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ABSTRACT We sought to develop a cell line in which
liver-specific transcription could be induced at will, to facilitate
the study of factors that cause hepatocyte-specific transcription
of the serum albumin gene in mice. We therefore created the
H2.35 cell line from mouse hepatocytes infected with a tem-
perature-sensitive strain of simian virus 40. During routine
propagation at the permissive temperature, H2.35 cells exhibit
extremely low levels of albumin transcription and mRNA.
Albumin mRNA increases at least 100-fold when H2.35 cells are
cultured at the restrictive temperature and in serum-free
medium on a collagen substratum; the two latter conditions
maintain the differentiated state of primary hepatocyte cul-
tures. Although a major cause of the mRNA increase is
posttranscriptional, the transcription rates of albumin and
other liver-specific genes increase significantly. Transient-
transfection experiments demonstrated that an induction of
transcription is caused by activation of an albumin upstream
sequence that was previously shown to enhance liver-specific
transcription in transgenic mice. Thus, hepatocyte differenti-
ation appears to be maintained in part by extracellular signals
that stimulate the activity of a tissue-specific enhancer element.

Our interest is in factors that cause liver-specific transcrip-
tion of the serum albumin gene in mice. The albumin gene is
transcriptionally activated during the development of the
fetal liver (1) and is transcribed constitutively and at a high
level only in hepatocytes (2, 3). When hepatocytes are
removed from the animal and cultured in vitro, the transcrip-
tion rates of albumin and other liver-specific genes decrease
dramatically (4, 5). This rapid dedifferentiation can be par-
tially prevented by culturing the cells in a serum-free,
hormonally defined medium (6, 7). Culture on a collagen
matrix, rather than on plastic, also causes albumin mRNA
levels to remain high (6), possibly due to a posttranscriptional
mechanism (7). Thus, external cues appear to be required for
maintenance of the differentiated state of hepatocytes; a
subset of such cues could operate by stimulating regulatory
elements that confer liver-specific transcription.

Pinkert et al. (8) have identified albumin regulatory se-
quences that function only in liver. When introduced into
transgenic mice, a construct containing the mouse albumin
promoter was essentially unexpressed (8). However, the
addition of a DNA segment from 10 kilobases (kb) upstream
of the albumin gene caused the promoter to be active at a high
level only in the liver (8). The upstream element is DNase
I-hypersensitive solely in liver chromatin (3, 8), suggesting
that trans-acting factors causing its tissue-specific activity are
present in adult hepatocytes. To investigate whether extra-
cellular stimuli control the enhancer’s activity, we needed to
study albumin gene transcription in hepatocytes that were
removed from the context of the animal.
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Techniques are well established for isolating hepatocytes
from mice and culturing them in vitro (reviewed in ref. 9);
however, it is difficult to obtain large populations of homo-
geneous cells. Clonal homogeneity can be obtained by using
continuously transformed, hepatocyte-derived cell lines (10,
11), but in such cells the transformed state may partially
abrogate cell-specific transcription (10). We wanted to create
a conditionally transformed mouse cell line expressing liver-
specific functions, so that the relevant regulatory elements
could be resolved in an isogenic background. Chou (12)
demonstrated induction of albumin expression in a rat cell
line derived from hepatocytes infected with a strain of simian
virus 40 (SV40) that is temperature-sensitive for transforma-
tion. Although transcription rates were not determined, the
cells expressed high steady-state levels of albumin mRNA at
the restrictive temperature and in the presence of glucocor-
ticoid hormone. Presumably, at the restrictive temperature
the cells gained the potential to resemble primary hepa-
tocytes. We therefore created a temperature-sensitive mouse
hepatocyte-derived cell line to facilitate the study of mech-
anisms by which exogenous stimuli influence liver-specific
transcription.

MATERIALS AND METHODS

Viral Infection and Creation of Cloned Cell Lines. Livers of
6-week-old female BALB/c mice were perfused with colla-
genase (4). Cells were collected and cultured at a density of
7 x 10° per 100-mm plate in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS; HyClone, Logan, UT), 1 uM hydrocortisone, 10 ug of
insulin per ml, and antibiotics (penicillin and streptomycin,
each at 100 units/ml) (12). At least 50% of the adhered cells
were binucleate hepatocytes. After 6 hr of incubation at 33°C,
cells were infected with SV40 tsA255 (12) or mock-infected.
Cells were cultured at 33°C in basal medium (12) (BM;
DMEM supplemented with 4% FBS, 0.2 uM dexamethasone,
and antibiotics), which was replaced thrice weekly. Two to 3
weeks postinfection, colonies that could not be subcloned
arose over the monolayer of dying cells. By 4-5 weeks,
colonies amenable to subcloning appeared. These were
picked with cloning cylinders, dispersed with trypsin, and
plated in BM at 33°C. Secondary colonies were picked,
expanded to establish clonal cell lines, and stored frozen
under liquid nitrogen. Mock-infected cells gave rise to a few
sparse colonies that could not be subcloned.

Culture Conditions for DNA Transfection and RNA Prepa-
ration. For stable RNA analysis or transfections, H2.35 cells
(10 per plate) were seeded onto 100-mm tissue culture plates.
Plates either (a) contained BM and were incubated at 33°C or
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(b) contained 4 ml of a 1.35-mg/ml gel of rat tail type I
collagen (Collaborative Research, Waltham, MA), prepared
at 4°C in phosphate-buffered saline (PBS) containing 10 mM
NaOH and gelled at 37°C for 45 min. The gels were incubated
overnight at 39°C under 10 ml of BM/s [ref. 32; BM
supplemented with insulin (10 ug/ml), triiodothyronine (50
ng/ml), and FBS (10% final concentration)], which was
replaced with 10 ml of fresh BM/s immediately before the
cells were added; this treatment dramatically enhanced
plating efficiency. After the cells were cultured at 39°C for §
hr, the medium was replaced with serum-free medium (SFM)
prepared as described (6) but with dexamethasone at 0.2 uM.

For the RNA analysis in Fig. 2, all cells received two
changes of medium over 4 days. For the 8-day time point,
cells of 4-day cultures were released from the matrix with a
0.2-pum-filtered, 10-mg/ml solution of collagenase in DMEM,
replated onto collagen in BM/s as described above, and then
switched to SFM for an additional 4 days. For the transfec-
tions in Fig. 4, cells were seeded as described above and
maintained in SFM or BM overnight, before addition of
DNAs that had been precipitated with calcium phosphate
(13). After 24 hr in the presence of DNA, cells were washed
twice in situ with DMEM, fed with the designated media, and
incubated for an additional 24 hr. The monolayers were
rinsed twice with PBS, and a guanidinium isothiocyanate
solution (14) was added to lyse the cells and solubilize the
collagen gel. RNA was isolated from cell lysates by centrif-
ugation through CsCl (14).

Analysis of RNA. Specific RNAs were quantitated either by
electrophoresis in formaldehyde/agarose gels, followed by
transfer to nitrocellulose and hybridization with nick-trans-
lated probes (15), or by hybridization with end-labeled
synthetic oligonucleotides, primer extension with reverse
transcriptase, and electrophoresis of the extension products
in denaturing polyacrylamide gels, as described (3). Albumin
mRNA levels were quantified by scanning different autora-
diographic exposures of filters and gels with an LKB laser
densitometer.

Nuclear Run-On Transcr(i)gtion Analysis. H2.35 cells were
seeded at a density of 6 X 10° per 150-mm plastic plate in BM
at 33°C, or at 3 X 10° per 150-mm plate containing collagen,
as described above, and received a change of medium every
2 days. Cells were released from plastic dishes with a
trypsin/EDTA solution, or from collagen gels with collagen-
ase. Cells were washed twice in PBS, and nuclei were
prepared and used for run-on transcription analysis as de-
scribed (5); cytoplasmic RNA was isolated from the super-
natants and assayed by primer extension. The [*’P]IRNAs
from the run-on assays were partially degraded with 0.1 M
NaOH on ice, neutralized, and hybridized to 2-ug DNA
samples of the designated probes immobilized on nitrocellu-
lose. One-twenty-fifth amounts of the RNAs were used for
separate hybridizations to DNA encoding ribosomal RNA.
Specific hybrids were detected by autoradiography and
quantitated by densitometry.

Recombinant Albumin Constructs. The mouse albumin
promoter segment was constructed from an Nco I-HindIII
fragment of the alb8 phage clone (16). The fragment was
deleted at the 3’ end by digestion with exonuclease III and
nuclease S1, to generate a segment spanning base pairs —787
to +8 with respect to the transcription start site. The albumin
promoter fragment was fused to the thymidine kinase coding
sequence (zk) (17) or the bacterial neomycin-resistance gene
(neo) (18), to create the plasmids pAT2 and pAN2, respec-
tively. For transfections, different albumin segments were
inserted upstream of the —787 site. Fifteen micrograms of
pAT2 or pAN2, or equimolar amounts of their derivatives,
was transfected (13) per 10° cells. To control for transfection
efficiency, we included 0.3 or 1.0 ug of the plasmid pRT1,
which contains the Rous sarcoma virus long terminal repeat
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(RSV LTR) (19) fused to tk. The same tk-specific primer was
used to quantitate expression from transfections with both
the pAT2 and pRT1 plasmids; both neo and tk primers were
used in the same hybridization reaction for analyses of pAN2
and pRT1.

RESULTS

Repression of Serum Albumin mRNA Levels in SV40-
Infected Cells. Hepatocyte cultures were either infected with
SV40 tsA255 (12) or mock-infected. After 12 days of culture
at the permissive temperature (33°C), total cellular RNA was
isolated from plates of confluent cells. Mock-infected cells
expressed much lower levels of albumin mRNA than liver
tissue, demonstrating dedifferentiation of the cells in culture
(Fig. 1). The infected cells expressed even lower levels of
albumin mRNA, relative to actin mRNA, at the permissive
temperature. As expected, only the infected cells expressed
SV40 mRNAs (Fig. 1).

Conditional Expression of Albumin mRNA. Many of the
cloned, SV40-infected cell lines doubled at least once a day
when cultured at 33°C but died in 2-3 days at 37°C or 39°C.
One cell line, designated H2.35, survived at least 3 days at
any of these temperatures in BM and, at early passage
number, exhibited a 5-fold increase in albumin mRNA at the
restrictive temperature (39°C; data not shown).

By 25-30 cell passages, albumin mRNA was no longer
detectable in H2.35 cells maintained in BM on plastic dishes
at 33°C (Fig. 2, lane 2). However, if the cells were then
cultured for 4 days in SFM (adapted from ref. 6) on type I
collagen gels at 39°C, albumin mRNA levels increased
dramatically (Fig. 2, lane 3). When normalized to the essen-
tially invariant actin mRNA levels (Fig. 2), albumin mRNA
increased by >100-fold. Culture under these conditions for 8
days did not further enhance albumin expression (Fig. 2, lane
4). By comparison with a dilution of liver RNA (Fig. 2, lane
1), albumin mRNA in H2.35 cells was induced to about 0.02
the level in liver in 4 days. SV40 large tumor (T)-antigen
mRNA increased over the 8-day period, presumably because
inactivation of large T antigen at the restrictive temperature
caused derepression of the SV40 early promoter (22, 23).
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F1G. 1. Albumin mRNA levels are suppressed in SV40-infected
cells. Three-microgram samples of total RNA from mouse liver (L)
and from mock-infected (M) and SV40-infected (I) hepatocytes after
12 days in culture were electrophoresed in a denaturing agarose gel,
blotted to nitrocellulose, and hybridized to nick-translated albumin
cDNA (16) and SV40 DNA probes; the filters were exposed to x-ray
film together (Upper). The position of the 2.2-kb albumin (alb)
mRNA is shown at left. Probes were removed from the filters and the
RNAs were hybridized to actin cDNA (20) as a control (Lower); actin
mRNA levels are reproducibly low in intact liver.
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F1G. 2. Induction of albumin mRNA in H2.35 cells. RNA

samples were analyzed as in the legend to Fig. 1. Lane 1: 10 ng of total
liver RNA mixed with 4 ug of Escherichia coli tRNA. Lanes 2-4:
4-ug total RNA samples from H2.35 cells cultured in BM on plastic
dishes at 33°C (lane 2) or cultured for 4 days (lane 3) or 8 days (lane
4) in SFM on a collagen gel matrix at 39°C. The same filter was
probed sequentially with an albumin cDNA, an actin cDNA, and a
DNA segment encoding SV40 large T antigen (21).

Induction of Liver-Specific Gene tion. To study
the mechanism of albumin mRNA induction in H2.35 cells,
we determined relative transcription rates of the albumin
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Enhancement of liver-specific gene transcription in H2.35 cells. (a) Nuclear run-on transcription analyses of H2.35 cells cultured
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gene in cells cultured under different conditions for 4 days.
The results of representative nuclear run-on transcription
assays are seen in Fig. 3a. In H2.35 cells cultured in BM on
plastic at 33°C, albumin transcription signals were consis-
tently at the background level. By contrast, albumin was
transcribed at a markedly higher level in H2.35 cells cultured
in SFM on collagen at 39°C (Fig. 3a). The increase in
transcription was selective, as actin and ribosomal RNA
transcription rates were unaffected by culture conditions.
Because the albumin transcription rate was below the level of
detection under basal conditions, we could not quantify the
extent of transcriptional induction. The induced transcription
signal was sensitive to a-amanitin (1 ug/ml), demonstrating
that it represented products of RNA polymerase II. Repro-
ducible increases in transcription rate were also observed for
liver-specific genes encoding phosphoenolpyruvate carboxy-
kinase (25), serine dehydratase (26), and a major urinary
protein (livS-1) (27, 28), even though we did not attempt to
optimize culture conditions for these hormonally responsive
genes.

To ascertain that induced albumin transcription reflected
use of the albumin promoter, transcript initiation sites were
mapped by primer extension of the corresponding cytoplas-
mic RNAs. Albumin mRNA was undetectable in H2.35 cells
cultured in BM at 33°C (Fig. 3c, lane 4). However, correctly
initiated albumin transcripts were readily detectable in cells
cultured in SFM on collagen at 39°C (lane 5). We conclude
that accurate liver-specific transcription and posttranscrip-
tional mRNA accumulation can be induced in H2.35 cells.

When H2.35 cells were cultured under inducing conditions
for 4 days and then removed from the matrices with colla-
genase and cultured on plastic dishes in BM at 33°C for 9
days, albumin mRNA levels declined to basal levels (Fig. 3c,
lane 6). When the ‘‘de-induced’’ cells were cultured again
under inducing conditions for 4 days, high levels of albumin
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for 4 days in BM on plastic dishes (pl.) at 33°C, or in SFM on collagen gels (col.) at 39°C. Transcription reactions proceeded in the presence
(+) or absence (—) of a-amanitin (1 ug/ml), and [*?P]RNAs (5 x 10° cpm, —; 2 X 10° cpm, +) were hybridized to the following cDNAs
immobilized on nitrocellulose: albumin (16); TAT, tyrosine aminotransferase (24); PEPCK, phosphoenolpyruvate carboxykinase (25); ser. DH,
serine dehydratase (26); livS-1, a major urinary protein (27, 28); a,,-glob., a3,-globulin (29); g-tubulin (30); actin (20); pBR, control DNA for
nonspecific hybridization; and DNA encoding 5S, 18S, and 28S ribosomal RNA (31). A portion of the PEPCK probe hybridized to a transcript
that is probably due to RNA polymerase III; the transcription rate of this amanitin-insensitive transcript does not change under the different
culture conditions. (b) Nuclear run-on transcription analyses of H2.35 cells cultured for 3 days on collagen gels at 39°C in either BM/s or SFM.
A total of 4 x 10° cpm was used for each cDNA hybridization. (c) Primer extension analyses of albumin mRNAs. Lane 1: primer-generated
DNA sequence ladder. Lanes 2 and 3: 250 and 50 ng, respectively, of total liver RNA mixed with 25 ug of E. coli tRNA. Lanes 4-9: 25 ug of
cytoplasmic RNA from H2.35 cells cultured in BM (lane 4) or SFM (lane 5), from a; deinduced in BM on plastic at 33°C for 9 days (lane 6) and
reinduced in SFM on collagen at 39°C for 4 days (lane 7); or cultured in BM/s (lane 8) or SFM (lane 9), from b.
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mRNA were observed (lane 7); thus, the induction was
reversible.

To test which culture components were critical for tran-
scriptional induction, H2.35 cells were cultured for 3 days at
the restrictive temperature on collagen gels either in SFM or
in BM/s (BM/s permits much better growth on collagen than
does unsupplemented BM). The albumin transcription rate
was markedly greater than background only in H2.35 cells
grown in SFM (Fig. 3b), even though steady-state albumin
mRNA levels were similar under both conditions (Fig. 3c,
lanes 8 and 9). Thus, culture at the restrictive temperature
and on collagen was not sufficient to induce albumin tran-
scription detectably, even though it caused an increase in
accumulation of albumin mRNA. Our results agree with
those of Reid, Darnell, and colleagues (5, 7) for primary
hepatocytes and demonstrate that (i) serum either contains a
component that represses transcription of albumin and other
liver-specific genes or it lacks a positive-acting component
and (i) culture on type I collagen primarily stabilizes liver-
specific mRNAs.

Activation of a Transcriptional Enhancer Element. Next, we
studied the mechanism of transcriptional induction in H2.35
cells. The liver-specific enhancer described by Pinkert et al.
(8) is an Nhe I-BamHI DNA fragment, extending from —11.4
to —9.4 kb relative to the albumin transcription start site (Fig.
4a). We fused this fragment to an albumin promoter segment
spanning the sequence from base pair —787 to base pair +8;
tk, in pAT2, and neo, in pAN2, served as reporter genes.
Constructs were transfected into H2.35 cells cultured either
in BM on plastic at 33°C or in SFM on collagen at 39°C. As
an internal control for transfection efficiency, we also in-
cluded the plasmid pRT1. Two days later, transcript levels
from cotransfected plasmids were quantitated by primer
extension.

The data in Fig. 4b demonstrate that the albumin promoter
initiated transcription from the authentic start site, when
transfected into H2.35 cells under basal conditions. When
transcript levels were normalized to pRT1, addition of the
enhancer had no effect (lanes 3 and 4). By contrast, the
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enhancer stimulated transcription 2.5-fold in cells transfected
in SFM on collagen at 39°C (lanes 5 and 6). To test whether
the enhancer’s effect was cell-type-specific in cultured cells,
we transfected the same albumin sequences into mouse
fibroblastic L cells cultured in SFM. The transfected albumin
promoter was active in L cells; similarly, the B-globin (33)
and growth hormone (34) promoters were also active upon
transfection into L cells, despite inactivity of the endogenous
genes. However, in L cells, the presence of the albumin
enhancer had no effect on the albumin promoter (lanes 7 and
8). In transgenic mice, the distal Nhe I-Sca I subfragment
(see Fig. 4a) of the enhancer stimulated the albumin pro-
moter, but the proximal Sca I-BamHI fragment did not (8).
Neither fragment stimulated the promoter when transfected
into H2.35 cells under basal conditions (lanes 9 and 10).
However, in SFM on collagen at 39°C, the distal fragment
stimulated transcription 4-fold, whereas the proximal frag-
ment had no effect (lanes 11 and 12). Thus, the same enhancer
fragments that were operative in transgenic mice are condi-
tionally functional in H2.35 cells. We conclude that activation
of a liver-specific enhancer element stimulates transcription
in H2.35 cells.

DISCUSSION

We have been able to study the effects of exogenous factors
on liver-specific transcription by using a mouse hepatocyte-
derived cell line; H2.35 cells can be propagated in a dedif-
ferentiated state and then partially induced to the differenti-
ated state at will. This capability was achieved by employing
techniques developed by Reid, Darnell, and colleagues (5-7),
for maintaining liver-specific transcription in primary hepa-
tocyte cultures. The biological significance of this induction
is underscored by the enhanced transcription of a number of
liver-specific genes in SFM, but not of genes encoding actin
or ribosomal RNA. The induction of liver-specific transcrip-
tion in H2.35 cells, and presumably its maintenance in
hepatocyte cultures and in the animal, appears to require the
presence of a particular complement of environmental cues.
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Fi1G6.4. Conditional activity of a liver-specific enhancer. (a) Mouse albumin DN A and recombinant contructs. Double line at the top indicates
DNA of the albumin gene; relevant restriction sites are shown below. Wavy line indicates the transcribed region and numbers indicate distance
(in kb) from the start site. Open boxes correspond to albumin DNA segments used in constructs for transfection. The albumin promoter segment
was fused to either the tk coding sequence (stippled boxes) or the neo gene, to create the plasmid series pAT2 or pAN2 (latter not shown),
respectively. All transfections included the control plasmid, pRT1. (b) Lane 1: primer-generated DNA sequence ladder from pAT2. Lane 2:
primer extension of mock-transfected H2.35 cell RNA. Lanes 3-12: primer extensions of RNA from transfected cells; extension endpoints are
indicated at the side of the autoradiograph. Lanes 3 and 4: H2.35 cells transfected with pAT2 and pAT2-NB, respectively, in BM on plastic at
33°C. Lanes 5 and 6: same DNAs as lanes 3 and 4, respectively, except that the H2.35 cells were transfected while in SFM on collagen gels
at 39°C. Lanes 7 and 8: mouse L cells transfected with pAN2 and pAN2-NB while in SFM on plastic dishes. (The neo and tk primers yield
identically sized extension products from pAN2 and pAT?2, respectively. The pAN2 plasmid series is expressed identically to the pAT2 plasmids
in H2.35 cells; data not shown). Lanes 9 and 10: H2.35 cells transfected in BM on plastic at 33°C with plasmids pAT2-NS and pAT2-SB,
respectively. Lanes 11 and 12: same DNAs as lanes 9 and 10, except that the H2.35 cells were transfected in SFM on collagen at 39°C.
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Here we have shown that part of the mechanism by which
such environmental signals act is to stimulate the activity of a
tissue-specific enhancer element. Thus, a regulatory element
that confers cell specificity appears to gain part of its activity
in response to cues in the cell environment. However, envi-
ronmental stimuli are not sufficient to activate the enhancer,
since it was inactive in L cells transfected in SFM. This could
be due to an absence of the appropriate signal receptors in L
cells; alternatively, trans-acting factors expressed in develop-
ment may permit the enhancer to be active or to respond to
external cues only in cells of the hepatocyte lineage. The
appropriate environment, including hormones, growth fac-
tors, and extracellular matrix, could then stimulate enhancer
activity by means of signal-transduction mechanisms within
the cell. Indeed, hormonal influences on hepatocyte differen-
tiation are well documented (9), and cell—cell interactions not
only are required for hepatocyte formation in mouse devel-
opment (35) but also can cause primary hepatocytes to retain
more liver-specific characteristics in culture (36, 37).

The maximum induced level of albumin transcription in
H2.35 cells, under the culture conditions tested to date, is
about 1/20th the level in liver (with ribosomal RNA tran-
scription as a comparison; see ref. 3). Similar culture condi-
tions with primary hepatocytes result in an albumin tran-
scription rate about 1/8th that in liver (7). It should be
possible to use H2.35 cells to define conditions that further
enhance hepatocyte-specific transcription, as well as to
investigate trans-acting factors that must be inducible under
the conditions described here. As a model system, H2.35
cells provide a genetically controlled context for studying
factors that maintain the differentiated state of the hepa-
tocyte.
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