments were amplified with the primers F1:and R1-(upper paneljor F2-and RZ (lower pansl). The input represents PCR products from chromalin pellets before immunoprecipitation.

the albumin promoter in vivo, we performed ChIP assays -of
cells treated with or without ATRA (Figure 4). After immuno-
precipitation with antibodies against C/EBPw and C/EBPS, the
~414 to — 188 nt fragment within the albumin promoter, which
contains four potential binding sites for C/EBPs (C/EBP #1—#4 in
Figure 4A), was amplified by PCR. The results revealed that under
basal conditions both endogenous C/EBPw and C/EBPS were
recruited to the albumin promoter. Itis of interest that the in vive
binding of C/EBP« to the fragment was markedly decreased upon
incubation with ATRA. By contrast, ATRA treatinent seemed to
marginally increase the recruitment of C/EBPS to the promoter
fragment (Figure 4B). We verified that no DNA fragment was
detected in the precipitated chromatin when the region between
nt — 876 and — 638 of the albumin gene, which does not contain
binding sites for C/EBP, was amplified by PCR.

These findings suggest that ATRA has the ability to affect the
C/EBP occupancy of the albumin promoter in vive. It is possible
that impaired C/EBPe binding caused by ATRA leads to down-
regulation.of albumin gene expression.

ATRA induces expression of C/EBPS-LIP, and its DNA-binding
activity

It has been reported that the gene for C/EBP is transcribed
into a single mRNA that encodes several N-terminally truncated
protein isoforms, possibly via the process of alternative translation
initiation at downstream AUG codons [34,35]. C/EBPy mRNA
is translated into two major proteins of 42 and 30 kDa (p42- and
p30-C/EBP«) [34,36], whereas C/EBPS mRNA mainly produces
three isoforms referred to as C/EBPS-FL, LAP (iver-enriched
transcriptional activator protein) and LIP, which are 46, 42, and
20 kDa respectively [34,37,38]. All of the C/EBP isoforms have
DNA-binding and dimerization demains. However, p30-C/EBPo

1056

and LIP are translated from the third m-frame AUG start coden
{34,367 and lack most of the transactivation domain [34,37,39].
Although p42-C/EBPw, C/EBPS-FL and LAP transactivate their
target genes” expression, p30-C/EBPw and LIP are unable to
dctivate gene transeription and are able. to function as dominant-
negative factors by anitagonizing and by competing with other
C/EBP transactivators [34,37]. It has been considered thatthe ratio
of C/EBP transactivators to C/EBP dominant-negative factors is
important in controlling each aetivity' of C/EBPx and C/EBPS
[34,36,37].

We determined the effect of ATRA onthe expression of C/EBP
isoforms by Western blotting (Figure 5A). An incréased level of
LIP was observed as early as 8 h after ATRA treatment and it
was also detected after 48 h of treatment. By contrast, C/EBPS-
FL-and LAP isoforms showed little change in their expression
after the 48 h time point of ATRA treatment. The expression level
of C/EBPa showed no change in the presence of ATRA after §
or 16 h. Although a decrease in C/EBPx expression was found
after 48 I of ATRA freatment, it is not likely that this reduction
is the cause of down-regulation of albumin expression, since a
decreased level of albumin mRNA was observed as early as 24 h
after ATRA treatment (Figure 1B). It appears that the ratio of
LIP to C/EBPS-FL and LAP was elevated in a dose-dependent
manner after 16 h of ATRA treatment, while the ratio of p42-
C/EBPu to p30-C/EBPwe showed no difference with or without
ATRA treatment until 48 h after the addition of ATRA. These
results demonstrate that ATRA has the ability to differentially
modulate the level of C/EBP isoforms with an increase in LIP
and 2 decrease in C/EBPe; the expression of LIP is induced
immediately in response to ATRA treatment.

We next examined the effect of ATRA on the DNA-binding
activity of LIP, by EMSA (Figure 5B). The nucleotide sequence
of C/EBP-binding site #3, which is present in the region from
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Figure 5 Effect of ATRA on protein expression of C/EBPs, and DNA-binding activily of C/EBPS-LIP

(A} FLC+4 eells were incubaled with ATRA. (100 nmol/t for- 8, 16 and 48h. - Alter harvesting, tofal cellular proteins were resolved by SDS/PAGE . and the:-presence of-C/EBPa and C/EBPA was
analysed by Western blotting. The ratio-of C/EBPS-LIP to C/EBPB-FL and -LAP [LIPAFL -+ LAP)] was measured-by densitomelric analysis. (B} Nuclear proteins were extracted from.FLC-4 cells
treated with or without 100 nmol/l ATRA for48 h, or-cells that transiently expressed the LIP protein, and were analysed by EMSA as described in the Experimeriial section. Lane T, no nuclear protein
extracts (NPEJ; lane 2, FL.C-4 cells incubated without ATRA; lane 3, FLC-4 calls incubaled with ATRA; fane 4, FLC-4 cells transiently expressing the LIP protein; lane 5, addition of a 50-fold molar
excess of unlabalied wild-type (WT) sligonucleatides to the mixture intarie 4; lane 6, addition of 250-fold molar excess of tnlabelled mutant {MU) oligonucleotides o the mixlure inlane 4, lane 7,
addition of an anti-C/EBP 8 monocidnal antibody (mAb) to the mixture in lane 4. Thearrow, arrowhead and asterisk indicale a DNA-LIP complex. a DNA-LIP-anitbody complex (supershifted band}

and-a fre probe respectively.

nt —367 to. — 167 of the albumin gene, as shown in Figure 4(A),
was used as a DNA probe. A shifted band, which was observed
in FLC-4 cells that transiently express LIP protein (Figure 5,
lane 4), was removed by the addition of dn excess of unlabelled
homologous probe {lane 5), but not by the addition of a mutated
sequerice (lane 6). This band was supershifted by the addition of
the C/EBPS antibody (lane 7), The results indicate that LIP binds
to its binding motif within the albumin promoter.

In the presence of ATRA (Figure 5, lane 3), a shifted band
that corresponded to endogenous LIP-bound DNA was observed,
which was more intense than in the absence of ATRA (lane 2).
We alsé confirmed that endogenous LIP bound to the other three
binding sites for C/EBP #1, #2 and #4) (results notshiown). Thus
the combined data demonstrate that ATRA induces not only the
expression of LIP but also its DNA-binding activity.

C/EBPS-LIP down-regulates the gene expression and synthesis
of albumin by blocking the transcriptional activity of C/EBPx
and C/EBPS-FL

Our data suggest that early induction of LIP expression and an
increase in the DNA-binding activity of LIP caused by ATRA
triggers the down-regulation of albumin gene expression. To
directly evaluate the role of LIP in albumin expression. we
determined the effect of C/EBPs on albumin expression using
transient transfection experiments (Figure 6). As shown in Fig-
ure G6(A), overexpression of C/EBPa and C/EBPS-FL caused
a more than 20.7- or 8-fold increase respectively, in' promoter
activity in a dose-dependent manner compared with transfection
with an empty véctor. By contrast, co-expression with LIPresulted
in a marked and dose-dependent reduction of the increased
activity (Figure 6B). Expression of LIP alone also decreased the
level of promoter activity (Figure 6B), presumably because LIP
inhibited positive functions of endogenous C/EBP transactivators
expressed in FLC-4 cells. We investigated the effect of C/EBP ex-
pression on the secretion of endogenous albumin (Figure 6C).
Consistent withh albumin promoter activity, overexpression
of C/EBPw and C/EBPB-FL significantly increased the level of
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albuimin. in the culture mediun by 2- and 1.7-fold respectively,
compared with transfection with-an émpty vector. Overéxpression
of LIP significantly and dose-dependently decreased both the
basal level of albumin secretion and the level of albumin elevated
by expression of C/EBPa and C/EBPS-FL. Thus these results
strongly suggest that LIP plays a role in repressing albumin gene
expression by blocking the ability of C/EBP trangactivators to
activate thie albumin promoter, leading to down-regulation of
albumin synthesis.

DISCUSSION

In the present study, we have.demonstrated the down-regulation
of secretion and gene expression of albumin niedisted by
ATRA. Thiy finding is in line with previous reports that ATRA
negatively regulates albumin synthesis-in rat hepatocytes [20] and
human hepatoma cell lines [12,13]. We addressed its molecular
mechanisms and found: (i} that the 5" end flanking region of the
albumin gene, nt —367 to — 167, in which four binding sites
for C/EBPs are conserved, is responsible for its transcriptional
repression by ATRA, and (ii) that upon ATRA treatment, C/EBPS-
LIP is differentially induced among C/EBPS isoforms and the
expression of C/EBPa i subsequently decreased. The present
study reveals that C/EBP proteins play a key role in the tran-
scriptional regulation of the human albumin gene by ATRA.,
C/EBPwa and C/EBPS, which are composed of DNA-binding
and dimerization domains-at their C-termini, and tfansactivation
domains at their N-terminal regions, are expressed in the liver at
high levels and are involved in the regulation of cell growth, cell
differentidtion, metabolism and inflammation [40-42]. A single
mRNA species for C/EBPS directs production of three major
isoforms in liver tissues: C/EBPS-FL, LAP and a low-molecular-
mass isoform, LIP [34,37,38]. These three proteins contain the
DNA-binding and dimerization domains. CJEBPS-FL and LAP
contain a transactivation domain and function as transcriptional
activators, whereas LIP lacks the N-terminal transactivation
domain and can attenuate the wanseriptional stimulation by
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Figure 6 C/EBPA-LIP down-regulates the promoter activity and synthesis of albumin by blocking G/EBP transcriptional activily

{AYand (B) FLC-4 cells ware ransfested with pAL1.8-LUC and pPRL-CMV in the presence or absence of C/EBP expression veclors. Aller incubation for 48 b, the cells were harvesied and assayed for
fuicifersse achivity. The relalive fucifsrase aclivity was obigiried by normalizing ihe pAL Y. 8-LUT activily to the pRL-CMV activity, and the value of the smply vector {pCABGS was sel to 1. 7P < 0.0,
»P < 00 comparsd with cells transtesied with ermply vestor +F < 0.0% compared with calls sxpressing C/EBPe o C/EBP p-FL alone (€} FLC-4 cells ware transfected with C/EBP expression
veciors andfor anempty vector. After 72 b, the medium was harvested, and the-amount of secreted albumin was quantified by ELISA. The value of the emply vector was:Sel o 100 % P < 081
cofrpared with iransiection With emply vecton 1P« 005 4P « D.01 compared with-cultures that express C/EBPe or C/EBPS-FL alone.

C/EBPB-FL, LAP and C/EBPy in substoichiometric amounts
[37} It has been shown that LIP is involved in the down-
regulation of human CYP3A4 induced by interleukin-6 [43] and
in the repression of C/EBPoe mRNA during the acute phase of
the immune response [44]. Im the present study, we have de-
monstrated that the overexpression of LIP leads to inhibition of the
positive regulation of albumin promoter activity that is mediated
by C/EBPa and C/EBPA-FL (Figure 6B). This is the first study to
show the involvement of LIP in the regulation of human albumin
gene expression.

Qur albumin promoter assay using the S'end-deletion constructs
demonstrated that the region spanning nt — 367 to — 167 within
the albumin gene is a prerequisite for ATRA-dependent tran-
scriptional down-regulation (Figure 2B). The ChIP assay showed
that during ATRA reatment the iz vivo binding of C/EBP« 1o
the region clearly decreased, whereas the binding of C/EBPS
slightly increased (Figure 4B). The anti-C/EBPS antibody used
in the present study 1s capable of recognizing all of the C/EBPS
isoforms, since no anti-C/EBPS antibodies that recognize the'N-
termini of C/EBPS are available to distinguish these isoforms.
However, an EMSA demonstrated that ATRA increased the
binding activity of LIP to its response element in this region
(Figure 5B). Thus we suggest that the increase in DNA-binding
of C/EBPB, as shown in the ChIP assay, is caused by ATRA-
induced LIP expression. It has been reported that LIP has a greater
binding ¢apacity for the C/EBP-binding element compared with
C/EBP transactivators i.e. LIP binds to the element 4-fold more
efficiently than does LAP[37]. Therefore itis probable that C/EBP
transactivators predominantly bind to their response elements
within the albumin promoter in the ATRA-untreated cells, while
an increased level of LTP possibly displaces these transactivators
at the C/EBP-binding sites to oceuy them in ATRA-treated cells.

As indicated in Figure 5(A), preferential induction of LIP
expression by ATRA was observed even in the culture after
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Figure 7 Proposed mechanism by which ATRA down-regulates albumin
gene transcription in FLC-4 cells

An ATRA sigralincreases the expression of C/EBPA-LIP in FLE-4 cells. This truncated C/EBP
proteindirecty and inditectly down-reguiates the expression of the albumin gene by competing
with C/EBP Yransactivators and inhibiting C/EBPw expression.

§h of ATRA teatment. By contrast, a decrease in C/EBPy
gene expression was not detected at such an early stage (results
not shown), but was first observed 24 I after the addition of
ATRA (Figure 3C). Furthermore, the expression level of C/EBPy
protein was Hitle changed when the mRNA expression level of
albumin was decreased by ATRA treatment (Figure 5A). Based
on the results of the present study, we propose @ meodel for
the molecular mechanism by which ATRA down-regulates the
expression of human albumin in liver-derived cells (Figare 7).
ATRA miggers the differential induction of C/EBPS-LIP, a
dominant-negative regulator of C/EBP activators. A C/EBP-
binding consensus sequence has been identified in the C/EBPa

© 2008 Biochemical Society
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promoter, and it has been shown that C/EBPS-FL and LIP
respectively, function as positive and negative regulators of
C/EBPwx gene expression [44]. Thus it is probable that LIP
preferentially binds to the C/EBP-binding elements not only on
the albumin promoter but also on that of C/EBPw at the ex-
pense of C/EBPS-FL, LAP and C/EBPw. However, LIP lacks
the transactivation domain and is unable to activate transeription.
LIP expression induced by ATRA possibly down-regulates the
gene expression of albumin and C/EBPw, by competing for DNA-
binding sites as a LIP homodimer and/or by antagonizing the
transcriptional activity of C/EBP transactivators via heterodimer
formation with C/EBP-FL. or LAP [37]. Hence, an increase in
the ratio of LIP to C/EBP transactivators is critical for down-
regulation of the expression of albumin and C/EBPw genes that
is mediated by ATRA. This conclusien is supported by transient
transfection experiments which indicated that the activity of the
albumin promoter is stimulated by transfection with C/EBPS-FL
or C/EBPw expression constructs (Figure 6A), whereasitsactivity
is decreased by co-transfection with a LIP construct (Figure 6B).
Decreased expression of C/EBPa may also contribute to the
transcriptional repression of the albumin gene, since C/EBPw is
known to be one of the positive regulators of albumin expression
32,331

A key question is: how does ATRA differentially induce
C/EBPS-LIP but not C/EBPSA-FL expression? A previous study
f451, which describss the éffect of ATRA on the alternate
production of C/JEBPS isoforms, has not demonstrated its mol-
ecular mechanism. A number of recent observations have
shown that the production of C/EBPS isoferms is regulated
by epidermal growth factor [38], lipopolysacharide {44,46] and
partial hepatectomy [44,47], presumably through leaky ribosomal
scanning [34,37]. Ithas been proposed that a portionof ribosomes
igrniore the first two AUG codons of the C/EBPA mRNA and
initiate translation of LIP from the third in-frame AUG start
codon. The translation of LIP can be controlled by specific
cytoplasmic proteins that interact with the 5 end region. of
C/EBPS mRNA, such as CUG-BPL (CUG wriplet-repeat binding
protein 1) [44,47]. Phosphorylation of CUG-BP1 is critical for
its RNA binding and the consequent increase in LIP expression
[38]. Therefore we tested whether ATRA treatment leads to
increased phosphorytation of CUG-BPL.in FLC-4 cells. Western
blotting and immunoprecipitation of CUG-BP1 metabolically
labelled with *P, however, indicated that the expression level
and phosphorylation status of CUG-BPL were not different in
cells with or without ATRA treatment (results not shown). It
can be speculated that other RNA-binding proteins are involved
in the mechanism by which ATRA increases the translation of
LIP because, in addition to CUG-BPI, calreticulin {48] and elFs
(eukaryotic translation initiation factors), such as eIF-2 and eIF-
4E [35], have been shown to control translation of C/EBPS.
Another possible mechanism for the alterpate production of
C/EBPS isoforms is the proteolytic cleavage of C/EBPS-FL [49].
However, this 18 less likely to explain the mechanism for the
differential inductionof LIP isoforms caused by ATRA, because
it has been shown that thecleavage of C/EBPS-FL to generate LIP
is induced by C/EBPw [49], but that the ATRA treatment led to
no change or only a small decrease in the expression of C/EBPu
(Figure SA).

A previous study [13] has shown that the expression of HNF-1,
which is a potent transcription factor for the albumin gene [S0],
was decreased in human hepatoma cells i which albumin gene
expression was down-regulated by ATRA, although an upstream
regulatory region of the albumin gene involved in the regulation
was not identified. In our experimental setting, mRNA expression
of HNF-1 was notaffected by ATRA treatment (Figures 3A and

S
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3B). The data in the present study suggest a model in which the
preferential increase in LIP expression mediated by ATRA results
in the antagonization of C/EBP transactivators by interaction with
their binding sites on the nt.—367 to — 167 region of the albumin
promoter. We propose a novel pathway for the modulation of gene
expression by ATRA, in which C/EBPS-LIP plays a crucial role,
This mechanism may be found inother systems for physiclogical
processes, such as cell proliferation and differentiation, and
the elucidation of its molecular mechanism will make a great
comtribution to our understanding of gene regulation mediated by
retinoic acids.

Weihank 6. J. Darlington for providing the plasmids, and A. Catharing Ress {Department
of Nutritional Sciences, The Pennsylvania State University) and our colleagues for
Helptul discussions. We aiso thank M. Matsuda, M. lkeda, S. Yoshizaki and T. Shimoji
for their technical assistance: Thiswork wassupparied by grants-in-aid fromthe Ministry of
Health, Laborand Welfare, by the Program for Promotion of Fundamental Studies in Health
Sciencesof the Grganization for Drug ADR Relief, R&D Promotiorand Product Review of
Japan {10:01-3), and by Research.on Health Scisnces focusing an Drug Innovation from
the Japan Health Seiences Foundation,Japan. T.M. i the recipient of a Research Resident
Fellowship fromthe Foundation for Promotion of Cancar Research in Japan.

REFERENCES

1 West, J. B.{1990) Bldod and the plasma proteins: functions and eomposifion of biood.
In'Physiological Basis of Medical Practics, In (West, 4. B, 2d.), pp. 332338, Witliams &
Wilkins, Baltimore

2 Rothschild, M. A, Oralz, M_and Schrelber, 851988} Serusn albumnin. Hepalotogy 8,
385401

3 Moshage, H.J..Janssen, J. A, Franssen, J. H:, Hafkenscheid, J. C and Yap, S, H.{1987)
Study of the molscular mechanisnt of decreased liver synthesis of albumin in
inflammation. J. Clin. Invest. 79, 16351641

4 Mariani, G, Shober, W, Kelser, H. and Waldmann, T.A.{1978} Palhophysiclogy of
hypoalbuminemia asseeiated with careinoid tumot. Caricer 38, 854-860

5 Chlehowski, . T, Grosvenor, 8. B, Bemhard, N K., Morales, L. S. and Buleavage, L. M.
(1989) Nutritional status, gastrointestinal dysfunction, and sutvival in patients with AIDS:
Am: J. Gastroenterol. 84, 1288-12083

6 Phillips. A, Shaper, A G. and Whincup, P H: (1988} Association hebween serum albumin
and moriality rom cardiovascular disease, cancer, and ofher causes. Lance{ 2, 14341436

7 Gorski, K., Carneiro, M. and Schibler, 1. {1886) Tissue-specific n vitre transcription from
the mouse atbumin-promoter. Cell-47, 767776

& Maire, P, Wuarin, J. and Schibler. U. (1988} Tha rolg of cis-acting promoter elements in
tissue-spétific albumin gene expression. Scierice 244, 343-348

9 Pertmutier, D.H,, Dinarello, € A, Punsal, P 1. and Colten, H. R {1986) Cachectir/tumor
neciosis factor regulates hepatic acute-phase gens expression. J. Clin. invest 78,
13491354

10 Andus; T, Geiger, T, Hirano, T, Kishimote, T and Heinrich, 2 C. (19881 Action of
recombinant hurnan interleukin g, interleukin 18 and tumor necrosis faclor @ on the
MANA induction of acute-phase proteins: Eur J. Immuincl. 18, 735-746

11 Mormone, G, Cortese, B. and Sorrenting, V. {1989} Post-transcriptional control of
negative acute phase genes by transforming growth factor g EMBO.J 8, 37873711

12 Hsu, 5L, Lin, Y F and Chou, €. K. (1992) Trangeriptional regufation of fransferrin and
albumin.genes by retinoic aeld In human hepatoma cell line Hep3B. Biochem. J. 283,
511-615

13 Yamada, Y., Shidoji, Y., Fukufomi, Y, Ishikawa, T, Kaneko, T, Nakagama, H., Imawari, M.,
Moriwaki, H,and Mute, Y. {1994) Positive and negative regulations of albumin gene
sxpression by retinoids inhuman hepatoma cell Hinas Mol Carcinog. 10, 151138

14 Woling, &, Oka, T, Mufioz, S, M., Chikamori-Aoyama, ., Kuwaneia, M. and Natorf, Y.
{19875 Viternin B; suppresses growth and exprassion of albumin gene in ahurman
hepatoma-cell ling HepG2. Nulr. Cancer 28, 206-271

15 Tsutsumi, T, Nakao, K., Mifsuoka, 8. Hamasaki, €, Teuruta, $., Shima, M., Nakata, €,
Tamaoki, T.and Nagataki, 8 (1583} Regulation oF-albumin and - felaprotein:gene
exression by collsid-osmatic pressure in human-hepatoma cells. Gastroenteralogy 104,
256262

16 Pietrangelo, A. and Shafritz, DA {1984 Homeostatic reguiation of hepatocyte Alctear
transeription factor 1 exprassion in cultyred hepatoma celis. Proc: Natl Acad. Sci. USA
91, 182186

17 Maiten, N W, Hsfang, C. H., YU, L, Stollenwerk, 8. S and Straus, 0. S. {1856)
Funictionat activityof hepatocyte nuclear factor-1 i specifically decreased in amino
acid-limited fiepatora celis Biochim. Biophys: Acla 1447, 160174



ATRA down-reguiates atbumin

gene expression vig C/EBRPA-UIP 353

22

24

25

26

27

28

Falasca, L., Favale, A, Gualandi, G, Maielia, 6. and Gonli Devirgiliis, L (1988) Retinoic

acid reaiment induces apopiosis or evpression ofa more differentiated phenctype on

different fractions of cultured fetal ral hepatocyles. Repatology 28, 727737

Alisi, A&, Leont, ., Piagentant, A and Conti Devirgilits, L (2003) Retinoie acid modulates

the-eeli-oycle infelal ral hepatooylss and HepG2-cells by regulating cyclin-cdk golivities.

Liver Int 23, 178185

tkeda, H. and Fuliwara, K (1993) Retinoic acid inhibits DNA and-atburin synthesis

stimulated by growth factorin adull ral hepatosytes in primary cuflure. Biochem Biophys,

Ees: Commun. 191, £75-680

Sani, B. PandMeeks, R, 6. (1983) Subacute toxicity of all-frans-and 33-cis-isomers of

K-ethy! retinamide, N-2-hydroxysthyl relinamide, and N-4-Tydroxyphenyl retipamide.

Toxicol Appl. Pharmacel 70, 228-238

Decensi, A Bruno, 8., Costanting, M, Torrfs, R, Cure

Polizz, A, Perloff, M. Malone, W.F and Bruzzi, P {1994

superf iclal bladder caneer, using DNA flow cylometry as
4, Natl, Canver irist, 88, 138-140

Kalam?er ar, G P, Slusher, B, Ramalingam, S, Gadgeel, S and Mabry, M. {1985)

Growth inibition and indugtion of apeplosis by fenretinide in small-celi fung cancer cell

lings. J. Nafl. GancerInst. 87, 16741680

Maurer, B. 4, Metelitsa, L. S, Seeger, R G, Cabol, M. C.and Reynolds, €. P (1989)

Iricrense. of ceramide and indaction ¢f mixed apoptosi s?marroQ s by

N-(4-hydroxyphenyl)-retinamids i neuroblastoma cell lines: J. Natl. Cancer inst 91,

1138-1146

Puduvalli, V. K., Yung, W K., Hess, KR, Kutiri, J. G, Groves, M. D, Levin, V. A,

Zwiebel, J., Chang, S. W, Cloughesy, T F, Junck, L elial (2004) Phase I study of

fenrelinids (NSC 374551) in adulis with recurrent malignant gliomas:a North American

brain timor-consoriium study. J. Clin. Oncol. 22, 42824289

Nagamoti, 5., Hasumira, S., Matsuura, T, Alzaki, H: and Kawada, M (20“0)

Developments in bicartificial liver research: concepts, performance, and applic

J.Gastroerterol. 35, 493-503

Aizaki, H., Nagamori, S., Matsuda, M., Kawakami, H., Hashimoto, O, ishike, H.,

Kawada, M., Malsuura, 7., Hasumiura, S«, Matsuura, Y. st al. (2003) Pmductxon and

release of infectious hepatitls C virus.from human liver cell cultures in the

three-dimansional radial-fiow bioreactor. Virofogy 314, 16-25

Niwa, H., Yemamura, K. and Mivazaki, J. {1681} Efficient selection for high-exprassion

transfectants with & novel eukaryotic vecior. Geng 108, 183-198

Iwafori, T, Matsuura, T, MasHashi, H., Sugo, K., Safto, M., Hosokawa, M:, Chiba, K.,

Masaki, T., HAizaki, H., Ohkawa, K. and Suzuki, T. (2003} CYP&M inducibie mods! for

invitte andlysis-of humarn drug metabelism using a bisartificial-fiver. Hepatology 37,

665-673

Mangelsdorf, D. J, and Evaris, B M. {1

Cell 83, 841850

Chiambon, P (1996} A decade of molecdlar biology of retinolc acid receptors. FASER.J.

10, 940-954

Friedman, A D, Landschulz, W H. and McKnight, . L {1988} CCAAT/enhancer binding

proteinactivates the promioter of the serum albumir gene in culitred hepatoma cells.

Genes Dev. 3, 1314-1322

Trautwein, C., Rakemann, T, Pietrangelo, A., Plimpe, J., Montosi, 6. ang Manns, M. P

(1896} C/EBP-B/LAP controls dowa=regulation of albuniin gene transeription duting liver

tegenieration, J.-Biok Chem. 271, 22262-22270

tip, A, Gatteschi, B, Nicsld, G
1 Phase iz study of fenrating de in
anintermediate end point

ations,

8057 The BXR heieredimers and orphan.receplors.

Received 21 November 2005/20 March 2006; aceepted 11 April 2006
Published-as Bl Immediate Publication 11 April 2008, doi:10.1042/8/20051683

109

34

44

45

47

48

49

50

Ogsinow, V., Descombes, Frand Schibler, U (19631 CCART/enhancer-binding protein
HRNA i¢ translated intomuitiple m m with diffetent tansciption activation potentia
Proc. Natl -Acad Scl US.A 90, 8216-£228

Cafkhoven, C. £, Mller; C. and Leutz, A (2000) Translatio
C/EBP g isoform exprassion. Genes Jev, 14, 1820-1852
Lin, F T, MacDougaid, 0. A, Dieht A 8. and Lane, M. [ (1962) A 30-kDz alternative
translation produst of the CCAAT/enhancer binding proleine m s sage; lranseriptional
activator lacking anfimitoticactivity. Proc Nat! Acad Sci,b,S.A 80, 9606-5B10
Descombes, B and Schibler U (1681} Aliver-entichéd tanscriptional activator protein,
LA, and 4 trahscriptional inhibitory profein, LR are transiated from the same miBkA.
Gell 67, 569-578

Baldwin, €. R, Timchenks, N A and Zakinow, £ A (2004) Epidermat growth facior
rezept orsimJlatsm aﬁim’a &5 the RNA binding profeln CUG-BPT and increases
expression of C/EBP B-LIP in mammary epithelial cells. Mol Cell 8in). 24, 8682-3861
Catkhoven, T F, Bouwman, PR, Snippe, L. and Ab. G. [1904) Translation starl site
multiplicity-of the COART/enfiancer binding protein o mRNA dictated by a smali

5! ppen reading frame. Nucleic Acids Res 22, 85405547

Warig, N. D, Finegold, M., Bradley. A, Gu, C N Abdelsayed, SV, Wilde M. D,
Taylor, L. B, Wilson, D. B and Darlingten, & J, (1995 impaired energy homeostasis in
C/EBPw knackout mive. Science 268, 1108-1112

Poli, V. [1958) The role of C/EBP isoforms in the controlof in
immurity functions. J: Biol. Chem, 273, 2927928282
Wang, H., fakova, P,/ Wilde, M., Welm, A, Goode. T, Roester W. 11 and Timchenko, N. A,
(2001) r"/EB%{ arrests call proliferation through direct inhibilion of Gak2 and Cdkd.
ol Cell 8, 817-828

Jover B, Borl; R, Gomez-Lechion, ML and Castell, J: V. {2002) Down-regufation of
human CYP3A4 by the Inflammalory signdl interleukin 6. molgsllar mechanism and
traniscription factors involved. FASER J. 18, 1799-1801

Welni A L, Matkey, S L, Timehenko, L T, Darlinglon, G.J. and Timchenko, oA
(2000 Transtational induction of liver-erriched transcriptional inhibitory protein during
acute phase response Jeads to repression of CCAAT/enhancer binding profein o mRNA
J. Biol. Chem. 275, 2740627413

Hsu, W.ang Chen-Kiang, S. (1993} vsnvﬁrgenf fegulation of NF-1L6 and Ogl-1 synthésis
by interleukin-6 and retineic acid signaling i embryonal carcinoma cells, Mol Cell: Biol,
13, 2515-2523

Heieh, C. C., Xiong, W., Xie, Q., Rabek,.J. P, Scoft, & G., An, M. R, Heisner, P. O,
Kuninger, 0. T and Papaconsiantinol, 4 (1968) Effects of age on the posttranscriptional
regulation of CCAAT/enhancer binding protein o and-CCAAT/enhancer binding protein g
isoform synthesis i controlang LPS-{reated ivers. Mol Biol. Celi 8, 14781404
Timchenko, N A, Welm, AL, Lu, X and Timchenko, L. T.{1998) CUG repeat binding
profeim (CUGBP1) nteracts withidhe 57 region-of C/EBP A mANAand regulates ransiation
of C/EBP 8 isolormis. Nucleic Acids Res, 27, 45174525

Timcherko, L. T, lakova, P, Welm, A. L., Cai, 2.. and Timchenke, §. A {2002)
Calreticulin interacts with C/EBPw and C/EBP A mRNAs and-represses translation of
C/EBP proteinis. Mol Cell Biol. 22, 7242-7257

Welm, A L., Timehenko, N.A and Darlington, G. J. {1988 C/EBPw regulates generation
of C/EBP & isoforms through activalion ol spezilic profeniylic cleavage. Mol. Cell: Bisk
18, 1695-1704

LichisteinerS. and Schibler, U (1889 Aglycasylated liver-specifi
stimulates transcription of the 2fbumin gene, Cell 57, 1179-1187

ral-cofitrol of C/EBPe and

flammatory and native

it transcription factor

€ 2006 Biochemical Society



Available online at www.sciencedirect.com

"52% ScienceDirect IJBCB

The International Journal of Biochemistry & Cell Biology 39 (2007) 171-180

www.elsevier.com/locate/biocel

Purification and characterization of C-terminal truncated
forms of histone H2A in monocytic THP-1 cells

Jiro Minami®P, Koji Takada®*, Katsuhiko Aoki?, Yohta Shimada?,
Yutaka Okawa, Noriko Usui®, Kiyoshi Ohkawa®

* Departneni of Biochemistry 1, Jikei University School of Medicine, 3-25-8, Nishishiribashi, Minaro-ku, Tokyo 105-8461, Japan
¥ Division of Hematology and Oncology, Department of Internal Medicine, Jikei University School of Medicine, Tokyo, Japan

Received 22 April 2006; received in revised form 20 July 2006; accepted 27 July 2006
Available online 18 August:2006

Abstract

Histones are key compenents of chromatin, We investigated histone H2A-immunoreactive proteins in acute monocytic leukemia
THP-1 cells using three polyclonal antibodies raised against peptides correspending to distinct regions of H2A, Two unknown
immunoreactive proteins (9- and 12-kDa proteins), H2A (14kDay and ubiquitinated H2A (23 kDa) were found in the cell lysates
prepared by immediate direct addition of SDS-PAGE sample buffer to the cells as well as in the nuclear and chromatin fractions.
However, they were not found in the cytoplasmiic fraction. The unkriown proteins ‘were suceessfully purified by immunoaffinity
chromatography from the cell nucleus extract and identified as 9-kDa H2A .4y and 12-kDa H2A 1, suggesting that both were
produced by limited proteolysis of intact H2A,_;a¢. The truncated forms of H2A probably persisted as chromatin constituents, since
the stability of H2A_g; in the chromatin fraction wassensitive to treatment with-micrococeal nuclease, and H2A ;4 was solubilized
with lower ionic strength from the ¢hromatin fraction obtained by micrococcal nuclease treatment. Truncated H2A proteins in THP-
L cells were transiently increased in amount by short-term treatment with phorbol 12-myristate 13-acetate or all-trans-retinoic
acid, both of which induce macrophage-like differentiation. Furthermore, these increases were suppressed by preceding treatment
with carbobenzoxy-t-leucyl-L-leucyl-L-leucinal (MG132) but not with carbobenzoxy-t-isoleucyl-y-t-butyl-r-glutamyl-r-alanyl-r-
leucinal (PSI), both of which aré generally known as proteasome inhibitors. Our results suggest that histone H2A is cleaved at least
at two sites by protease(s) that remain obscure, and might affect chromatins in the early stage of THP-1 cell differentiation.
© 2006 Elsevier Ltd. All.rights reserved.

Keywords: Histone H2A; Proteolysis; Phorbol 12:myristate 13-acetate; MG132; THP-1 cell

1. Introduction

Histone proteins are factors that regulate chro-
matin functions. They act as acceptors for a variety

Abbreviations: RA, all-rrans-retinoic acid; DMSO, dimethyl sul- of post-translational modifications, including acetyla-

foxide; FBS, feral bovine serum; PMA, phorbol 12-myristate 13- tion, methylation and ubiquitination of lysine residues,
acetate; PMSF, phenylmethylsulfonylfluaride; PYDF, polyvinilidene methylation of arginine residues, and phosphorylation of
d‘?”"f}de; TBS, Tris-buffered saline; ZLLal, carbobenzoxy-L-leucyl- serine and threonine residues (Peterson & Laniel, 2004).
L-reucina
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fax: +81 373435 1922 in the regulation of replication, transcription and cell
E-mail address: takada@jikei acjp (K. Takada). cycle progression (Cosgrove, Boeke, & Wolberger,

1357-2725/% ~ see front matter © 2006 Elsevier Ltd. Alf rights reserved.
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2004 Peterson & Laniel, 2004; Turner, 2002). Exchange
of histones and histone variants promoted by histone
chaperones and other proteins are also implicated in
some of these cellular processes (Chakravarthy, Park,
Chodaparambil, Edayathumangalam, & Luger, 2005).
Therefore, the state of the histones reflects the epige-
netic events in mammalian cell nuclei.

Proteins can also be modified by proteolytic cleav-
age, a process involved in the maturation and reg-
ulation of various cellular proteins (Kidd, Lahti, &
Teitz, 2000; Neurath, 1991). Chromatin-bound prote-
olytic activity, which cleaves histone H2A between
Valyyg and Leuy;s, yielding H2A 114 and a free pen-
tadecapeptide in the high ionic strength condition, has
been found in calf thymus nuclei (Bickbush, Watson, &
Moudrianakis, 1976). The enzyme catalyzing this cleav-
age has been partially purified and named H2A-specific
protease (Davie, Numerow, & Delcuve, 1986; Eickbush
et al., 1976). H2A-specific protease is selectively asso-
ciated with Hl-containing nucleosomes (Davie et al,,
1986), and produces H2A ;.14 from acetylated histone
octamer-DNA reconstituted in the physiological condi-
tion (Eickbush, Godfrey, Elia, & Moudrianakis, 1988) it
may affect nucleosomal conformation since the cleav-
age of H2A lowers the binding affinity between the
H2A:H2B dimer and the H3:H4 tetramer in vitro (Elia
& Moudrianakis, 1988). However, fundamental prop-
erties of H2A-specific protease, including its primary
structure and biological roles, remain obscure. Okawa et
al. (2003) have recently purified two truncated forms of
monoubiqutinated HZA fromthe nuclei of acute myeloid
leukemia OCVAML 1a cells, and found that the cellu-
lar levels of one of these compounds were changed by
treatment with phorbol 12-myristate 13-acetate (PMA)
or all-trans-retinoic acid (RA). However, whether or not
the truncated form(s) of non-ubiquitinated H2ZA exist
as well as the enzyme catalyzing these cleavages has
remained obscure.

In the present study, using three anti-histone H2A
antibodies that recognize different regions of H2A,
we analyzed H2A-immunoreactive proteins in human
acute monoeytic lenkemia THP-1 cells; and identified
two truncated forms of H2A, which were presum-
ably produced by H2A-specific protease and/or other
protease(s).

2. Materials and methods
2.4, Cell culture

Cells of the acute monocytic leukemia cell line THP- 1
were cultured in RPMI 1640 medium supplemented with
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2mM L-glutamine, 100units/ml penicillin and strep-
tomyein, and 10%. fetal bovine serum at 37°C and
5% €03, They were maintained by three passages per
week. To induce macrophage-like differentiation, the
cells werecultivated in the presence of 50ng/ml PMA or
1M RA.

In experiments in which endogenous protease
activities were inhibited, the cells were cultivated in the
presence of the following additives: o-phenanthroline
{Dojindo Laboratories, Kumamoto, Japan) as a metal-
loprotease inhibitor; carbobenzoxy-L-leucyl-r-leucinal
(ZLLaly (Peptide Institute Inc., Osaka, Japan) as
a calpain inhibitor; and carbobenzoxy-L-isoleucyl-
v-t-butyl-L-glutamyl-L-alanyl-L-leucinal ~ (PSI) and
carbobenzoxy-L-leucyl-L-leucyl-L-leucinal  (MG132)
from Peptide Institute Inc, as proteasome inhibitors.

2.2. Cell extraction

Unless otherwise stated, all procedures were per-
formed under ice cooling or at 4°C. The cells were
harvested by centrifugation (300 g, 10min) with
two washing steps in phosphate-buffered saline. For
the preparation of whole cell extracts, a cell pellet
derived from approximately 1x 107 cells was lysed
with 8.4 ml of SDS-PAGE sample buffer containing
50 mM Tris=HCl, pH 6.8,2% SDS, 10% glycerol, 0.05%
bromophenol blue, and 50mM dithiothreitol and then
heated at 100°C for 3 min followed by brief sonication.
In an experiment to evaluate artificial cleavage by the
cell extraction procedure, bovine histone H2A (3 pg),
which had been biotinylated using sulfosuccinimidyl-
6-(biotinamido) hexanoate (Pierce, Rockford, IL), was
added to the cell peliet (8 x 10° cells) prior to the addi-
tion of SDS-sample buffer.

For the preparation of nuclear extracts, a cell pellet
(approximately 1 x 107 cells) was suspended in 1ml of
10 mM Tris-HCl, pH 7.4, tontaining a protease inhibitor
mixture consisting of 0.05% Nonidet P-40, 150 mM
NaCl, 3mM MgCly, 0.5mM phenylmethylsulfonylflu-
oride (PMSEF), 1 mM EDTA, 0.5 uM antipain, 1pM
aprotinin, 0.1 M leupeptin, 35 uM chymostatin, 1 pM
pepstatin A, 3 pM grans-epoxysuccinyl-r-leucylamido-
(4-guanidino) butane, 0.5mM benzamidine, 30 pM
phosphoramidon and 0.1mM bestatin, expressed
as final concentrations. The suspension was briefly
sonicated, then centrifuged at 1200 x g for Smin, and
the cytoplasmic supernatant subsequently discarded.
From the resultant nuclear pellets, the chromatin
fraction and ‘nuclear proteins were prepared according
to the methods described previously (Okawa et al,
2003).
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2.3. Antibodies

Twa distinct rabbit antisera recognizing histone H2A
were prepared against synthetic peptides corresponding
toresidues 11-24 (RAKAKTRSSRAGLQ) and residues
70-81 (ARDNKKTRIIPR) of human histone HZA,
respectively, with a cysteine added to the C-terminus.
These peptides were coupled to keyhole limpet hemo-
cyanin using 3-maleimidebenzoic acid N-hydroxysu-
ccinimide ester (Plerce, Rockford, IL). Immunization
using the multiple intradermal injections into rabbits
was completed according to the method of Vaitukaitis
(1981). These antisera were affinity-purified and named
2A11 and 2A70, respectively. [n addition, the purified
2A11 antibody was covalently coupled to Sepharose
using NHS-activated Sepharose (Amersham Bio-
sciences, Uppsala, Sweden), and the 2A11-immaobilized
Sepharose was employed as a matrix for affinity
chromatography.

Rabbit polyclonal antibody recognizing the carboxyl
terminal region of human H2A (#s¢-8648, named €19)
was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit polyclonal antibodies against histone
H4 (#07-108) and mouse monoclonal antibodies against
histone H1 (#05-457) and H3 (#05-499) were purchased
from Upstate Biotechnology (Lake Placid, NY). Anti-
ubiquitin monoclonal antibody (Ab3F9) was prepared
by some of the authors (Takada, Kanda, Ohkawa, &
Matsuda, 1994).

2.4. Electrophoretic analyses

The subcellular proteins and protein samples were
dissolved in the SDS-PAGE sample buffer; and resolved
by SDS-PAGE on 16.5% acrylamide gels in Tris-tricine
buffer (Schagger & von Jagow, 1987). The resolved pro-
teins were transferred onto a nitrocellulose membrane
(Kyhse-Andersén, 1984). The blotted membranes were
blocked by 2 h-incubation in immunoblot buffer contain-
ing Tris-buffered saline (TBS), 0.05% Tween-20 with
0.19% gelatin and 0.1% casein. Immunostaining was per-
formed by incubating the blots in each ptimary antibody
at the appropriate dilution in the imumunoblot buffer
for 2h. The blots were then washed four times with
washing buffer (TBS containing 0.05% Tween-20) and
incubated with secondary alkaline phosphatase conju-
gated anti-mouse or rabbit immunoglobulin Fab frag-
ments (Nichirel Corp., Tokyo, Japan), and developed
by the method of Leary, Brigati, and Ward (1983). In
cases where histone H2A, H3, H4, and ubiquitin were
detected prior to the blocking, the blots were autoclaved
at 120:°C for 30 min to enhance the immunoreactivities

toeach antigen (Takada et al., 1994). Prestained molecu-
lar weight standards (BioRad, Hercules, CA) were used
to monitor protein migration.

2.5. Affinity purification of HZA-immunoreactive
proteins

Nuclei were obtained from approximately 3 x 108
THP-1 cells, and nuclear pellets were solubilized with
Smil of SDS-PAGE sample buffer as described above.
This mixture was centrifuged briefly to pellet insoluble
debris, and diluted with S ml of buffer containing 40 mM
Tris~HCI, pH 7.4, 200 mM NaCl, and 0.2% CHAPS.
Removal of SDS from this solution was performed using
SDS-OUT sodium dodecyl sulfate precipitation reagent
(Pierce), and then the solution was dialyzed with Buffer
A containing TBS, 0.1% CHAPS, 0.5 mM PMSF and
I mM EDTA, followed by centrifugation at 100,000 x g
for 60 min. The resulting supernatant was applied to a
2A11-Sepharose column (1 ml of gel volume) and after
washing with 5 ml of Buffer A, the column was devel-
oped with 6 ml of 50mM Tris—HC, pH 7.5, containing
3.5M MgCly and 0.1% CHAPS,

2.6. Enzymatic digestion of H2A-immunoreactive
proteins

The fraction of the affinity-purified H2A-immuno-
reactive proteins was divided into two portions, one
of which was subjected to reverse-phase HPLC on 2
capillary column (C18, 5 wm, 300 A, 150 mm x 0.5 mm;
Brownlee Columns, Perkin-Elmer) using the eluting
conditions described previously (Okawa et al., 2003).
The eluate containing 12-kDa protein was recovered
and diied in a SpeedVac, dissolved in 50 pl of 20 mM
Tris-HCl, pH 9.0, and incubated at 37 °C for 15 h with
0.3 pmol of endoproteinase Asp-N (Roche Diagnostics,
Indianapolis, IN) to achieve enzymatic digestion. The
digested peptides were resolved by reverse-phase
HPLC under the conditions described above, and
simultaneously deposited onto a polyvinitidene diflu-
oride (PYDFE) membrane using the 173A Microblotter
apparatus (Applied Biosystems Inc.; Foster City, CA)
for further analyses,

The remaining fraction of the affinity-purified
proteins was subjected to SDS-PAGE followed by
Coomassie blue staining. The 9-kDa protein band was
cut out from the gel and this gel piece then diced into
Imm?® fragments. These fragments were washed with
50mM ammonium bicarbonate, pH 8.0, in 50% ace-
tonitrile for 10 min, dried in a SpeedVac, and then added
to 2wl of 50 mM sodium phosphate, pH 7.8, containing
10 fmolofendoproteinase Asp-N. This solution was then
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incubated-on ice for 45 min. After the solution was fully
absorbed, enzyme-free sodium phosphate was added
until the gel fragments were covered, and the digestion
was performed over-night at 37 °C followed by extrac-
tion with 5% trifluoroacetic-acid in 50% acetonitrile with
voltex for three times, and dried in vacuo.

2.7. Analyses of amino acid sequences and MS

Each of the proteins on the PYDF membranes was
applied to an automated protein sequencer (mode] 492,
Applied Biosysterns) and the amino acid sequence ana-
lyzed. For MALDI-TOF-MS analysis, aliquots of matrix
solution (1 leach) of sinapinic acid {10 mg/ml in water)
or a-cyano-4-hydroxycinnamic acid (10 mg/ml in 50%
acetonitrile; 40% ethanol/0:. 1% triffuoroacetic acid) were
applied to the target surface followed by the addition of
1 pl of each sample and drying under air. All spectra
were recorded by the AXIMA-CFR (Shimadzu, Kyote,
Japan)inreflectron mode with the measurementrange of
500-4000 m/z or in linear mode with the measurement
range of 500-15,000 m/z.

2.8. RT-PCR

Total RNA was prepared from cells (2 x 10%) using
the SV Total RNA Isolation System (Promega, Madison,
WI) according to the manufacturer’s instructions. RT-
PCR was carried out in a single tube (Sellner, Coelen,
& Mackenzie, 1992). Each reaction contained 0.8U
transcriptor reverse transcriptase (Roche Diagnostics),
0.4 U Fast Start Taq DNA polymerase (Roche Diagnos-
tics), 10ng total RNA, 1l 10x PCR reaction buffer
containing 20 mM MgCly, 400 pM dNTPs and 1 uM
primers for each gene. The primer sequences were
as follows: c-fos, 5-TTGTGAAGAC CATGACAGGA
GG-3' and 5-GATGCTCTTG ACAGGTTCCA CT-
35 cjun, 5-GATCCTGAAA CAGAGCATGA CC-
3" and 5-AGTTGCTGAG GTTTGCGTAG AC-3;
Egrl, 5-CCCCTCTGTC TACTATTAAG GC-3 and 5'-
GTTCATCGCTCCTGGCAAAC TT-3". The tubes were
iricubated and thermal cycled (30 min at 55 °C, 4 min at
95 °C, then 25 cycles of 95 °C for 30s, 55 °C for 30 s and
72 °C for 30s) using the GeneAmp PCR System 9700
{Applied Biosystems).

3. Results

3.1, Immunochemical detection of putative
truncated forms of histone H2A

In order to analyze histone H2A in THP-1 cells, we
ernployed three distinct antibodies, named 2A11, 2A70
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Fig. 1. Detection of histone H2A-immunoreactive proteins. (A)
Regions of synthetic peptides used as antigens (2Al11 and 2A70) or
a blocking peptide provided by the supplier (C19). The antibodies
of 2A11 and 2A70 recognize H2A 124 and H2A70s1, respectively,
and the C19 antibody recognizes the carboxyl terminal region. (B)
Whole cell extracts of THP-1 cells containing proteins (15 g each)
were subjected to SDS-PAGE followed by immunoblotting using anti-
H2A antibodies (2A11, 2A70 and C19) and anti-ubiquitin antibody
(alb). (C) Subcellutar localization of the H2A-immunoreactive pro-
teinis detected by the antibody 2A70. Nuclearand eytoplasmic fractions
(5 wgeach) and a part of the chromatin fraction were applied to SDS~
PAGE followed by immunoblotting.

and €19, which were raised against ditferent regions of
H2A (Fig. 1A). Toavoid artificial degradation as much as
possible, the cell extracts were prepared by the immedi-
ate addition of SDS-PAGE sample buffer to the collected
cells and then subjected to Western blotting with these
antibedies (Fig. 1B). The 2A1l antibody recognizing
the adjacent region of the N-terminus H2A (residues
11-24) markedly immunostained four bands at molecu-
lar masses of 9, 12, 14 and 23 kDa. The 23-kDa band was
also detected by the 2A70 antibody recognizing the cen-
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tral region of H2A (residues 70-81) and anti-ubiquitin
antibody (Fig. 1B), suggesting that it corresponded to
mono ubiquitinated H2A. The 14-kDa band, which was
detected by all three H2A antibodies, wasestimatedto-be
intact H2A since the theoretical mass of human H2A.1
was also ealculated to be 13,960 kDa. The 12-kDa band
was also immunostained by all three antibodies. The 9-
kDa band was visualized by 2A11 and 2A70 antibodies,
but not detected by C19 antibody which recognizes the
neighbering region of the C-terminus. Judging from their
sizes, we predicted that the 9--and 12-kDa proteins were
truncated forms of H2A.

To clarify subcellular localization of the H2A-
immunoreacitive proteins, the fractions of nuclei, eyto-
plasm and chromatin were subjected t6 Western blot
analysis, The 9-, 12-, 14-, and 23-kDa proteins were
found in the nuelear and chromatin fractions, but not
in the cytoplasmic fraction (Fig. 1C).

The location of these H2A-immunoreactive proteins
was further investigated using the nuclear fractiona-
tion procedure. The nuclei of THP-1 cells were incu-
bated with or without micrococcal nuclease for 30 min.
This treatment with micrococcal nuclease digested
nuclear DNA, which was released as mono- and oligo-
nucleosomal fragments (data not shown). Each nucleus
was extracted in various concentrations of NaCl, and
the So. S1, S5, and P fractions thus obtained were ana-
lyzed by:SDS-PAGE followed by Western blotting using
the 2A70 antibody. Without micrococeal nuclease diges-
tion, the 9+, 12- and 14-kDaproteins were predominantly
localized to the insoluble P fraction (Fig. 2A). The nucle-
ase digestion induced release of the 12- and 14-kDa
proteins since both band intensities in the S and S frac-
tions were increased (Fig. 2B). These results suggest that
the 12- and 14-kDa proteins bind to chromatins, most of
which are sensitive to micrococcal nuclease, and thus

®) ®
e kDa
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Fig. 2. Histone H2A-immunoreactive proteins in salt-fractionated
cliromatins of THP-1 cells. Nuclei, treated without (A) or with (B)
micrococeal nuclease, were .extracted with increasing salt (sodium
chloride} concentrations as follows: OM (Sp), IML(81),2M (82) and
insoluble residue (P). Details of the method have been described pre-
viously {11]. Proteins (3.g each) in the samples were subjected to
SDS-PAGE followed by immunoblotting using antibody 2A70.
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Fig. 3. Detection of HZA-immunoreactive proteins and biotinylated
H2A. Sample mixtures with (+) or without (—) cell lysates (whole
cell extracts containing 15 wg of proteins), bictinylated H2ZA (20 ng)
and bovine H24 (100ng) were subjected to SDS-PAGE, and trans-
ferred to nitrocellulose membranes; Lanes from | to 4 and from 5 to
8 were probed with the 2A70 antibody and streptoavidin conjugated
with alkaline phosphatase.

they can be solubilized with lower ionic strength. The
9-kDa protein became undeteéctable as a result of the
nuclease digestion (Fig. 2A and B) suggesting that this
protein mdy be sensitive to proteolytic activities released
by the nuclease treatment.

In order to assess the influence of the cell extrac-
tion procedure on the appearance of putative H2A trun-
cated forms, biotinylated H2A was added to THP-1 ¢ells
followed by direct lysis in SDS-PAGE sample buffer.
Biotinylated HZA was not truncated by the lysis proce-
dure (Fig. 3), suggesting thatthe 9- and 12-kDa proteins
are not produced artificially during cell extraction.

3.2. Purification and identification of the
HZA-immunoreactive proteins

Immunoaffinity  chromatography using 2A11
antibody-immobilized Sepharose was employed to
isolate the 9- and 12-kDa proteins. The nuclear extract,
containing 64mg of proteins, was applied to the
2A11-Sepharose column. The great majority of proteins
did not bind to the column, whereas 4 small amount
(0.23 mg of the proteins) was adsorbed and recovered
as the MgCly eluate. SDS-PAGE followed by silver
staiming tevealed that the eluate confained four bands
of 9, 12, 14, and 23kDa, respectively (Fig. 4A).
These bands were immunostained with the three
antibodies against histone H2A (Fig. 4B), indicating
that the H2A-immunoreactive proteins were purified
suceessfully.

The MgCly elnate was further fractionated by
reverse-phase HPLC with the result that the 12-kDa
protein was isolated to homogeneity {data not shown).
The 12-kDa protein was then digested by endopro-
teinase Asp-N, and analyzed again by reverse-phase
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Fig. 4; Proteins and H2A-immunoreactive proteins in fractions from
immunoaffinity chromatography. A nuclearexiract (Input) was applied
to the column, and the unbound run-through fraction (Unadsorbed) and
bound-eluted fraction (Bluate) were collected, (A) Proteins of each
fraction were subjected to SDS-PAGE, and visualized by silver stain-
ing, or followed by immunoblotting using antibody 2A70. The loaded
amounts were adjusted in the same volume proportion of each frac-
tion. (B} Proteins of the *Eluate” fraction were subjected to SDS-PAGE
and transferred to nitroceliulose membranes, followed by staining with
Ponceau S or by immunostaining using three antibodies (2470, 2411
and'C19) against H2A.

HPLC (Fig. 5). Edman degradation analysis of the
resulting digests led to determination of the amino
acid sequences of the following two peptide fragments:
peak 1: DNK-TRIIP-HL, and peak 2: DEELNKLL-
GKVTIAQGGVLPNIQ, corresponding to residues
72-83 and 90-112 of H2A, respectively (Fig. 6). From
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Fig. 5. Reverse-phase HPLC of endoproteinase Asp-N-digested pep-
tide fragments obtained from the. 12-kDa protein. The 12-kDa protein
purified to homogeneity by the immunoaffinity chromatography fol-
lowed by reverse-phase HPLC was subjected to limited proteclysis and
applied to-a capillary.column for reverse-phase HPLC. Absorbance at
210nm was then monitored. Peaks eluted with a gradient of acetoni-
trile, and two peptide peaks (I and 2) were separately collected, and
subjected to Edman degradation analysis.

all of the other peaks in the chromatogram (Fig. 5),
no sequence data were obtained, possibly because
of peptide N-terminal modifications or nonpeptide
contaminants. Molecular mass values determined by
means of MALDI-TOF-MS were 12,320Da for the
12-kDa protein, 2186.4 Da for peak 1 and 2619.2 Da for
peak 2. These values were in good agreement with the
caleulated masses of N-terminal acetylated H2A 1 ji4
(12,319 Da) and the endoproteinase Asp-N-digested
H2A fragments (2186.3 Da for H2A79.39 and 2619.5 Da
for H2Ao9p-114), respectively. From these results and the
fact that H2A is acetylated at its N-terminal (Sautiere
et al., 1974), the 12-kDa protein was identified as
C-terminal truncated H2A (4 115-129), H2A1_q14.

For further analysis of the 9-kDa protein, a
Coomassie-stained gel band was used as. a source of the
protein, since the 9-kDa piotein bound irreversibly to the
reverse-phase HPLC column and never eluted. The por-
tion of the gel containing the 9-kDa protein band was
incubated with endoproteinase Asp-N, and the digest
mixture was extracted. This mixture was directly ana-
lyzed by Edman degradation, yielding a major sequence
of DNKKTRIIPRHLQ, which shows complete identity
to H2A72 g4. Furthermore, in the mixture, we found
two constituents whose molecular mass values were
determined to be 9446.6 Da and 1917.6 Da by MALDI-
TOF-MS analysis, and these values were in good agree-
ment with the calculated masses of N-terminal acetylated”
H2A g7 (8446.5 Da)yand H2A75.57 (1917.8 Da). These
results indicate that the 9-kDa protein is another trun-
cated form (A 88-129) of HZA, H2A, g7.
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DNKKTRIIPRHLQ.

DEELNKLLGKVTIAQGGVLPNIQ.

Fig. 6. Determined amino acid sequences. Sequences determined by Edman degradation of endoproteinase Asp-N digests of 12-kDa protein and
9-kDa-protein. The digest of the 12-kDa protein was fractionated by teverse-phase HPLC, and the resuiting-peaks 1 and:2 (Fig. 5) were analyzed.
The digested 9-kDa protein was directly analyzed without further fractionation. Names of the samples are shown in bold-face. Sequences are given
in one-letter codes below the sequence of H2A. 1. Sequences notidentified are indicated by dashes, and the dots af the end of the sequencesindicate
that the amino acid has not been determined from this peint or that the analysis was terminated at this point since the resulting sequénce was sufficient

for the database search,

3.3. PMA and RA induced changes in levels of the
truncated H2A

Acute monocytic leukemia THP-1 cells were differ-
entiated to macrophage-like cells by cultivation in the
presence of PMA and RA. H2A-immunoreactive pro-
teins in the cells treated with PMA or RA were analyzed
by Western blotting using the 2A70 antibody (Fig. 7).
H2A (14 kDa) and the amounts of mono-ubiquitinated
H2A (23 kDa) were not changed by treatment with either
PMA or RA. However, H2A (.g7 (9 kDa) and H2ZA {114
(12 kDa) were transiently increased in amount by both
reatments. These results suggest that truncation of H24
was accelerated i the early stage of differentiation of
THP-1 cells.

3.4. Effects of protease inhibitors on appearance of
the truncated H2A

Four different protease inhibitors were tested for their
ability to inhibit the truncation of H2A. PMA-induced
changes in levels of the truncated forms (H2A_g7 and
H2A 114) were observed to varying degrees in cells
treated with ZLLal, o-phenanthroline, or PSI, whereas
these changes were completely suppressed by treatment
with MG132 (Fig. 8). These results suggest that MG 132-
sensitive protease may be involved in the truncation of
H2A by short-term exposure to PMA.

H2A, g7 and H2A1 j14 were transiently increased
within 30 min after treatment with PMA and RA (Fig. 7).
We predicted that H2ZA proce$sing might be implicated in
expression of the early response genes, such as-¢-jun, ¢-
JSos, and Egr-1, whose transcription is up-regulated under
similar conditions (Akuzawa, Kurabayashi, Ohyama,
Aral, & Nagai, 2000; Auwerx, Staels, & Sassone-Corsi,
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1990). The amounts of mRNA of ¢-jun, c-fos and Egr-
1 were apparently increased by PMA treatment in our
experiment, however pre- and co-treatment with MG132
did not suppress the enhancement of expression of these
genes (data not shown). Thus cleavage of histone H2A

Q 5 10 30 60
Minutes in culture

a <] 10 30 80
Minutes inculture

Fig.7. Changesinthe levelsof HZA-immunoreactive proteins in THP-
1 cells treated with phorbol 12-myristate 13-acstate (PMA) (A) or all-
trans-retinoic acid (RAY (B). The cells were:cultured in the presence of
50ng/m PMA or 1 uM RA forthe indicated minutes. Proteins (15 jig
each) of whole cell extracts were subjected to SDS-PAGE followed by
immunoblotting using the 2A70 antibody recognizing H2A.,
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Fig. 8. Changesinthe levels of H2A-immunoreactive proteins in THP-
1 eells treated with phorbol 12-myristate 13-acetate (PMA) in the pre-
ceding culture with protease inhibitors. The cells werecultured for2 h
in the presence of dimethyl sulfoxide (DMSO) (0.1%), PS1(10 pM),
o=phenanthroline (100 M), MG132 (10:uM) and carbobenzoxy-L-
leucyl-r-leucinal (ZLLal) (10 wMD, and then PMA (30 ng/ml a3 the
final conceniration) was added to each cell for extended culture for
up to 30.min. Proteins (135 iy each) of the whole cell extracts were
subjected to SDS-PAGE followed by immunoblotting using the 2A70
antibody recognizing H2ZA.

might not contribute to an immediate response of the
early response genes to PMA.

4, Discussion

In the present study, we found two H2A-
immunoreactive proteins (9- and 12-kDa proteins) in
human leukemia cell nuclei, and then purified and iden-
tified them as truncated forms of H2A, both of which
were localized in the chromatin fraction (Fig. 1). We pre-
dict that H2A undergoes proteolytic cleavage at Ig7 and
V114, yielding H2A 1 g7 (9 kDa) and H2A4_14 (12kDa),
respectively (Fig. 9). On the other hand, the resid-
ual cleaved fragments corresponding to the C-terminal

1 129
l H2A
; 14-kDa protein .
¥ Kl
114 1 87
______________ >

12-kDa protein 9-kDa protein
Fig. 9. A model for production-of the truncated forms-of histone H2A.
H2A 114 (12kDa) and H2A g7 (9 kDa) were found in the chromatin
fraction of THP-1 cells. Native H2A (14kDa) is ¢cleaved by putative
H2A-specific protease (Eickbush et al., 1976), forming H2Ai_114. In
addition, unknown protease may produce H2A . g7 by the processing
of H2A or H2A [ i14.
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region of H2A, i.e. H2A 15129 (1683 Da), H2Ags. 199
(4556 Da), and H2Ags_114 (2873 Da), were not detected
inany of the nuclear samplesitested by Western blotanal-
ysisusing C19 antibody, even though the employed SDS-
PAGE system showed good resolution in the 2-30kDa
range {Schagger & von Jagow, 1987), and the C19
antibody recognized this region (Fig. 1). These results
suggest that the cleaved C-terminal fragments are not
retained in the chromatin and thus subjected to degrada-
tion. Proteolytic degradation of histones including HI,
H3, H2A and others, can occur during the preparation
of chromatin from leukemic cells (Simpkins & Mahon,
1977). However, in the cell extracts prepared by direct
lysis in SDS-PAGE sample buffer (same samples used
in Fig. 7), no degraded bands were detected by West-
ern blot analysis using each of the antibodies against
H1, H3 and H4 {data not shown). In addition, the trun-
cated forms were not produced from biotinylated H2A,
which was exogenously added to the cells (Fig. 3). These
results indicate that H2A, but probably notother histone
proteing, undergoes endogenous limited proteolysis in
the nuclei of THP-1 cells, by which we found the two
truncated forms of H2A.

A 12.5-kDa proteolytic product of H2A has been
found in acute leukemia cells, and the amount of this
product in HL-60 cells is increased by treatment with
DMSQO, inducing differentiation of the cells (Pantazis,
Sarin, & Gallo, 1981). Interestingly, our results indicate
that the two truncated H2A levels in THP-1 cells were
transiently increased by treatment with differentiation-
inducing reagents (Fig. 7), and 9- and 12-kDa H2A-
immunoreactive protelns were also found in acute
myeloid leukemia OCI/AML 1la cells (data not shown).
Therefore, the 12.5-kDa protein (Pantazis et al., 1981)
conceivably was identical to the 12-kDa truncated H2A
(H2A.114) in this study. H2A 114 production has been
characterized in vitro by using fractions of H2A-specific
protease prepared from calf thymus and liver (Davie et
al., 1986; Eickbush et al., 1988; Eickbush et al.,, 1976;
Elia & Moudrianakis, 1988). These studies clarified
some aspects of this protease, but no direct evidence
has been obtained to show that H2A is processed by the
protease in vivo. Therefore, the 12-kDa truncated H2A
detected immunochemniically in the present study may be
the first observation indicating the presence of the prod-
uct (H2A 1. 114) of the H2A-specific protease. To the best
of our knowledge, H2A;_g71s a novel processing product
of H2A, which has lost the C-terminal region containing
42 amino-acid residues.

Levels of the two truncated forms of H2A were tran-
siently increased by short-term exposure of PMA and
RA, but a concomitant decrease in the amounts of H2A
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was not observed. Therefore, the source of H2A g7 and
H2A1.114 is unclear (Fig. 7). Another candidate of the
source is ubiquitinated H2A, since the ubiquitin-H2A
conjugate can also be cleaved by the H2A-specific pro-
tease (Davie et al., 1986); and 10-kDa ubiguitinated
H2A115-119, the product of ubiquitinated HZA process-
ing, is found in leukemia cells (Okawaetal.,2003). How-
ever, during exposure (up to 1 h) to PMA and RA, levels
of ubiquitinated H2A were almost stable (Fig. 7), and the
cleaved fragments of ubiquitin-H2A conjugates (ubiqui-
tinated H2A15.129 or HZAgg-129) were not observed by
Western blot analysis with anti-ubiquitin antibody (data
not shown). One of the possible explanations of this dis-
crepancy is that only a small part of the nucleosomal
H2 A 15 cleaved under the-effect of PMA or RA, thus the
consumption of H2A is negligible. It must be noted that
the band intensities in the same lane of Fig. 7 are not
precisely reflected in the amounts of these H2A forms,
and anti-H2A antibody 2A70 is probably more reactive
to the truncated forms than native H2A,

The increase in amounts of both fruncated HZA
resulting from PMA and RA treatment was effectively
suppressed by only MG132, a well-known proteasome
inhibitor (Tsubuki, Saito, Tomicka, Tto, & Kawashima,
1996) suggesting that MG 132 exerts inhibitory activ-
ities against the protease(s) producing H2A;.g7 and
H2A1.q14 (Fig. 8). However, it is unlikely that protea-
some is involved in the limited proteolysis of such small
protein like H2A. In addition, PSI, another proteasome
inhibitor, was not effective in this experiment (Fig. 8),
and MG132 has a wide inhibitory spectrum against vari-
ous proteases, such as calpain (Tsubuki et al., 1996) and
cathepsin K (Votta et al,, 1997). Therefore, MG132 may
affect protease(s) other than proteasome, which cleaves
H2A such as the H2A-specific protease. To obtain aclear
understanding of the targets of MG132, identification
of the protease responsible for the processing of H2A
should be pinpointed.

A fundamental question is: “What is the role of the
limited proteolysis of H2A in chromatin of THP-1 cells
and other leukemic cells (Pantazis et al., 1981)7”. The
H24 114 molecule still forms a stable H2A:H2B dimer,
but the HZA |_114:H2B dimer has a significantly reduced
affinity constant for H3:H4 tetramer compared to native
dimer, suggesting that this proteolysis leads to a more
extended nucleosomal conformation, which may facil-
itate transcription or replication (Elia & Moudrianakis,
1988). In this context, the PMA/RA-induced transient
increases in H2A g7 and H2A4_114 (Fig. 7) might be
involved in transcription in the early stage of differenti-
ation. However, MG 132 weatment, which can suppress
these increases in the truncated forms of H2A (Fig. 8),
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could not prevent PMA-induced expression of the-early
response genes {data not shown). Considering the wide
inhibitory spectrum of MG132, it is difficult to draw any
definite conclusion, and thus the significance of H2A
truncation remains controversial. More highly specific
inhibition of HZA processing, using for example siRNA
for the responsible protease, will be needed to obtain
further insight into the limited proteolysis. of histone
H24A.
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Abstract: An extracorporedl bioartificial liver (BAL) that
could prevent death from hepatic encephalopathy in
acute hepatic insufficiency was aimed to develop, A fune-
tional human hepatoceliutar carcinoma cell fine (FLC-4)
was cultired in a radiat-flow bioreactor. The function of
the BAL was tested in mini-pigs with acute hepatic failure
induced by oramanitin and lipapolysaccharide. When the
BAL system was connected with cuttured FLC-4 to three
pigs with hepatic dysfunction, all demonstrated electroen-
cephalographic improvement and survived. Relatively low
plasma concentrations of 8-100 B protein, as a marker of
astrocytic damage, from pigs with hepatic failure during
BAL thulapy were noted. BAL therapy can prevent
irreversible brain damage from hepatic encephalopathy
in (JXpL,Flm{,ﬂLdl acute hepatic failure. Key Words:
Acute hepatic failure—Radial-flow bioreactor—Cercbral
edema—Astrocytes—e-Amanitin.
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A clinically effective bioartificial liver (BAL)
requires development of a high-density cell culture
module and a highly functioning liver cell line. We
sought to develop a high-performance BAL to avoid
lethal hepatic encephalopathy in acute hepatic insuf-
ficiency and establish the BAL as an extracorporeal
circulation therapy able to surpass conventional
blood purification procedures. Our extracorporeal
BAL support system used a highly functional human
hepatocellular earcinoma (HCC) cell line (FLC-4)
cultured in a radial-flow bioreactor (RFB): (1,2). The
RFB is packed with cell-adhesion scaffolds in a cylin-
drical array (Fig. 1A B). The culture medium or the
plasma flows from the periphery of the cylindrical
module to the center. One important problem when
cells are cultured densely is delivery of sufficient
oxygen and nutrients even when these are plentiful at
the inflow site. As a result, we could culture cells
successfully at a deasity of 10%/mL.

We have currently tested the BAL in mini-pigs
with acute hepatic failure induced by G-amanitin, &
mushroom-derived poison, and lipopolysaccharide
(LPS), while monitoring with electroencephalogra-
phy (EEG) to assess the effectiveness of BAL against
hepatic encephalopathy. We measured the plasma
levels of S-100 P protein, a marker of damage to
astrogytes (3).

MATERIALS AND METHODS

Mini-pigs and monitoring

Male mini-pigs (CSK-MS) weighing 10-13 kg were
a generous gift from Chugat Pharmaceutical (Tokyo,
Japan). Prior to the experiments, they were main-
tained for 1-4 weeks at the Laboratory Animal Faeili-
ties of the Jikei University School of Medicine,
receiving standard chow and water ad libitum. The
study was approved by the institution’s committee
concerning animal experimentation.

Acute hepatic failure model

During inhalation anesthesia with 3-4% isofiu-
rane, .05 mg/kg of o-amanitin (Calbiochem, Darm-
stadt, Germany) and 1pg/ke of LPS (Sigma, St
Louis, MO, USA) dissolved in 10 mL of saline was
administered via the splenic vein. Fifty percent
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FIG. 1. {A.B} The RFB. The RFB is packed with cell-adhesion scaffolds in a eylindrical array. Culture medium or plasma flows from the
periphery of the cylindrical module to the center. (C,D) Scanning slectron microscopic (SEM) observations in FLC-4 cells cuitured on
hydroxyapatite beads in the RFB. FLC-4 cells form a 'single layer on porous hydroxyapatite beads in & cubic array. The arrow heads
indicate the basal side of cells, while the arrows show the apical side of cells. N, ntcleus. (E) The extracorporeal BAL system. From blood
obtained froman artery, and plasma is separated from cells at 10-15 mL/min by the plasma separator (PS) and flows into the BAL after
taking up oxygen from the oxygeneter (OG). The eritire device is maintained consistently at 37°C. The purified plasma is mixed with blood

cells and returped 1o a vein.

glucose solution and 7% sodium bicarbonate were
injected as required during the monitoring of
venous blood glucose and arterial blood acid-base
parameters,

BAL using the RFB

The RFB (Biott, Tokyo, Japan) is a cell-filling type
bioreactor of 15-mL capacity in which a cylindrical
module is filled up with porous hydroxyapatite beads
(PENTAZX,Tokyo, Japan) with a diameter of approxi-
mately 1 mm (1) (Fig. 1A,B,C). The culture system
consists of the RFB, a reservoir-adjusting culture
fluid, a cireulation pump, and an automatic controller
to adjust the dissolved oxygen content and the pH of
the culture fluid. We injected 10% of FLC-4 cells, a
humian HCC cell line, into the reservoir, which con-
tained ASF 104 culture medium {Ajinomoto, Tokyo,
Japan) with 2% fetal bovine serum (FBS) and set
the circulated pump at 10 mEL/min for seeding and
attaching cells into the porous hydroxyapatite beads
in the RFB (Fig. 1D). The circulation culture at

25 mL/min was continued for 10 days after adhesion
of the cells was confirmed and FLC-4 cells grew 10°in
the RFB. We used the RFB almost completely filled
with cells as the BAL.

Extracorporeal circulation using the RFB

Arterial blood was extracted at 20-30 mL/min, and
plasma was separated at 10-15 mL/min by a plasma
separator (Plasmafioc, OP-02W, Asahi Kasei Medical,
Tokyo, Japan) and allowed to circulate through the
BAL after passage through an oxygenator (silicone
rubber tube module M40-3000, Nagayanagi, Tokyo,
Japan) (Fig. 1E). The entire device was maintained
constantly at 37°C. Together with the separated blood
cells, the purified plasma was returned to the animal
via the cervical vein. The extracorporeal circulation
time in this experiment was 4-6 h. Intravenous treat-
ment with 50% glucose and 7% sodium bicarbonate
solution continued after the BAL extracorporeal
circulation, Heparin was injected as an anticoagulant,
At initiation of extracorporeal circulation, an intra-
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FIG. 2. (A) Time course of biochemical data in control (animal 2) developing hepatic failure after administration of w-amanitin and LPS.
Plasma was perfused through the RFB without FLC-4 cells. Neither control animal {(animals 1 and 2) recovered at any time from fatal
hepatic failure. (B) Time course of biochemical data in an animal (animal 4) developing acute hiepatic fallure after administration of
g-amanitin and LPS. Plasma was perfused through the RFB containing FLC-4 cells beginning 12 h-or more after toxin administration. All
three animals (animals 4, 5, and 6) treated by BAL therapy survived. The arrow indicates the time of g-amanitin and LPS administration.
Black bar indicates extracorporeal BAL perfusion. AST, aspartate amino transferase; T.Bl, total bililbin; T.Chol, total cholesterol; PT,
prothrombin time. (C)'$-100 § protein in plasma from-an animal with untreated acute hepatic failure, showing a marked increase that
suggested severe astrocytic damage, (D) This increase is less prominent during BAL exiracorporeal circulation,

venous injection of 1000 units was given. Heparin
then was mnfused into the withdrawn arterial blood at
300 units/h.

Enzyme-linked immunosorbent assay (ELISA) for
§-100 B in plasma

We measured S-100 B protein in plasma as a sys-
temic marker of damage to brain ‘astrocytes in
pigs with acute hepatic failure using an ELISA kit
{Yanathara Institute, Shizuoka, Japan).

RESULTS AND DISCUSSION

In the present preclinical study, our ultimate aim
was to find a way to prevent or reverse potentially
lethal hepatic encephalopathy in acute hepatic

Artif Organs, Vol 3, No. 22007

failure using BAL as a bridge to either recovery or
transplantation, We used an dcute hepatic failure
model involving a relatively large animal to test the
effectiveness of densely cultured FLC-4 cells in a
module for extracorporeal circulation. Devising an
acute hepatic failure model m a relatively large
animal is extremely difficult. We used the method
of Takada etal., who induced acute hepatic failure
by injecting a-amanitin and LPS via the portal vein
(4). We first established extracorporeal circulation
through a BAL system without FLC-4 cells in two
animals (animals 1 and 2) with o-amanitin/LPS-
induced hepatic dysfunction. The animals died
respectively 2 h after initiation of extracorporeal cir-
culation and at a completion point of extracorporeal
circulation at 6 h (Fig. 2A). We thus used the BAL
system with FLC-4 cells to treat hepatic dysfunction
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in three animals {animals 3,4, and 5), obtaining EEG
improvement and survival in all. Figure 2B shows the
course of one animal treated by BAL therapy. Even
when transaminase and ammonia concentrations in
biood were not markedly elevated, many animals
that had been injected with g-amanitin and LPS died
of hemorrhagic necrosis of the liver with marked
cerebral edema. Among the blood tests, the best
index of hepatic failure was a decrease in the choles-
terol concentration. We therefore administered BAL
for 4-6 h, when the EEG showed slowing and plasma
cholesterol decreased, about 12-20h after toxin
administration, The three animals with acute hepatic
failure showed counsiderable normalization of slow-
wave activity in the EEG after extracorporeal circu-
lation therapy usinig FLC-4 cultured inthe RFB, with
yltimate survivak

The reason for the survival of animals with acute
hepatic failure treated with the BAL is thought to
be the prevention. of rapidly progressive cerebral
edema. In plasma from a pig dying from hepatic
failure, and a surviving animal just after BAL
therapy, we measured the plasma levels of S-100 B
protein as a marker of hepatic encephalopathy spe-
cifically astrocytic damage (3). S-100 P protein had
significantly increased in plasma from animals with
acute hepatic failure, especially those that died (Fig.
2C). In contrast, we observed that the release of
S-100 B protein in plasma was inhibited during BAL
therapy and the animal survived (Fig. 2D). This sug-
gested that BAL therapy tended to ameliorate
encephalopathy in acute hepatic failure.

Agents potentially responsible for hepatic coma
include not only ammonia and manganese com-
pounds, but also an assumed unknown substance with
a molecular weight of 5-20 kD (5). Astrocytes form
the blood brain barrier (BBB),and sustainnerve cells
as they function (6). Increases of the postulated
hepatic coma agent in blood induce early functional
impairment in astrocytes. However, removal of the
unidentified hepatic coma agent(s) is difficult using
conventional blood-purifying treatments. We there-
fore feel an urgent need to develop modalities such
as the BAL, in which human liver cells (highly func-
tioning HCC cell lines) are cultured at high density in
an RFB. The results of this experiment suggest that
BAL can ameliorate hepatic encephalopathy by
removal of suspected and/or unknown hepatic coma
agents.

CONCLUSIONS

We constructed a compact and high functional
BAL system using the RFB and a human HCC cell

line FL.C-4. Large animals with acute hepatic failure
induced by o-amanitin and LPS were able to recover
from fatal hepatic encephalopathy, and the result was
improved by the extracorporeal circulation therapy
using this system.
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