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Regulation of Hepatitis B Virus Expression in
Progenitor and Differentiated Cell Types:
Evidence for Negative Transcriptional Control
in Nonpermissive Cells
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Mechanisms regulating cell type-specific gene expression are not completely understood. We utilized hepatitis
B virus (HBV) enhancer I and preS1 promoter sequences, which exhibit cell type specificity, to analyze transcrip-
tional control in pluripotential murine embryonic stem (ES) cells, bipotential HBC-3 progenitor liver cells,
mature hepatocytes, and fibroblasts. In transient transfection assays, HBV sequences were most active in primary
hepatocytes, followed by HBC-3 and ES cells, and became inactive in fibroblasts. Cotransfections with HNF-3
or C/EBP plasmids increased expression of HBV sequences in hepatocytes and HBC-3 cells. However, increased
HBYV expression was not observed in ES cells and HBV remained inactive in fibroblasts, suggesting different
transcriptional controls, which was compatible with alterations in the abundance of endogenous transcription
factors. Analysis in somatic hybrid cells created from NIH 3T3 fibroblasts and Hepal-6 mouse hepatocytes with
expression of albumin and selected hepatic transcription factors showed that HBV sequences were expressed
weakly but without increased expression following transfection of HNF-1, HNF-3, and C/EBP plasmids. These
findings indicated that repression of HBV in nonpermissive cells involved inactivation of transcription factor
activity. Expression of HBV in stem cells is relevant for mechanisms concerning viral persistence and oncogene-
sis, as well as analysis of hepatocytic differentiation in progenitor cells.

Hepatitis B virus Stem cell Liver

Transcription factor Gene expression

CELL differentiation is accompanied by regulated
expression of specialized genes. During liver devel-
opment, as well as during differentiation of progeni-
tor liver cells, specific transcription factors are ex-
pressed in a hierachically coordinated fashion, which
eventually confers unique gene expression patterns to
mature hepatocytes (8,14,34). For instance, hepato-
cyte nuclear factor (HNF)-1ao mRNA is first tran-
scribed during liver development, with HNF-1a. tran-
scription being dependent upon HNF-4 as well as
HNF-3 synthesis, whereas HNF-13 mRNA is de-
tected earlier in primitive endoderm and mesoderm
(9,30,46). Also, HNF-1a deficiency impairs the func-

tion of multiple organs, including the liver (37). In
mature hepatocytes, HNF-3 activates transcription of
a number of liver-specific genes and promotes cell
differentiation in response to extracellular signals, al-
though the transcription factor plays pleotropic roles
in the development of endoderm-derived tissues and
is clearly essential to life as shown in mutated mice
(2,31). The CCAT/enhancer binding proteins (C/EBPo,
B, and 8) belong to a later stage in the transcriptional
heirarchy and first appear in the mouse on day 13 of
gestation (29). C/EBPa is expressed abundantly in
mature hepatocytes and is involved in maintaining
cell differentiation states (39). Mice lacking C/EBPa
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die shortly after birth with impaired energy homeo-
stasis and decreased glycogen and lipid storage in the
liver (48). C/EBP also preferentially accumulates in
the liver. Both C/EBPJ and J are involved in the acti-
vation of the acute phase response and cytokine ex-
pression (1). A variety of additional less-well-studied
transcription factors are also involved in regulating
hepatic gene expression.

The cell type regulates transcription in both posi-
tive and dominant-negative fashions. While the na-
ture of transcriptional upregulation has been under
extensive study, gene repression mechanisms are less
well understood (7,19), although chromatin-mediated
gene repression is established as early as after the
formation of a two-cell embryo (27). Cellular gene
expression may be regulated at the level of nucleo-
some assembly, such as with histone deacetylation
mechanisms (4). DNA methylation may be associated
with the loss of transcriptional ability, although this
mechanism has recently been proposed to apply most
appropriately to the inactivation of undesirable for-
eign gene insertions (47).

In studies concerning cell type-specific regulation
of gene expression, hepatitis B virus (HBV) se-
quences were restricted to epithelial cells in trans-
genic mice, which was independent of the chromo-
somal integration position of the transgenes (3). HBV
contains four overlapping open reading frames,
which transcribe the surface antigens (HBsAg, in-
cluding preS1 and preS2 proteins), the core and e an-
tigens, the x antigen, and the viral DNA polymerase
(21). HBV expression is regulated by four promoters
(for preS1, preS2, HBcAg, and HBxAg), two en-
hancers, of which enhancer I is better characterized,
as well as a glucocorticoid-responsive element. Inter-
estingly, both HBV enhancers contain domains capa-
ble of modulating cell type-specific HBV expression.
For instance, HBV enhancer I contains binding sites
for HNFs-1 and -4, as well as other transactivators,
which upregulate HBV expression (18,33). Similarly,
the preS1 promoter possesses binding sites for HNF-1
and HNF-3, which greatly enhance its activity in cells
(16,24). The HBV core promoter also exhibits prefer-
ential activity in differentiated liver cells, which is
partly conferred by HNF-4 binding (40).

We hypothesized that use of HBV enhancer I and
preS1 promoter sequences, which undergo cell type-
specific regulation, will help further understand gene
regulation in cells. Analysis of tissue-specific regula-
tion of gene expression is relevant for defining mech-
anisms in organ development and cell differentiation,
as well as analyzing susceptibility of specific tissues
to pathogens (e.g., during chronic viral persistence).
Moreover, expressing therapeutic genes under control
of heterologous promoters has captured interest for
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gene therapy, including restriction of toxic genes to
cancer cells (34). The experimental design was to
perform transient transfection assays for documenting
which cells supported the activity of our HBV se-
quences, especially in the presence of cotransfected
transcription factor plasmids. These systems allowed
us to investigate transcriptional control in episomal
locations, regardless of the state of the host chroma-
tin, and obtain insights into transcription factor-re-
lated controls in intact cells.

MATERIALS AND METHODS
Cells

NIH 3T3 mouse fibroblasts and Hepal-6 mouse
hepatoma cells (15) were originally from American
Type Culture Collection (CRL-6361). The cells were
maintained in RPMI-1640 medium with 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100
pg/ml streptomycin. HBC-3 cells were derived from
the E9.5 mouse liver and were maintained on STON"-
feeder cells in embryonic stem cell-qualified culture
medium with FBS and antibiotics (GIBCO-BRL,
Gaithersburg, MD) as described previously (42). For
some experiments using electroporation for gene
transfer, HBC-3 cells were cultured for 7 days on
dishes coated with 0.1% gelatin in the presence of
5% dimethy!l sulfoxide (DMSO) (Sigma Chemicals
Co., St. Louis, MO). WW6 ES cells were provided
by Dr. P. Stanley, Albert Einstein College of Medi-
cine and were cultured on feeder cells as described
previously (25). For electroporation, WW6 cells were
cultured on 0.1% gelatin-coated dishes. Primary
BALB/c mouse hepatocytes were isolated by colla-
genase perfusion of the liver and cultured in collagen-
coated dishes as reported previously (23). The viabil-
ity of primary hepatocytes was determined by trypan
blue dye exclusion.

Generation and Characterization of Hepal/3T3
Somatic Cell Hybrids

NIH 3T3 cells were transfected with a Zeocin®
plasmid expressing luciferase and Hepal-6 cells were
transfected with Neo® gene plasmid (Invitrogen
Corp., San Diego, CA) using commercially available
liposomes, followed by selection in 400 pg/ml each
of Zeocin and G418, respectively. For cell fusion,
cells grown to 60-70% confluency were kept without
antibiotic selection for 1 day. Subsequently, 1 X 10’
Zeo™-NIH 3T3 and Neo"*-Hepal-6 cells each were
combined in 1:1 ratio and electrofused according to
Radomska and Eckhardt (38). Fused cells were cul-
tured in medium containing both Zeocin and G418 at
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400 pg/ml each. Cell clones were screened by testing
for the presence of luciferase activity, which was
contributed by NIH 3T3 cells. To analyze DNA con-
tent, cell nuclei were isolated and stained with pro-
pidium iodide followed by flow cytometry. The cell
karyotype was analyzed in the Cytogenetics Core of
the Cancer Center with standard methods.

To determine retention of hepatocyte-specific
gene expression in hybrid cells, albumin expression
was measured by Western blotting. Cultured cells
were washed three times in ice-cold PBS and lysed
in triple-detergent buffer (50 mM Tris-HCl, pH 8,
150 mM NacCl, 0.1% sodium dodecyl sulfate, 100 ug/
ml PMSF, 1 pg/ml aprotinin, 1% NP-40, 0.5% so-
dium deoxycholate, and 0.02% sodium azide) for 30
min on ice. The lysate was sedimented under 12,000
xg and 30-pg protein samples resolved by
SDS-PAGE in a 10% gel. The proteins were trans-
ferred to nitrocellulose (HyBond ECL, Amersham
Inc., North Chicago, IL), blocked, and probed with
an anti-albumin antibody (Clone HSAII; Sigma) at
1:2000 dilution for 1 h at room temperature. After
extensive washes, the membrane was incubated with
peroxidase-conjugated anti-mouse IgG (Sigma) and
binding detected by enzymatic chemiluminescence,
using a commercial kit (Amersham Corp., North Chi-
cago, IL).

Plasmids

The plasmid pGL2.HBpreS1P/HBVEnI-luc was
constructed by cloning HBV preS1 promoter and
HBYV enhancer I sequences into the pGL2 basic lucif-
erase expression plasmid (Promega Corp., Madison,
WI), as reported previously (35). The plasmid con-
tains a 912-base pair BamHI fragment of the HBV
enhancer I (base pairs 490-1402) and a 514-base pair
Bglll fragment of the preS1 promoter (base pairs
2425-2839) derived from the pCP10 HBV plasmid
(17). The pGL2.basic plasmid (Promega) lacks regu-
latory elements. The pGL2.control plasmid contains
a luciferase gene under the transcriptional control of
simian virus 40 enhancer. To normalize for transfec-
tion efficiencies, the pSVp-galactosidase plasmid
(Promega) was used.

Upregulatability of the HBV reporter plasmid was
tested by cotransfection with specific transcription
factor plasmids. Plasmids expressing HNF-3a. and J3,
and C/EBPo and J were driven by the cytomegalovi-
rus (CMV) promoter/enhancer and were kindly pro-
vided by either Dr. G. Crabtree (Stanford University)
or Dr. R. Costa (University of Chicago). For analyz-
ing Hepal/3T3 somatic hybrid cells, the luciferase re-
porter was removed from the HBV plasmid by diges-
tion of the pGL2-based plasmid with HindIIl and

177

BamHI, followed by insertion of the lacZ gene,
which was removed from the pSV[-galactosidase
plasmid with HindIIl and BamHI digestion. This pro-
vided us with pGL2.HBpreS1P/HBVEnI-f-gal plas-
mid to measure gene expression in fusion Hepal/3T3
cells, which already contained the luciferase gene.

Cell Transfections

Cultured cells were dissociated with 0.01% tryp-
sin/EDTA and resuspended at 5 x 10° cells per ml in
FBS-containing medium. Primary hepatocytes were
used immediately after cell isolation. Reporter plas-
mid (10 pg) and transcription factor plasmid (1 pg)
(1:10 ratio) in 25 ul were placed in electroporation
cuvettes (Invitrogen Corp., Carlsbad, CA). Cells in
400 pl were added to cuvettes with incubation on
ice for 5 min, followed by electroporation with 260
V/960 uF in the BioRad apparatus (BioRad Labs.,
Hercules, CA). Cells were cultured in dishes, typi-
cally for 48-96 h (HBC-3 cells) before analysis of
reporter gene expression.

Analysis of Reporter Gene Activity

Luciferase activity was measured in cell lysates
with a commercial kit (Promega), according to the
manufacturer, and expressed as arbitrary light units.
LacZ activity was assayed by incubating aliquots of
cell lysates in 120 mM Na,HPO,, 80 mM NaH,PO,,
2 mM MgCl,, and 100 mM [B-mercaptoethanol with
1.33 mg/ml o-nitrophenyl B-D-galactopyranoside sub-
strate (Sigma), followed by spectrophotometry at 420
nm in a microplate reader.

Analysis of Cellular Transcription Factor Activity

Gel shift assays were performed with commercial
systems (Promega). Sets of consensus and mutant oli-
gonucleotides included those for testing AP1, SP1,
C/EBPs, HNF-3, and HNF-4 transcription factor ac-
tivities and were from commercial sources (Santa
Cruz Biotechnology, Santa Cruz, CA, or Promega
Corp). Nuclear extracts were made from cells plated
at density of 6 x 10° cells per 100 mm dish. Cells
were scraped with a rubber policemen and washed
with 40 mM Tris-HCI, pH 7.6, 14 mM NaCl, and 1
mM EDTA. Cell membranes were disrupted in 2 ml
hypotonic buffer containing 10 mM HEPES, pH 7.9,
1.5 mM MgCl,, 0.5 mM spermidine, 1 mM DTT, 1
mM PMSF, and 1 pg/ml each of leupeptin, aprotinin,
and antipain (Sigma) for 10 min at 4°C, followed by
60-100 strokes in a dounce homogenizer. Cell dis-
ruption was monitored microscopically and nuclei
were pelleted at 800 x g for 5 min. The nuclear pro-
teins were extracted in 50 pl hypertonic extraction
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buffer containing 30 mM HEPES, pH 7.9, 25% glyc-
erol, 450 mM NaCl, 0.3 mM EDTA, 6 mM DTT,
12 mM MgCl,, 1 mM PMSF, and 1 pg each of
leupeptin, aprotinin, and antipain for 45 min. After
centrifugation at 40,000 X g for 30 min at 4°C, the
supernatant was recovered and protein concentration
determined with the Bradford assay (BioRad).

Probe preparation involved annealing of single-
stranded oligonucleotides at 65°C for 15 min fol-
lowed by slow cooling to room temperature. For ra-
diolabeling, annealed oligonucleotides were incu-
bated with 2 units of DNA polymerase I and 20 pCi
each of [’PIdCTP, [’PIdATP, [“PITTP, and
[*PJdGTP (3000 Ci/mmol, Amersham) in 10 mM
Tris, pH 7.5, 5 mM MgCl,, and 7.5 mM DTT at 37°C
for 60 min. After phenol extraction, unincorporated
nucleotides were removed with G-25 sephadex col-
umns (Microspin™, Pharmacia Biotech., Uppsala,
Sweden). The specific activities of the labeled probes
were ~5 x 10’ cpm per pg.

DNA binding was in 15-pl reactions with 2 ng
annealed, double-stranded oligonucleotide probes, 1
pg poly(dI:dC)/poly(d1:dC), and 6 pg nuclear protein
extracts in 25 mM HEPES, pH 7.9, 18% glycerol,
100 mM NaCl, 0.25 mM EDTA, 5 mM DTT, 9 mM
MgCl,, 0.75 mM PMSF, and 0.75 pg each of leupep-
tin, aprotinin, and antipain. After incubation for 20
min at room temperature, DNA binding was analyzed
by electrophoresis of the reaction mix in 6% poly-
acrylamide gels using 0.5% TBE running buffer for
1.5 h. For supershift analysis, 2 pl anti-C/EBPq,
C/EBPp, or C/EBP$ (Santa Cruz Biotechnol.) were
added to the reaction mix after 20 min, followed by
incubation for an additional hour at room temperature
prior to electrophoretic resolution as above. The gels
were dried and autoradiographed at —70°C with
X-OMAT film (Eastman Kodak Inc., Rochester,
NY). The overall magnitude of transcription factor
expression was graded semiquantitatively from ab-
sent (0) to maximally positive (4+) within the same
class of transcription factor.

Statistical Analysis

Data were analyzed by the SigmaStat software and
are expressed as mean + SD (Jandel Scientific, San
Rafael, CA). The significance of differences was
tested where appropriate by Student’s #-tests or chi-
square tests, and p < 0.05 was considered significant.

RESULTS

HBYV Enhancer/Promoter Activity in Various
Cell Types

To document basal activity of HBV sequences, we
first analyzed luciferase expression in our cells. The
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data were obtained in cultured cells transfected with
either the HBV plasmid or the pGL2.basic plasmid
(negative control), along with pSVp-galactosidase
plasmid to normalize for transfection efficiency. Pri-
mary mouse hepatocytes, Hepal-6 cells, HBC-3
cells, WW6 ES cells, as well as NIH 3T3 cells, were
studied initially. The data showed that HBV se-
quences were expressed well in cells of hepatic ori-
gin, with primary hepatocytes and Hepal-6 cells be-
ing most supportive, although undifferentiated HBC-3
cells also supported HBV expression. Interestingly,
HBYV expression increased in HBC-3 cells following
treatment with DMSO, which is known to differenti-
ate HBC-3 cells along the hepatocyte lineage. In this
situation, HBC-3 cells showed significant morpho-
logical change, as well as expression of albumin, glu-
cose-6-phosphatase, etc., which was similar to de-
tailed findings published previously (42). Also, the
HBYV sequences were active in undifferentiated ES
cells, although the overall level of HBV expression
was less pronounced than other permissive cells (Ta-
ble 1). Overall, HBV expression was observed to
range from 18 + 8-fold greater levels above negative
control pGL3.basic plasmid in ES cells to 265 + 38-
fold greater levels in primary hepatocytes (p < 0.05,
t-test). In contrast, HBV activity was not supported
by 3T3 fibroblasts and the plasmid showed no lucif-
erase expression. The SV40 regulatory sequences
were active in all cells following transfection with the
pGL2.control plasmid, with mean increase of 2843 *
1316-fold above negative controls, and this was
much greater than the activity of HBV sequences
(p <0.001, t-test).

We further tested differences in cell type-specific
regulation of our HBV sequences in response to o
and [ subunits of HNF-1, HNF-3, and C/EBP tran-
scription factors, which are highly expressed in hepa-
tocytes. Interestingly, HNF-1o and B overexpression
did not regulate our HBV sequences in cells, which

TABLE 1
MAGNITUDE OF HBV EXPRESSION IN CELLS

HBV Expression*

Fold Increase Relative
Above Negative  Expression
Cell Type Controls (Mean)
WW6 ES cells 18+ 8 1
HBC-3 cells
Undifferentiated 54+13 3
After DMSO treatment 162+ 16 9
Hepal-6 cells 252+30 14
Primary mouse hepatocytes 265+ 38 15

*Luciferase activity was normalized with lacZ activity in
transfected cells.
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FIG. 1. Differential regulation of HBV sequences in Hepal-6 hepatocytes and NIH 3T3 fibroblasts. Data show that HBV expression was
downregulated in fibroblasts with no change in this situation following cotransfection of HNF-1, HNF-3, or C/EBP plasmids. In contrast,
Hepal-6 cells supported HBV expression. Moreover, the activity of HBV sequences increased in response to HNF-3 and C/EBP overexpres-
sion, although HNF-1 expression was ineffective. The data are representative of 3—6 independent experiments performed and include baseline
luminiscence (neg), as well as transfection with the pGL2.basic negative control plasmid.

indicated loss of HNF-1 responsiveness, similar to
previous findings in HuH-7 cells (35). In contrast,
HNF-3 and C/EBP plasmids upregulated HBV ex-
pression in primary mouse hepatocytes, Hepal-6
cells, as well as HBC-3 cells. However, HBV se-
quences remained inactive in 3T3 fibroblasts, despite
cotransfection of the HBV plasmid with these upreg-
ulatory transcription factors (Fig. 1).

The results concerning regulation of HBV se-
quences with various transcription factors are shown
in Table 2. In primary hepatocytes, as well as Hepal-6
cells, HBV activity was significantly upregulated in
response to both o and § HNF-3 and C/EBP subunits.
The findings in HBC-3 cells were interesting because
responses to transcription factors were different after

differentiation induction with DMSO. In undifferenti-
ated HBC-3 cells, cotransfection with HNF-3 and
C/EBPP plasmids was less effective in increasing
HBYV expression, compared with HNF-3 and C/EBPa
plasmids. In contrast, following differentiation of
HBC-3 cells, HNF-3f and C/EBP transcription fac-
tors assumed greater activity in upregulating HBV,
whereas HNF-3a became less effective. These find-
ings were compatible with the coordinate regulation
of transcription factor activity in relationship with
cell differentiation states.

In WW6 ES cells, our HBV sequences showed ac-
tivity in the absence of cotransfection with transcrip-
tion factor plasmids with 6 + 3 x 10* luciferase units/
lacZ activity/ug protein, which was significantly dif-

TABLE 2
CHANGE IN HBV EXPRESSION FOLLOWING COTRANSFECTION OF CELLS WITH TRANSCRIPTION FACTOR PLASMIDS

HBYV Enhancer I/preS1 Promoter Activity*

Cell Type HNF-1a HNF-18 HNF-30. HNF-38 C/EBPo C/EBP8
Primary mouse hepatocytes 0.95+0.1 0x02 2.7+0.3% 25+0.27 3.210.5¢% 2.7+0.5%
Hepal-6 cells 1.0 £0.2 1.1+£0.2 291047 1.9+0.2¢% 3.3+04% 2.3+0.3%
HBC-3 cells
Undifferentiated 099+0.3 1.0+£0.3 49+ 0.8% 12104 2.0+ 0.3% 1.7+£0.2%
After DMSO treatment 0.97+0.2 1.0£0.2 1.5+0.1¢ 1.9+0.5% 2.4+0.5% 2.9+ 0.4%

*Percent luciferase activity against control cells without transfection of transcription factor plasmids.

tp <0.05.
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ferent from background luminescence, as well as fol-
lowing transfection of pGL2.basic plasmid (p<
0.001). However, in response to transcription factor
plasmids, HBV activity was regulated in a fashion
that was different from other cells. In this situation,
HBV expression remained unchanged, similar to
upon transfection of HNF-3[3 plasmid in undifferenti-
ated HBC-3 cells or HNF-3a plasmid in differenti-
ated HBC-3 cells. These findings suggested that HBV
transcription in ES cells was controlled at the epi-
somal level, in view of this location of the HBV and
transcription factor plasmids in our transient transfec-
tion assays. Moreover, an absence of regulation of
our HBV sequences by transfected transcription fac-
tors in ES cells was compatible with the existence of
negative controls.

Development and Analysis of Fusion Cells

Following completion of our electrofusion proto-
col, a number of clones were selected for further
study on the basis of cell morphology (Fig. 2A-C).
We found cell clones that exhibited different mor-
phology in comparison with parental Hepal-6 and
NIH 3T3 cells. This morphology of Zeocin and
G418-resistant fusion cells varied from fibroblastoid
with elongated and spindly cytoplasmic projections,
as well as hepatocytic with large nuclei and complex
cytoplasm along with spindly cell projections. We
randomly chose to evaluate several clones with the
latter morphology that exhibited luciferase activity.
Flow cytometry showed significantly increased DNA
content in these cell clones compared with the paren-
tal cells, which was compatible with the presence of
additional genetic material (Fig. 2D). Karyotyping of
a clone designated Hepal/3T3 showed extra chromo-
somes in fusion cells compared with parental cells,
along with significantly increased modal chromo-
some number. We further determined whether
Hepal/3T3 fusion cells expressed hepatic genes, be-
cause our major interest was in analyzing cells of this
particular phenotype. For this purpose, albumin ex-
pression was analyzed by Western blotting of total
cell lysates (Fig. 2E). The cells expressed albumin,
which allowed us to proceed with further studies us-
ing fusion cells exhibiting this desirable phenotype.

Regulation of Endogenous Transcription Factor
Activity in Cells

We documented patterns of transcription factor ac-
tivity in various cells with gel shift analysis of nu-
clear extracts using oligonucleotide probes. In pri-
mary mouse hepatocytes, large amounts of C/EBP, as
well as HNF-3, DNA binding activities were present,
whereas AP1 and SP1 transcription factors were ex-
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pressed at a relatively low level (Fig. 3A-E). In un-
differentiated HBC-3 cells, SP1 and AP1 transcrip-
tion factors were expressed much more abundantly
than HNF-3 and C/EBP, presumably indicating their
greater proliferative activity or other differences. In
contrast, following induction of differentiation with
DMSO, HBC-3 cells expressed greater amounts of
HNF-3 and C/EBP, whereas AP1 and SP1 levels de-
clined in this situation. In ES cells, AP1 transcription
factor was particularly abundant, while SP1 transcrip-
tion factor was not detected by the gel shift assay. In
addition, some HNF-3 activity was present in ES
cells, whereas C/EBP activity was not detected in
these cells. In NIH 3T3 fibroblasts, both AP1 and
SP1 transcription factors were expressed abundantly
but expression of HNF-3 and C/EBP was not de-
tected. Finally, C/EBP, HNF-1 and HNF-3 binding
activity was detected in fused Hepal/3T3 cells, which
was compatible with our observation of albumin ex-
pression in these cells. The overall pattern of tran-
scription factor activity is summarized in Table 3.

HBYV Expression in Fused Hepal/3T3 Cells

To document regulation of HBV expression in fu-
sion cells, we performed transient transfection assays
with the lacZ reporter plasmid (Fig. 4). When cells
were transfected with the HBV plasmid alone, HBV
enhancer and promoter showed activity, which was
similar to the parental Hepal-6 cells but dissimilar
from NIH 3T3 cells. The findings were compatible
with the maintenance of albumin expression, as well
as the presence of endogenous C/EBP, HNF-1, and
HNF-3 expression as shown above. However, when
transcription factors were cotransfected with the
HBYV plasmid in fusion cells, we found that HBV ex-
pression was downregulated. There was no perturba-
tion in cell morphology or viability in this situation.
Nonetheless, HBV expression was attenuated follow-
ing cotransfection of cells with HNF-1o plus B plas-
mids, HNF-3a plus B plasmids, as well as C/EBPa
and C/EBPp plasmids.

DISCUSSION

These findings indicate that HBV sequences were
active in pluripotential ES cells, as well as HBC-3
progenitor cells, which can differentiate along both
hepatocyte and biliary lineages (42). Differentiation
of HBC-3 cells along the hepatocyte lincage was as-
sociated with increased expression of transfected
HBYV sequences. In contrast, fibroblasts showed sig-
nificant differences in transcription factor activity
with extinction of HBV sequences, despite the provi-
sion of suitable transcription factors in trans. This
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FIG. 2. Analysis of fused Hepal/3T3 cells. Cultured parental cells are shown under phase contrast microscopy (x200), with NIH 3T3
fibroblasts in (A) and Hepal-6 cells in (B). (C) Fused Hepal/3T3 cells with a different morphology compared with parental cells. (D) Flow
cytometric analysis of nuclear DNA content in normally cultured cells following staining with propidium iodide. The panels show parental
3T3 fibroblasts and Hepal-6 cells (top two panels), as well as three individual clones of fused cells (bottom three panels). The DNA content
of fused cells was greater than that of either parental cell. (E) Western blot analysis with an albumin antibody, which cross-reacts with
several animal species. Lane 1 contains molecular weight marker with bovine serum albumin. Lanes 2-5 contain total lysates from HuH-7
cells, parental Hepal-6 cells, fused Hepal/3T3 cells, and parental 3T3 fibroblasts, respectively. Albumin was detected in hepatocyte-derived

cells, as well as fused cells, whereas NIH 3T3 cells were negative.

suggested the possibility of episomally mediated tran-
scriptional controls in fibroblasts.

Our HBV sequences were active in hepatocytes,
in agreement with the expression of endogenous tran-
scription factors, such as HNF-3 and C/EBPs. Simi-
larly, increased expression of these transcription fac-
tors in HBC-3 cells following DMSO treatment was
associated with greater activity of HBV sequences.
On the other hand, absence of liver-specific transcrip-
tion factors in fibroblasts was associated with down-
regulation of HBV sequences that was not overcome
after expression of HNF-3 and C/EBP transcription
factor plasmids. These findings suggest multiple pos-
sibilities for future investigations, including neutral-
ization of transcription factors by repressors, inacces-
sible DNA binding sites, and absence of additional
subunits necessary for transcription factor activity.

Although ES cells expressed little by way of HNF-3
and C/EBP hepatic transcription factors, we found
expression of HNF-1 and 4, as well as copious ex-
pression of the API transcription factor, the latter at
levels similar to fibroblasts. However, unlike fibro-
blasts, ES cells supported HBV expression. Nonethe-
less, transfection of HNF-3 and C/EBP plasmids was
not associated with further increases in HBV expres-
sion in ES cells. Also, the overall magnitude of HBV
expression in ES cells was limited. These findings
indicated that, unlike fibroblasts, ES cells and HBC-3
progenitor cells lacked repressors under basal condi-
tions that could block HBV expression. However, the
ability of ES cells to express HBV sequences at
higher levels presumably required additional cellular
factors, which were not reconstituted by our supply
of transcription factors. We found that transfection of



182 OTT ET AL.



LIVER GENE REGULATION

183

TABLE 3
ANALYSIS OF TRANSCRIPTION FACTOR EXPRESSION WITH GEL-SHIFTS
USING CELLULAR NUCLEAR EXTRACTS

Transcription Factors

Cell Type HNF-1 HNF-3 HNF-4 C/EBP APl SP-1
Primary hepatocytes +++ ++ ++ -+ + +
HBC-3 cells

Undifferentiated + ++ +/— + ++ +++

DMSO treated ++ +H+ + ++ + +
WW6 ES cells ++ +/—- + - - -
NIH 3T3 cells + +/~ - +++ -+
Hepal/3T3 fusion cells + + ND + ND ND

ND = not done.

HNF-1 transcription factor plasmid did not upregu-
late HBV expression in our cells, which was similar
to our previous findings in HuH-7 cells (35).

A common feature of fusion cells concerns the
loss of chromosomes from one or the other fusion
partner (5,13). We utilized electrofusion because of
superior probabilities of preserving differentiated
function in fused cells (38). Presence of albumin,
C/EBP, HNF-1, and HNF-3, along with expression
of transfected HBV sequences, was in agreement
with the predominance of the Hepal phenotype in
our fusion cells. On occasion, cell type-specific genes
escape extinction in fusion cell systems (5,6,43).
Nonetheless, it was noteworthy that our HBV se-
quences were downregulated following transfection
of transcription factors in Hepal/3T3 cells. We inter-
preted this to indicate episomal negative control
mechanisms, presumably reflecting perturbed balance
among transcriptional controls, with negative regula-
tors overwhelming the positive ones.

In previous studies, genetic loci mediating gene
repression have been analyzed in intertypic hybrid
cells, similar to the ones reported here, but which
generally fail to express tissue-specific gene products
of either parent (5,13,27,28). Whereas gene extinc-

tion is observed regularly in hybrid cells containing
one set of chromosomes from either parent, hybrid
cells with two sets of chromosomes from liver cells
may retain hepatic gene expression (36). Hepatoma-—
fibroblast hybrid cells have been investigated exten-
sively, including for expression of multiple liver-spe-
cific mRNAs (12). Among these, the majority of
liver-specific mRNAs (14 of 16) failed to accumulate
in karyotypically complete hybrid cell clones, with
steady-state mRNA levels declining by up to 1000-
fold. Interestingly, all 14 liver-specific mRNAs were
reexpressed in hybrid cells following the deletion of
fibroblast chromosomes. These data indicate that ex-
pression of tissue-specific genes is regulated in inter-
typic hybrid cells and suggest that repression of het-
erologous genetic elements is a frequent control
mechanism. Similarly, microcell hybrids formed by
the transfer of single fibroblast chromosomes into
liver cells exhibit extinction of liver-specific genes,
such as albumin and tyrosine aminotransferase (TAT)
(11). Two genetic loci, designated tissue-specific ex-
tinguisher (tse) 1 and tse2, which are localized on
mouse chromosome 11 and 1, respectively, have been
shown to mediate gene repression in hepatoma-fi-
broblast hybrid cells (13,28). Tsel mediates extinc-

FACING PAGE

FIG. 3. Typical gel shifts showing abundance of cellular transcription factors. (A) C/EBP binding (arrowhead) is shown in cells as indicated
with unbound probe at the bottom of the gel. Lane 1: primary mouse hepatocytes with abundant C/EBP activity; lane 2: mouse hepatocytes
incubated with 70-fold excess of unlabeled competitor showing loss of gel shift; lane 3: HBC-3 cells following differentiation with DMSO;
lane 4: undifferentiated HBC-3 cells showing less C/EBP than after cell differentiation; lane 5: WW6 ES cells showing absence of C/EBP
activity; lane 6: NIH 3T3 cells showing absence of C/EBP activity; lane 7: Hepal/3T3 fusion cells showing weak C/EBP activity. (B) C/
EBP supershifts following incubation of nuclear extracts from primary hepatocytes with C/EBP antibodies. Lane 1: gel shift without incuba-
tion with antibodies (lower arrowhead); lane 2: similar to lane 1 except for the presence of cold competitor in 70-fold excess; lanes 3-5:
supershifts of the C/EBP band (upper arrowhead) following incubation with antibodies against C/EBP isoforms indicated. (C) HNF-3 gel
shifts. Lanes 1 and 2: primary mouse hepatocytes; lane 3: undifferentiated HBC-3 cells; lane 4: differentiated HBC-3 cells after incubation
with DMSO; lane 5: WW6 ES cells; lane 6: NIH 3T3 cells; and lane 7: fusion Hepal/3T3 cells. (D) AP1 gel shifts and (E) SP1 gel shifts
with the order of samples in both (D) and (E) as follows. Lane 1: primary mouse hepatocytes; lane 2: primary hepatocytes with unlabeled
competitor in 30-fold excess; lane 3: HBC-3 cells following differentiation with DMSO; lane 4: differentiated HBC-3 cells with unlabeled
competitor; lane 5: undifferentiated HBC-3 cells; lane 6: undifferentiated HBC-3 cells with unlabeled competitor in 30-fold excess; lanes 7
and 8: WW6 ES cells; lanes 9 and 10: NIH 3T3 cells.
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FIG. 4. Regulation of HBV activity in fusion Hepal/3T3 cells. The data are from transfection experiments performed with HBV plasmid
alone and with various transcription factor plasmids. Although the HBV plasmid showed activity in these cells, its activity was significantly
attenuated after transfection with HNF-1, HNF-3, as well as C/EBP plasmids.

tion of TAT and several other liver genes and tse2
represses albumin and alcohol dehydrogenase genes
(28). Also, it has been demonstrated that another lo-
cus on mouse chromosome 3 can extinguish albumin
synthesis but not alcohol dehydrogenase gene (32).
Our fusion cells were capable of albumin synthesis,
suggesting absence of gene repression mediated by
tse loci. In most systems analyzed so far, genetic ex-
tinction has been correlated with the absence of inac-
tivity of critical cell type-specific transcription fac-
tors. In hepatoma-fibroblast fusion cells, decreased
production of HNF-1, HNF-3, and HNF-4 is associ-
ated with extinction of liver genes, such as albumin
and o-1 antitrypsin (10,26). However, in one study,
expression of HNF-1, HNF-3¢ and 3, and HNF-4
mRNAs was unaffected in hybrid cells containing hu-
man fibroblast chromosome 2, which is the counter-
part of mouse chromosome 1 (20). These studies de-
fined a genetic locus on human chromosome 2, which
extinguished albumin gene expression in zrans, and
this was interpreted to indicate that tse2-mediated ex-
tinction is independent of HNF-1 and -4, and HNF-3
expression. Moreover, overexpression of HNF-4 in
hepatoma cells has recently been shown to be associ-
ated with reexpression of hepatic genes, as well as
morphological and other changes (44). Although our
findings are in agreement with the close relationships
among transcription factor abundance and cellular
gene expression, our data also indicate perturbation
of the activity of transfected transcription factors by
unidentified negative regulators.

Our results indicate that isolation and further char-
acterization of specific negative transcriptional regu-
lators of HBV could be helpful in developing novel
therapeutic strategies to block HBV expression. Also,
our systems will be helpful in the analysis of progeni-
tor cells derived from various organs. As further ef-
forts are undertaken to isolate progenitor cells, such
as the recent success in isolating pluripotential human
ES cells (45), convenient methods will be required to
analyze cell differentiation along various lineages.
Use of HBV sequences, which demonstrate cell type
specificity, as well as regulation by specific transcrip-
tion factors, will be an excellent system for such anal-
ysis in respect with the hepatocyte lineage. On the
other hand, persistence of HBV expression in progen-
itor cells, as shown by our studies in ES cells and
HBC-3 cells, will be of interest in mechanisms con-
cerning viral clearance and oncogenesis. Our studies
showing the activity of SV40 promoter and enhancer
in all cells tested, including ES cells, provide further
substantiation of this mechanism concerning viral
persistence. Similarly, human papillomavirus, an-
other oncogenic DNA virus, is regulated in a cell
type-dependent manner (41). The ability of HBV to
reside in progenitor cell compartments might account
for difficulties in eradicating viral infection in chronic
carriers, despite the intrinsically cytopathic nature of
HBYV infection, as well as potent immune responses
against virally infected hepatocytes (22). Whether
clonal hepatocellular carcinomas arise from activated
progenitor cells could be another possibility.
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