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Liver specificity of hepatitis B virus (HBV) replication has been attributed to the action of its second enhancer
(ElI). We report here the characterization of EU and the subsequent isolation of a novel liver-specific
DNA-binding protein which binds to and activates EII. The cDNA clone of the protein, designated E2BP, was
isolated from a Agtll expression library constructed from the hepatoma cell line HuH-6 which was screened
with a binding site probe derived from EII. Sequence analysis of E2BP revealed 86.6% homology with a rat
heterogeneous nuclear ribonucleoprotein C protein sequence, while conformational studies suggest a helix-
loop-helix motif as a DNA-binding site. Cloned E2BP expressed in human fibroblasts by transient transfection
displayed EII binding and activating characteristics similar to those of native E2BP in hepatocytes.

In hepatitis B virus (HBV)-infected hepatocytes, two
major viral transcripts of 3.6- and 2.2-kb mRNAs have been
observed during replication (3, 33). While the 2.2-kb mRNA
is involved in the production of pre-S2 and S proteins, the
3.6-kb mRNA is involved in the expression of several
protein products such as HBV core antigen, HBV envelope
antigen, and viral polymerase. It also functions as the
pregenome for virus replication (2). In DNA transfection
studies, the 3.6-kb mRNA has been found in well-differen-
tiated human hepatoma cell lines but is generally undetect-
able in nonhepatic cells (27, 30, 35). This finding suggests
that either liver-specific factors, differentiation-related fac-
tors, or a combination of both is needed for correct tran-
scription from the core promoter to produce the 3.6-kb
pregenomic mRNA. Previous data have also shown that the
HBV promoters are in turn regulated by HBV enhancer
elements (1, 10, 36) which appear to be especially active in
hepatocytes, resulting in high-level expression of HBV (25).
This may be one of the reasons for the pronounced hepa-
totrophicity of the virus, i.e., the tissue specificity of HBV
gene expression is determined by the combinatorial action of
the enhancer and promoter. However, the actual mechanism
and the interaction with cellular factors giving rise to tissue
specificity are still obscure.
To date, two enhancers for transcription of the 3.6-kb

mRNA have been identified. The first enhancer (EI), located
between nucleotides (nt) 1070 and 1234, approximately 600
bp upstream from the transcription initiation sites of the
3.6-kb message (23), activates transcription in a relatively
tissue independent manner (31). These results argue against
a major role for this enhancer in directing tissue-specific
control of HBV replication. The second enhancer (EIl),
located in the X gene within an 87-bp region at nt 1554 to
1645 (36), was by itself sufficient to direct efficient chloram-
phenicol acetyltransferase (CAT) expression in hepatoma
cells, which indicated the possibility that EII was more
tissue restricted than was El. At the same time, a number of
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studies have alluded to the existence of liver-specific tran-
scription factors that bind to and regulate the activity of EII
(32, 34, 36). Furthermore, Yee (36) and Honigwachs et al.
(10) showed that these factors were present in high amounts
in well-differentiated hepatoma cell lines and were either
undetectable or absent in dedifferentiated hepatoma cell
lines and nonhepatic cell lines. In view of this finding, the
identification of such DNA-binding proteins that regulate
HBV replication would be important in helping us to under-
stand the HBV replication cycle and possibly its role in the
etiology of hepatocellular carcinoma. Therefore, we set out
to determine the action of EII and its interaction and
dependency on liver-specific factors. Here we report the
characterization of EII, the identification of a novel positive
regulatory trans-acting factor required for EII activity, and
the cloning and characterization of this liver-specific factor,
designated E2BP.

MATERIALS AND METHODS

Construction of an enhancer-CAT plasmid. CAT plasmids
pCAT-Basic (an enhancerless and promoterless CAT plas-
mid) and pCAT-Promoter (an enhancerless CAT plasmid
with a simian virus 40 promoter upstream from the CAT
gene) were obtained from Promega Corp. (Madison, Wis.).
Plasmid p87/26-CAT was constructed by ligation of the HBV
DNA 87-bp HincII-RsaI fragment (nt 1554 to 1645) excised
from pADR4 (7) into a pCAT-Promoter vector which was
digested with BglII and made blunt ended with Klenow
polymerase.

Cell transfections and CAT assays. Cells were transfected
with either p87/26-CAT, pCAT-Promoter, pCAT-Basic, or
pSV-E2BP by the calcium phosphate coprecipitation method
(9). Cell extracts were prepared and assayed for CAT
activity by the method of Seed and Sheen (21). Quantitation
of CAT activity, based on the enzymatic butyrylation of
[14C]chloramphenicol (NEN Research Products, Boston,
Mass.), was determined by liquid scintillation counting. This
highly sensitive assay is linear over 3 orders of magnitude of
enzyme concentration and gave consistent and repeatable
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results. The relative CAT activity was calculated as a
percentage fold of that of pCAT-Promoter, which was nor-
malized to 1.0. The values reported are means of three to five
independent experiments + standard deviation.

Cell cultures. (i) Primary hepatocyte culture. Normal liver
tissue was washed in RPMI 1640, minced and prepared as
tissue explants, and maintained in Dulbecco's modified
Eagle's medium supplemented with 10% fetal calf serum.

(ii) Cell lines. All hepatic cell lines were obtained from
their laboratories of origin. All nonhepatic cell lines were
obtained from the American Type Culture Collection. Ad-
hesion cells were cultured as monolayers in Dulbecco's
modified Eagle's medium supplemented with 10% fetal calf
serum, while suspension cells were cultured in RPMI sup-
plemented with 10% fetal calf serum.

Isolation of cell nuclei and preparation of nuclear extracts.
Nuclear extracts were prepared as described by Dignam et
al. (6). Protein concentration was determined with the Bio-
Rad protein assay kit, with bovine serum albumin as the
standard. Typical yield was 500 ,ug of nuclear protein iso-
lated from 10 HuH-6 cells.

Gel retardation assays. Gel retardation assays were per-
formed by the method of Rhodes (18). Binding reaction
procedures were performed for 15 min in a total volume of 25
,ul in a buffer containing 10 mM Tris-HCl (pH 7.8), 50 mM
NaCl, 1 mM EDTA, and 1 mM dithiothreitol; 4 to 8 ,ug
of nuclear extract was included in each reaction mixture
along with nonspecific competitor DNA [poly(dI)-poly(dC);
Boehringer GmbH, Mannheim, Germany]. End-labeled
binding-site DNA was added last after a 10-min preincuba-
tion period. After binding, the reaction mixtures were loaded
onto 4% nondenaturing polyacrylamide gels (30:1 acryl-
amide-to-bisacrylamide ratio); the mixtures were electro-
phoresed at 10 V/cm with recirculating buffer (6.6 mM
Tris-HCl [pH 7.6], 3.3 mM sodium acetate, 1 mM EDTA) for
2 to 3 h. Gels were dried and autoradiographed with inten-
sifying screens at -70°C.

Cloning of E2BP cDNA. The cDNA of E2BP was obtained
by screening of a HuH-6 cDNA library, using the protocol of
Singh et al. (24). The cDNA was synthesized and cloned into
Xgtll, using kits from Amersham. The library, which con-
tained 2 million individual plaques, was screened as de-
scribed previously (24), with the following modifications: the
concentration of poly(dI-dC) was reduced to 2.5 ,ug/ml, and
the washing period was increased to a total of 45 min. The
probe used was the synthesized EIIb oligonucleotide, which
is composed of the sequence

5'-GATCCTGGGAGGAGTTGGGGGAGGAGATTAGG -3'
3'- GACCCTCCTCAACCCCCTCCTCTAATCCCTAG-5'

The probe was end labeled with [32P]dCTP and Klenow

polymerase. The full-length cDNA clone isolated was sub-
cloned into pUC18 and sequenced by using Pharmacia's T7
double-stranded sequencing kit.

Northern (RNA) hybridization analysis of E2BP mRNA.
Total RNA from the cell lines HuH-6 and FS4 were ex-

tracted and purified by the method of Chomczynski and
Sacchi (4). Total RNA (40 ,ug per lane) was electrophoresed
through a 1.4% formaldehyde gel as described by Sambrook
et al. (20) and transferred onto a Hybond-N membrane. The
Northern blot was hybridized with 32P-labeled E2BP cDNA
and washed as described by Striebich et al. (26).
GenBank accession number. The GenBank accession num-

ber assigned for the E2BP cDNA sequence is M94630.

TABLE 1. CAT assay of p87/26-CAT against a cell panel

Cell line Cell type Relative CATactivity-z

Liver
Primary hepatocyte 15.6 (1.5)

culture
HuH-6 Hepatoblastoma 51.4 (3.7)
HepG2 Hepatoblastoma 9.6 (1.9)
huH-4b Hepatoma 7.5 (1.5)
Tong/HCCb Hepatoma 5.5 (0.3)
HuH-7 Hepatoma 4.7 (0.4)
PLC/PRF/5b Hepatoma 3.8 (0.6)
huH-lb Hepatoma 3.6 (0.5)
HA22T/VGHb Hepatoma 3.4 (<0.1)
Hep3Bb Hepatoma 3.1 (0.3)
KMCH-1 Hepatocholangiocarcinoma 2.5 (<0.1)
HCC-M Hepatoma 2.0 (<0.1)
HCC-T Hepatoma 1.6 (<0.1)
Mahlavu Hepatoma 1.1 (<0.1)
SK-Hepl Liver adenocarcinoma 1.1 (<0.1)
MH1Cj Rat hepatoma 3.3 (0.3)

Nonliver
A431 Epidermoid carcinoma 1.0 (<0.1)
WISH Transformed amnion cells 0.8 (<0.1)
FS4 Foreskin fibroblast 0.7 (<0.1)
MCF-7 Breast adenocarcinoma 0.6 (<0.1)
Tera-2 Embryonal carcinoma 0.5 (<0.1)
NIH 3T3 Mouse fibroblast 0.7 (<0.1)

Lymphoid
Reh ALLC (pre-B) 0.9 (<0.1)
Molt-4 ALL (mature T) 0.9 (<0.1)
U937 Histiocytic lymphoma 0.9 (<0.1)
RPMI 8226 Plasmacytoma 0.8 (<0.1)
YB2/0 Rat myeloma 0.7 (<0.1)
a Fold increase of p87/26-CAT activity over that of the control pCAT-

Promoter vector (activity = 1.0). Values are means and standard deviations
(in parentheses) of triplicate experiments.

b Contains integrated HBV in the host genome.
c ALL, acute lymphoblastic leukemia.

RESULTS

Characterization of ElI. CAT assays performed by using
the 87-bp ElI ligated to the CAT reporter plasmid pCAT-
Promoter demonstrated the liver specificity of EII when
assayed against a panel of both hepatic and nonhepatic cell
lines (Table 1). High CAT activity was seen with well-
differentiated hepatoma cell lines such as HuH-6, HepG2,
and HuH-7, while Mahlavu and SK-Hepl, which are poorly
differentiated, did not show any significant CAT activity
over the control level. These data agree well with similar
observations by Yee (36) and Honigwachs et al. (10). A
7-day human primary hepatocyte culture was included to
demonstrate that the enhanced CAT activity was not a
consequence of transformed phenotype. The finding that the
nonhepatic cell lines showed no CAT activity over the
control level indicated that liver-specific factors were re-
quired for enhanced activity directed by EII. It was also
observed that there was no particular correlation between
the presence or absence of existing integrated HBV DNA in
the cell lines (29) with the CAT activity levels. This finding
suggests that HBV DNA integration per se does not modify
the cellular environment to produce factors which bind to
EII. However, this conclusion does not rule out the possi-
bility that HBV integration can affect other cellular func-
tions.
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FIG. 1. Gel retardation assays of EII and El. 32P-labeled 87-bp
EII DNA was incubated with nuclear extracts from hepatic and
nonhepatic cell lines and electrophoresed through 4% nondenaturing
polyacrylamide gels. The gels were then dried and autoradiographed
with intensifying screens at -70°C. (A) Radiolabeled EII with
hepatoma cell lines HuH-6, HepG2, and HCC-T; (B) radiolabeled
EII with nonhepatic cell lines A431, MCF-7, and FS4; (C) radiola-
beled EII with hepatoma cell lines HuH-6, HepG2, and HCC-T,
with the addition of unlabeled competitor EII; (D) radiolabeled EIl
with hepatoma cell lines HuH-6, HepG2, and HCC-T, with the
addition of unlabeled competitor EI. Addition of unlabeled EII DNA
(C) resulted in a decrease in intensity of bands observed, while
addition of unlabeled EI DNA (D) did not result in any visible
change in intensity.

Ella

EIIb

To identify the existence of factors interacting with EII,
gel retardation assays were performed on nuclear extracts
from HuH-6, HepG2, and HCC-T, using the 87-bp EII
sequence. The results in Fig. 1 revealed the presence of
several EII-specific DNA-binding proteins which were
present in high amounts in HuH-6, followed by HepG2 and
HCC-T, which paralleled the order seen in the CAT assay.
The bound complexes did not appear when the assay was
performed with nuclear extracts from the control nonhepatic
cell lines A431, FS4, and MCF-7. Addition of unlabeled EII
as a competitor resulted in a decrease in the intensities of the
bound complexes, while no change was observed when an
unlabeled AccI-SphI 164-bp competitor DNA from EI (nt
1070 to 1234) (23) was used, indicating the sequence speci-
ficity of the nuclear extract binding proteins from HuH-6,
HepG2, and HCC-T. This result showed that the hepatospe-
cific trans-activating factors which could bind to the 87-bp
HBV enhancer are probably different from those that bind to
the EI enhancer.
The 87-bp EII was shown previously by Yaginuma and

Koike (34) and Yee (36) to have two regions of direct repeats
which exhibit characteristics of protein-binding sites. Dou-
ble-stranded oligonucleotides corresponding to the two sites,
designated EIIa and ElIb (Fig. 2), were synthesized and
used in gel retardation assays with nuclear extracts from
HuH-6, HepG2, and HCC-T (Fig. 3). The results showed
that the same pattern of three gel retardation bands seen in
the assay using EII could essentially be reproduced by using
EIIb alone (Fig. 3D). However, the lowest band that bound
to EIIb and the single band that bound to EIIa appear to be
the same, as a 10-fold molar excess of either unlabeled EIIa
or EIIb could compete for the same binding. At the same
time, the two other EIIb bands could be competed for only
by EIIb, not by EIla, implying that these factors were
specific for EIIb DNA binding.

CTTCAAAGACTGTGTGTTTAAAGACTGG

CTGGGAGGAGTTGGGGGAGGAGATTAGG HBV
Sub-

Type
Gen8ank
Number

E Il 5 -AACGACCGACCTTGAGGCATACTTCAAAGACTGTGTGTTTAAAGACTGGGAGGAGTTGGGGGAGGAGATTAGGTTAAAGGTCTTTGT-3' ADR V00867
- -- --T---------------------CT -------------------C-------------------------------- ADR M38636

---A------------------------------T- ---------- ADR M12906
---------------------T------------T---------------------------------------------------- ADR D00630
----------------------------------T-------G--------------------------------------- - ADRi1 M38454
----------------------------------T-------G-------------------------------------------- ADR4 X01587
----T----------------------------CT-------------------C----------------------- ADRM X14193
-------------------C----------------- -G--------------------------------------- - ADW V00866
-C--------------------------------------- CT--G-----------------------C----------------- ADW M54923
------------------C-------------------------------------------------------------------- ADW M57663
-----------------------------------------T-T--G---------G------------------------------- ADW1 D00329
-----------------------------------------T-T--G--------------------- G------------------- ADW2 D00330
------------------ C-----------------------G------------C-------------------------- - ADW2 X02763
--------------------C--------------------CT--G----------------------C- ---------- ADW3 D00331
----------------------------------T----------------------------------------------- - AYR X04615
----------------------------------T--------------------------------- - AYW V01460
----------------------------------T--------------------------------- A-------------- AYW X02496
----------------------------------T-------G-------------C---------------A-------------- Al M32138
-------------------C----------------------G------------C------------------------------ 991 X51970

FIG. 2. Comparison of EIIa and EIIb sequences in HBV strains. Direct repeat motifs are underlined.
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HuH-6 cells seem to express high levels of ElI DNA-binding
factors, as indicated by both gel retardation and CAT assay
data, a Agtll cDNA expression library was prepared from
HuH-6 cells and used to screen for DNA-binding activity
specific to ElIb. 32P-labeled ElIb oligonucleotides were used
as the probe for identifying plaques producing fusion pro-
teins capable of binding to this site. Screening of 200,000
recombinant phages with the protocol described by Singh et
al. (24) gave four positive plaques in the primary assay. Only
one of these corresponded to a recombinant phage that could
be purified to homogeneity after four rounds of screening.
Examination of the recombinant phage revealed a cDNA

ofElla and Ellb.Nuclear ex-

insert of 1.15 kb, which was then subcloned into pUC18 and
of EIa and EIIb. Nuclear ex- sequenced by using Pharmacia's T7 sequencing kit. The
uH-6 (lanes a), HepG2 (lanes b), sequence of the cDNA revealed a consensus ATG (12) at nt
iated with radiolabeled EIIa and 22, which formed the start of a minimum open reading frame

weresedtheried andeatur- of 984 bp (Fig. 4). The protein sequence encoded by this
at -70°C. (A) With radiolabeled open reading frame yielded a predicted protein of 328 amino

a and unlabeled Ella; (C) with acid residues with a molecular size of 35.9 kDa. GenBank
_IIb; (D) with radiolabeled ElIb; searches showed 86.6% homology in a 201-amino-acid over-
abeled EIIb; (F) with radiolabeled lap with the published sequence of rat heterogeneous nuclear
)ound complexes were observed ribonucleoprotein C (hnRNP-C) (22) and 72.0% homology in
)bserved with EIla. Addition of a 214-amino-acid overlap with the human nuclear protein
EIIa binding, while addition of UP2 (16) (Fig. 5). A combined Chou-Fasman (5) and GOR (8)

tially compete for the bandwhich protein structure conformation prediction for E2BP, ob-
lb. tained by using the computer program SeqAidIl, revealed a

helix-loop-helix (HLH) motif (17) which was similar to that
in rat hnRNP-C.

omparison of EIla and EIIb E2BP expression in hepatoma cells. To determine the size
I strains (Fig. 2) showed that of intact E2BP and possible precursors, total RNAs from
'GGAGGA was conserved in HuH-6 and FS4 were extracted, purified by the method of
direct repeat motif of AAA Chomczynski and Sacchi (4), and used for Northern blot
rthermore, EIlb showed bind- hybridization with E2BP cDNA. High-stringency filter-
ardation which could not be washing conditions were used as described by Striebich et
-fore, EIlb was used as the al. (26). A single transcript of 1.3 kb was observed with

GAATTCGAGGATCCGGGTACC 21

M A A G E Q E G A M V A A T Q G A A A A A G S G P G P G A E P R L E A P K G S A

GAGTCGGAGGGGGCGAAGATTGACGCCAGTAAGAACGAGGAGGATGAAGGCCATTCAAACTCCTCCCCACGACACTCTGAAGCAGCGACGGCACAGCGGGAAGAATGGAAAATGTTTATA 261
E S E G A K I D A S K N E E D E G H S N S S P R H S E A A T A Q R E E W K M F 1 80

GGAGGCCTTAGCTGGGACACTACAAAGAAAGATCT GAAGGACTACT TTTCCAAATTTGGTGAAGTTGTAGACTGCACTCTGAAGTTAGATCCTATCACAGGGCGATCAAGGGGTTT TGGC 381
G G L S W D T T K K D L K D Y F S K F G E V V D C T L K L D P I T G R S R G F G 120

TTTGTGCTATTTAAAGAATCGGAGAGTGTAGATAAGGTCATGGATCAAAAAGAACATAAATTGAATGGGAAGGTGATTGATCCTAAAAGGGCCAAAGCCATGAAAACAAAAGAGCCGGTT 501
F V L F K E S E S V D K V M D Q K E H K L N G K V I D P K R A K A M K T K E P V 160

AAAAAAATTTTTGTTGGTGGCCTTTCTCCAGATACACCTGAAGAGAAAATAAGGGAGTACTT TGGTGGTT TTGGTGAGGTGGAATCCATAGAGCTCCCCATGGACAACAAGACCAATAAG 621
K K I F V G G L S P D T P E E K I R E Y F G G F G E V E S I E L P M D N K T N K 200

AGGCGTGGGTTATGCTTTATTACCTT TAAGGAAGAAGAACCAGTGAAGAAGATAATGGAAAAGAAATACCACAATGTTGGTCTTAGTAAATGTGAAATAAAAGTAGCCATGTCGAAGGAA 741
R R G L C F I T F K E E E P V K K I M E K K Y H N V G L S K C E I K V A M S K E 240

CAATATCAGCAACAGCAACAGTGGGGATCTAGAGGAGGATTTGCAGGAAGAGCTCGTGGAAGAGGTGGTGACCAGCAGAGTGGTTATGGGAAGGTATCCAGGCGAGGTGGTCATCAAMAT 861
Q Y Q Q Q Q Q W G S R G G F A G R A R G R G G D 0 Q S G Y G K V S R R G G H Q N 280

AGCTACAAACCATATCTAAATTATTCCATT TGCAACTTATCCCCAACAGGTGGTGAAGCAGTAT TTTCCAAT TTGAAGATTCAT TTGAATGGCTCCTGCCACCTGCTAATAGCAGTTCAA 981
S Y K P Y L N Y S I C N L S P T G G E A V F S N L K I H L N G S C H L L I A V Q 320

ACTAAATTTT TTGTATCAAGTCCCTGAATGGAAGTATGACGTTGGGTCCCTCTGAAGTT TAATTCTGAGTTCTCATTAAAAGAAMTTTGCTTTCAT TGTTTTATTTCTTAAAAAMAAAAA 1101
T K F F V S S P < 328

AAAAAAAAAAAAAAAAAAAAAAAAAAAACCATGGTACCCGGATCCTCGMTTC 1154

* * *

FIG. 4. Sequences of E2BP cDNA and the protein deduced from the open reading frame. The nucleic acid sequence of E2BP cDNA is
shown, with numbering starting from the EcoRI linker. The single-letter code of the deduced protein sequence is displayed below, with
numbering starting from the initiation methionine. Underlined residues form the RNP-binding consensus sequence (R/K)GF(G/A)FVX(F/Y).

141
40

ATGGCGGCGGGCGAGCAGGAGGGAGCCATGGTGGCGGCGACACAGGGGGCAGCGGCGGCGGCGGGAAGCGGACCGGGACCGGGGGCGGAACCGCGTCTGGAGGCACCGAAGGGCAGCGCC
u A A 1- 1- 11 .1. . A .. .1 . . - - -

J. VIROL.
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* * * * * * * * * *

PEQFGGMAMGSGQGMMQMASAPAPLAKaQEA AKEDGSSPHETREXK I - - -RAlUP2
* * * 130

.LAGTLORKISELLSNCKCSCTLSYI L

MAAGEQEGAMVAATQGAAAAAGSGPGPGAEPRLEAPKGSAESEGAKIDASKNEEDEGHSNSSPRHSEAATAQREEWKMF I GGLSWDTTKKDLKDYFSKFGEVVDCTLKLDP

* * * * * * * * * *

UP2 SQASRFAL --- LFKESNDV-KVMIKKNINS-KVIDPKRAKAMKTKEPVKKIFVGGLSPDTPEEKIREYFGGFGEVESIELPMDNKTNKRRGFCFITFNQEEP
11111 III HIIIIIIIIIIIIIIIIIIIIIIIiiiiiil11111 III

E28P ITGRSRGFGFVLFKESESVDKVMDQKEHKLNGKVIDPKRAKAMKTKEPVKKI FVGGLSPDTPEEKIREYFGGFGEVESIELPMDNKTNKRRGLCFITFKEEEPVKKIMEKKYHNVGLSKCEIKV4AMSKEQ
rat hnRNP-C ESVDKVMDQKEHKLNGKVIDPKRAK.AMKTKEPVKKI FVGGLSPDTPEEKIREYFGGFGEVESIELPNDNKTNKRRGFCFITFKEEEPVKKIMEKKCYHNVGLSKCEIKVAM.SKEQ

* 260

* 360
UP2

YQQQQQWGSRGGFAGRARGRGGDQQSGYGKVSRRGGHQNSYKPYLNYSICNLSPTGGEAVFSNLKI HLNGSCHLLIAVQTKFFVSSP

IIIIIIIIIIIIII 11
YQQQQQWGSRGGFAGRARGRGGDQQSGYGKVSRRGGHQNSYKPYXI I PLATYPQQVVKQYFPIXRF IXSGSCHLL IAVQTKFFLSSRMEVXRWV

FIG. 5. Amino acid sequence comparison of E2BP with UP2 and rat hnRNP-C. Symbols: l, homology of amino acid residues; -, gap
introduced into the UP2 sequence to align it with the E2BP sequence.

mRNA from HuH-6, which was absent from the human
fibroblast line FS4 (Fig. 6) and in two other nonhepatic cell
lines, A431 and MCF-7 (data not shown). This size indicated
that the E2BP cDNA that we had isolated is a near-complete
sequence, with approximately 150 to 200 bp missing from the
5' end.

a b

kb

-7.46

-4.40

-2.37

-1.35

-0.24

FIG. 6. Northern blot hybridization of HuH-6 and FS4 mRNAs.
Total RNAs (40 ,ug of each) from HuH-6 (lane a) and FS4 (lane b)
were electrophoresed through a 1.4% formaldehyde agarose gel and
capillary transferred to a Hybond-N membrane. The blot was

hybridized with 32P-labeled E2BP cDNA and washed as described
by Striebich et al. (26). A single transcript of 1.3 kb was observed
with mRNA from HuH-6, which was absent from that of FS4.

E2BP activates transcription in vitro via EIIb. To examine
whether E2BP had the ability to act as a transcriptional
activator, transient DNA transfer experiments were per-
formed in hepatic and nonhepatic cell lines. An E2BP
expression vector, pE2BP-SVK/4, was constructed by join-
ing the simian virus 40 enhancer/promoter region of the
expression vector pSVK3 (Pharmacia-LKB) to the open
reading frame of E2BP. pE2BP-SVK/4 was then cotrans-
fected with p87/26-CAT and assayed for CAT activity. The
presence of pE2BP-SVK/4 resulted in 1.9- to 3.2-fold in-
creases of relative CAT activity in the nonhepatic cells FS4
and MCF-7 with respect to the activity of p87/26-CAT alone
(Table 2). The hepatoma cell line HCC-T showed an increase
of 2.9-fold, while HuH-6 gave only a 1.1-fold increase. The
latter was most likely due to the already high endogenous
expression of E2BP in HuH-6 cells, as was suggested by the
data presented here as well as by Yee (36), and therefore
further expression of E2BP would not result in a significant
enhancement of CAT results. However, the highest level of
E2BP-dependent activation observed was only 3.2-fold. This

TABLE 2. Effect of pE2BP-SVK/4 on p87/26-CAT activity
Relative CAT activity'

Cell line p87/26- Fold
p87/26- CAT with increase
CAT pE2BP-

SVK/4

Non-HCC
FS4 0.8 (0.1) 1.5 (0.1) 1.9
MCF-7 0.6 (0.1) 1.9 (0.1) 3.2

HCC
HCC-T 1.1 (0.1) 3.2 (0.1) 2.9
HuH-6 50.2 (1.7) 53.7 (1.9) 1.1

a The indicated cell lines were transfected with p87/26-CAT with or without
pE2BP-SVK/4. Values are means and standard deviations (in parentheses) of
triplicate experiments. Control pCAT-Promoter vector activity is 1.0.

E2BP

rat hnRNP-C

E2BP

rat hnRNP-C
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r-- Helix I-1 Turn 1 - Helix 2-i Turn 2

MAAGEQEGAMVAATQGAAAAAGSGPGPGAEPRLEAPKGSAESEGAKIDASKNEEDEGHSN 60

Hel ix 3 - extended beta sheet

SSPRHSEAATAQREEWKMFIGGLSWDTTKKDLKDYFSKFGEVVDCTLKLDPITGRSRGFG 120

Helix 4 Turn 3
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FIG. 7. Gel retardation of FS4 transfected with pE2BP-SVK/4.
32P-labeled EIIa and EIlb DNAs were used for gel retardation
studies with nuclear proteins from the fibroblast cell line FS4 which
was transfected with pE2BP-SVK;/4. (A) Lanes: a, control (untrans-
fected FS4); b, transfected FS4 with Ella; c, transfected FS4 with
EIIa and competitor Ella; d, transfected FS4 with EIIa and com-

petitor ElIb. (B) Lanes: a, control lane (untransfected FS4); b,
transfected FS4 with EHIb; c, transfected FS4 with ElIb and
competitor ElIb; d, transfected FS4 with EIlb and competitor EIIa.

finding implied that E2BP itself is not the sole activator of
ElI, but that the presence of the other two as yet unidentified
factors (Fig. 3) together with E2BP is probably required for
maximal activation.
From the gel retardation assays (Fig. 3), it was noted that

three bands were seen with EIlb. To determine which factor
was E2BP, gel retardation assays were conducted with
nuclear proteins extracted from the fibroblast cell line FS4
which had been transfected with pE2BP-SVK/4. The result
again showed three bands with EIIb (Fig. 7), all of which
could be competed for by unlabeled EIlb and one of which
could be competed for by unlabeled EIIa. This result showed
that E2BP is probably present in all three bands along with
other polypeptides. Untransfected FS4 did not show any
binding to EIIb.

DISCUSSION
ElI-binding proteins in differentiated hepatoma cell lines.

From the CAT assays performed, it was determined that the
DNA binding of the HBV ElI sequence was highly tissue
specific. Furthermore, it was observed that the CAT activity
corresponded to the differentiation status of the hepatoma
cell panel used. Well-differentiated hepatoma cell lines gave

higher CAT enzyme activity, while poorly or dedifferenti-
ated cell lines showed low activity levels. This difference
was noted by Honigwachs et al. (10), who used a limited
hepatoma cell panel and could not detect EII DNA-binding
factors in the dedifferentiated cell line SK-Hepl. In our

study, we noted that Mahlavu, a similarly dedifferentiated
hepatoma cell line, also had minimal detectable levels of EII
DNA-binding factor activity. In contrast, the human primary
hepatocyte culture and the well-differentiated hepatoma
lines HuH-6, HepG2, and HuH-7 had high CAT enzyme

activity among the hepatoma panel, reflecting the high

QYQQQQQWGSRGGFAGRARGRGGDQQSGYGKVSRRGGHQNSYKPYLNYSICNLSPTGGEA 300

VFSNLKIHLNGSCHLLIAVQTKFFVSSP 328

FIG. 8. Combined Chou-Fasman and GOR prediction of protein
conformation for E2BP, obtained by using the computer program
SeqAidII. The RNP consensus sequence is highlighted in bold.

amounts of EII-binding factors present. HuH-6 in particular
had CAT activity three- to fivefold higher than those of the
human primary hepatocyte culture and HepG2, respectively.
Why this is so is at present not known, but it is possible that
in the transformed state of HuH-6, there is overexpression of
one or more of the EII DNA-binding factors. Although HBV
does not infect rodents, the enhanced CAT activity in the rat
hepatoma cell line MH1C1 also suggests the existence of a rat
homolog for this EII-binding protein.
Comparison between E2BP and related factors. Using

32P-labeled EIlb DNA to screen a HuH-6 Agtll cDNA
expression library, we have isolated the cDNA for a liver-
specific factor designated E2BP that binds to the EIIa and
EIIb sites of HBV EII. The factors that bind to these sites
have not been characterized, although their presence has
been shown by Yaginuma and Koike (34) and Yee (36). Gel
retardation analysis showed that while this factor bound to
both ElIa and EIIb, the binding to EIIb resulted in two other
higher-molecular-weight bound complexes which were not
observed with EIIa.

Analysis of the deduced protein sequence of E2BP re-
vealed that E2BP had 86.6% homology with published
partial sequences of rat hnRNP-C and 72.0% homology with
human nuclear protein UP2 (Fig. 5). The N-terminal se-
quence of E2BP is homologous to that of UP2, while the
latter half is homologous to the corresponding region of rat
hnRNP-C. The physiological function of E2BP is therefore
not immediately clear, even though our present cDNA
sequence resembles more the rat hnRNP-C sequence. Fur-
thermore, E2BP possesses the RNP consensus sequence
Arg-Gly-Phe-Gly-Phe-Val-Leu-Phe (28), highlighted in bold
in Fig. 8, indicating that E2BP is a member of the RNP
family. Although hnRNP-binding proteins recognizes pri-
marily RNA, they are also precursors for the helix-destabi-
lizing proteins UP1, UP2, and HDP, which are DNA-binding
proteins (19, 22). While there is no known precedence of
hnRNPs binding double-stranded DNA, E2BP, like rat
hnRNP-C, is capable of binding double-stranded DNA, and
the ability to do so may be the result of a unique structural
conformation apart from the RNA-binding domain. Amino
acid composition analysis of E2BP showed that the two
basic amino acids, Lys and Arg, comprise 10.7 and 4.6% of
the residues, giving it a net positive charge. This structure is
similar to that of the basic regions used by sequence-specific
DNA-binding proteins such as mammalian CTF/NF1 (15). A
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combined Chou-Fasman and GOR protein secondary struc-
ture analysis of E2BP predicted extensive helical domains
separated by beta-turn regions (Fig. 8). Of interest is that the
sequences of the first (Gly-Ser-Gly-Pro-Gly-Pro-Gly) and
third (Gly-Gly-Leu-Ser-Pro-Asp) turn regions are consistent
with a loop structure that frequently uses the amino acids
Gly, Pro, Asn, Asp, and Ser (14). HLH structures are found
in the DNA-binding domains of the daughterless, MyoD,
Myc, Id, E12, and E47 sequence-specific DNA-binding
proteins (13, 17). This finding suggests that the HLH first
turn region of E2BP, at the N-terminal portion, may be
involved in the binding to EII. The third turn region is
situated proximal to the C-terminal portion of the E2BP
sequence, suggesting that it may not be involved in nucleic
acid binding but that it may be required for dimerization of
the protein as was reported for MyoD, Myc, and the
immunoglobulin enhancer-binding proteins (17). It is also
possible that the missing 5' sequence in our cDNA clone
presents a basic motif for the binding of DNA, as suggested
by Kadesch (11). However, CAT assays and gel retardation
assays of cell lines which were transiently transfected with
an E2BP expression vector (Table 2 and Fig. 7) showed that
the protein product of the cloned E2BP sequence could bind
to and activate EII, implying that the essential DNA-binding
motif is retained in the sequence cloned. There was no
apparent similarity of the nucleic acid-binding region of
E2BP to other DNA-binding domains such as homeoboxes,
zinc fingers, or leucine zippers.

Tissue specificity of E2BP and hepatotrophicity of HBV. A
putative 1.3-kb E2BP mRNA was detected in the hepatoma
cell line HuH-6 but was absent in the human fibroblast line
FS4 and in two other nonhepatic cell lines, A431 and MCF-7
(data not shown). Although UP2 and hnRNP-C would be
expected to be ubiquitous, E2BP was not observed to be so.
The tissue-specific expression of E2BP suggests that it may
be a variant of the hnRNP family which is localized to
hepatocytes cells, which in turn would account for the liver
specificity of HBV infections.

Results of the gel retardation experiments showed that at
least three factors bind to the EIIb motif. A possible expla-
nation is either that E2BP forms multimeric complexes with
other proteins in each of these bands or that E2BP binding
facilitates binding of other proteins to itself or to adjacent
sites. As mentioned earlier, E2BP itself may not be the sole
activator of ElI, and complexing with the other factors is
most likely required for maximal EII activation. The results
shown in Fig. 3 suggest that the EIIa sequence favors
monomeric binding, while the EIIb sequence was capable of
multimeric binding. One possibility is that E2BP binds to the
region of sequence overlap between EIla and EIIb, and in
the case of EIIb, the binding might enhance the binding of
the other two factors to the EIIb sequence. EIla, which does
not have the EIIb sequence motifs, would not have these
two other factors binding to it; hence, only monomeric
binding is observed. Another possibility is that the proximity
of the two EIIb direct repeat motifs enables dimerization and
complex formation with the other two factors, which is
stable to the extent that it cannot be competed for by EIIa.
EIIa direct repeat motifs, on the other hand, are further
apart and may not permit the formation of such a complex;
hence, the binding can easily be competed for by EIIb.
Furthermore, E2BP may have a helix-destabilizing function,
given its homology with the helix-destabilizing protein UP2
(16). If, indeed, E2BP belongs to the group of developmen-
tally relevant proteins (e.g., MyoD and Myc) having the
HLH motif, then its binding pattern in the gel retardation is

more easily understood, as these proteins can bind DNA
either as monomers, homodimers, or heterodimers (11).
Furthermore, it would explain the tissue specificity in that
E2BP may function by forming heterodimers between tissue-
specific (i.e., E2BP) and ubiquitously expressed HLH pro-
teins. Further work will be done to determine the action of
E2BP, to determine whether the tissue specificity of HBV
infection is indeed a result of E2BP acting as part of a
multimeric complex, and, if it is, to identify the other factors
involved. Given the very strong sequence homology with rat
hnRNP-C, it is very likely that E2BP is a member of the RNP
family, but its restricted expression in hepatocytes suggest
that it is possible for E2BP to have a distinct and different
role in vivo, unrelated to that of the known hnRNP proteins.
To our knowledge, this is the first report of the interaction

of an hnRNP-binding protein with a viral enhancer element.
The idea that tissue-specific expression of such nuclear
proteins may be one of the mechanisms for viral tropism is
certainly intriguing.
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