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Extinction of tyrosine aminotransferase
gene activity in somatic cell hybrids
involves modification and loss of several
essential transcriptional activators

Doris Nitsch, Michael Boshart,! and Giinther Schiitz?

Divison of Molecular Biology of the Cell I, German Cancer Research Center, D-6900 Heidelberg, Germany

Extinction is defined as the loss of cell type-specific gene expression that occurs in somatic cell hybrids
derived by fusion of cells with dissimilar phenotypes. To explore the basis of this dominant-negative
regulation, we have studied the activities of the control elements of the liver-specific gene encoding tyrosine
aminotransferase (TAT) in hepatoma/fibroblast hybrid crosses. We show that extinction in complete somatic
cell hybrids is accompanied by the loss of activity of all known cell type-specific control elements of the TAT
gene. This inactivity is the result of first, lack of expression of genes coding for the transcriptional activators
HNF4 and HNF3p and HNF3vy, which bind to essential elements of the enhancers; and second, loss of in vivo
binding and activity of ubiquitous factors to these enhancers, including CREB, which is the target for
repression by the tissue-specific extinguisher locus TSE1. Complete extinction of TAT gene activity is
therefore a multifactorial process affecting all three enhancers controlling liver-specific and hormone-inducible
expression. It results from lack of activation, rather than active repression, and involves both
post-translational modification and loss of essential transcriptional activators.

[Key Words: Extinction; tyrosine aminotransferase; chromatin; HNF3; HNF4; somatic cell hybrids]
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A particular cellular phenotype, characterized by the ex-
pression of distinct sets of genes, is thought to be deter-
mined by the action of positively and negatively acting
regulatory proteins. This combinatorial control of gene
activity involves the binding of multiple trans-acting
factors to distinct cis regulatory elements. The differen-
tiated state usually has to be actively maintained and
continually transmitted (for review, see Blau 1992).
Striking examples for this requirement of continual reg-
ulation are presented by the autoregulatory loops discov-
ered in the maintenance of the muscle phenotype involv-
ing MyoD as a positive regulator {for review, see Wein-
traub et al. 1991) and by proteins of the polycomb group,
among which are negative regulators required for differ-
ential expression of homeotic genes along the anterior—
posterior axis of the Drosophila embryo (for review, see
Paro 1990).

Whereas many cell type-specific positive regulators
have been characterized, the role of negatively acting
regulatory proteins in specifying a particular cellular
phenotype is less clear, although several examples of re-
pressor-like activities have been described (for review,

1present address: Max-Planck Institute of Biochemistry, Genzentrum,
D-8033 Martinsried, Germany.
2Corresponding author.

see Renkawitz 1990). In particular, the importance of
negative control in animal cells has been postulated on
the strength of studies of gene expression in cellular hy-
brids in which the phenotype of extinction is often ob-
served. Extinction of gene activity occurs when cells of
different phenotypes are fused. It has been observed in
fusions involving many cell types and usually results in
loss of the cell type-specific expression patterns of both
parental cells {Davidson 1974; Weiss et al. 1988;
Gourdeau and Fournier 1990 and references therein). The
phenomenon of extinction is therefore general and bidi-
rectional.

Studies of hepatoma derived cell hybrids revealed that
extinction has a genetic basis: First, extinguished liver
functions can be re-expressed in hybrid segregants that
have lost chromosomes derived from the nonhepatic par-
ent, indicating that extinction is reversible and is medi-
ated by regulatory factors that negatively affect gene ac-
tivity in trans (Weiss and Chaplain 1971; Weiss et al.
1975; Peterson et al. 1985; Chin and Fournier 1987). Sec-
ond, in hepatoma microcell hybrids, which contain only
one or few fibroblast chromosomes, the extinction of
subsets of liver genes can be correlated with the reten-
tion of specific nonhepatic chromosomes, an observation
that has led to the definition of so-called tissue-specific
extinguisher (TSE) loci (Killary and Fournier 1984; Petit
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et al. 1986; Chin and Fournier 1989). The reversibility of
the active and inactive state of a particular gene attests
to the above-mentioned notion that both activation and
extinction are processes that are actively maintained.

Analyses of microcell hybrids containing parts of the
long arm of fibroblast-derived human chromosome 17 in
a hepatoma cell background have defined an extin-
guisher locus that influences many or possibly all cAMP-
regulated liver functions, including expression of the ty-
rosine aminotransferase (TAT) and phosphoenol pyru-
vate carboxykinase (PEPCK) genes (TSEl; Killary and
Fournier 1984; Lem et al. 1988; Thayer and Fournier
1989; Ruppert et al. 1990). Recently, we identified a
cAMP response element (CRE) in a liver-specific en-
hancer of the TAT gene as the target of TSEl-dependent
extinction (Boshart et al. 1990} and, subsequently,
showed TSE1 to be the regulatory subunit Rla of protein
kinase A (Boshart et al. 1991a; Jones et al. 1991). As an
inhibitory component of the cAMP signaling pathway,
TSE1 interferes with phosphorylation of the CRE bind-
ing protein (CREB) by protein kinase A and prevents its
binding to and activation of an essential enhancer ele-
ment of the TAT gene. Thus far, TSE1 is the only exam-
ple in which the mechanism of action of an extinguisher
locus has been elucidated. Analyses in other systems
have documented that extinction in somatic cell hybrids
is accompanied by loss of individual tissue-specific tran-
scription factors (Baumhueter et al. 1988; Cereghini et
al. 1988, 1990; McCormick et al. 1988, 1990; Bergman et
al. 1990; Junker et al. 1990; Bulla et al. 1992).

Whereas in monochromosomal hybrids, containing an
active fibroblast-derived TSE1 locus, only a subset of
liver genes are extinguished, in whole-cell hybrids all
liver-specific functions are affected {Chin and Fournier
1987; Lem et al. 1988; Ruppert et al. 1990). Moreover,
comparison of TAT gene activity in these two hybrid
systems has indicated striking quantitative and qualita-
tive differences. Whereas TAT gene expression is re-
duced =20-fold by the action of TSEl in monochromo-
somal hybrids and fully reversible by administration of
cAMP, it is shut off by about three orders of magnitude
and is not cAMP inducible in whole-cell hybrids (Thayer
and Fournier 1989). In this study we have tested whether
the difference between whole cell and monochromo-
somal hybrids reflects the action of multiple genetic con-
trols operating through different trans-acting factors in-
volved in the cell-specific regulation of TAT gene expres-
sion.

Recent studies from our laboratory have defined three
liver cell-specific enhancers of the rat TAT gene, two of
which are dependent on signals from the cAMP or glu-
cocorticoid signaling pathways. The glucocorticoid-in-
ducible enhancer is located 2.5 kb upstream of the start
site of transcription and contains a glucocorticoid re-
sponse element (GRE) and binding sites for liver-specific
transcription factors (Jantzen et al. 1987; Grange et al.
1991; Rigaud et al. 1991; D. Nitsch, unpubl.). In the
cAMP responsive enhancer at — 3.6 kb, we have shown a
binding site for hepatocyte nuclear factor 4 (HNF4;
Sladek et al. 1990) to synergize with a CRE (Boshart et al.

Extinction of TAT gene activity in hybrids

1990; D. Nitsch, unpubl.). The third enhancer is located
at —11 kb and contains two domains that confer liver-
specific activation, one of which is recognized by pro-
teins of hepatocyte nuclear factor 3 (HNF3; Lai et al.
1990, 1991) family of transcription factors (Nitsch et al.
1990; D. Nitsch and G. Schiitz, in prep.). Knowledge of
the critical cis-regulatory elements, their cell type spec-
ificity, and the nature of the proteins binding to these
sequences have now allowed us to undertake a complete
analysis of the mechanism of extinction of TAT gene
transcription in hepatoma/fibroblast hybrid crosses. By
following the presence and activity of several liver-spe-
cific factors as well as essential components of the glu-
cocorticoid- and cAMP-dependent signaling pathways,
we show that extinction is the result of inactivation of
the three enhancers of the gene and independently af-
fects all liver-specific elements.

Results

Extinction of TAT gene activity in hepatoma/
fibroblast hybrid crosses is accompanied by selective
loss of hepatoma-specific DNase I hypersensitive sites

To explore the basis of extinction of gene expression in
somatic cell hybrids we generated hybrids between the
rat hepatoma cell line FTO-2B and mouse embryo fibro-
blasts. Expression of the TAT gene, as well as of several
other liver-specific genes, is reduced >500-fold in these
hepatoma/fibroblast hybrid crosses in comparison with
FTO-2B cells (data not shown) in agreement with a pre-
vious report (Chin and Fournier 1987). As a first step in
understanding the mechanisms leading to this complete
repression, we compared the chromatin structure of the
TAT gene, reflected in DNase I hypersensitive sites
(HSs), in extinguished hybrids and the parental hepato-
ma and fibroblast cells. We reasoned that loss of activa-
tors would lead to the disappearence of HSs, whereas the
activity of repressor-like molecules might alter or create
new HSs or have no detectable effect on their appear-
ance. In our previous analysis of the chromatin of the
TAT gene we identified several HSs located <18 kb up-
stream of the transcription start site, three of which cor-
relate with liver-specific transcriptional enhancers (Fig.
1B; Becker et al. 1984, Jantzen et al. 1987; Nitsch et al.
1990; Weih et al. 1990).

Nuclei of hybrid cells were prepared and incubated
with increasing amounts of DNase I, and the cleavage
pattern was compared with that of DNase I-treated nu-
clei from fibroblasts and hepatoma cells. Figure 1A
shows the results obtained with two indirect end-label-
ing strategies that detect the HSs located at — 18, —16
and —11 kb (left) and those distributed between —9 and
+5 kb with respect to the start site of transcription
{right). In hepatoma/fibroblast hybrid crosses, five of the
seven hepatoma cell-specific HSs are absent (HSs P,
—2.5, —3.6) or significantly reduced in complexity (HSs
—11, —5.4). The HSs at — 1.0 and —4.5 kb are present in
both the hybrids and the parental hepatoma cell line but
are absent in fibroblasts, and only the HSs at —18 and
—16 kb are observed in all three cell types. Each HS,
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Figure 1. Loss of DNase I HSs in hepato- A

Hepatoma Hybrid Fibroblast

Hepatoma Hybrid Fibroblast

ma/fibroblast hybrid crosses correlates
with extinction of TAT gene activity. (A)
Cells were induced with 10~ ¢ M dexameth-
asone; subsequently nuclei were isolated
and incubated with increasing amounts
of DNase I. DNA was digested with Apal
{left) or Scal (right), separated on 0.6% (left)
or 1.0% (right) agarose gels, and blotted. Fil-
ters were indirectly end-labeled to the Apal
site at ~8591 bp (left) or the Scal site at
—9383 bp (right) in the TAT upstream re-
gion. DNase I HSs are indicated by arrows
or a bracket and named according to the
approximate position relative to the tran-
scription start site; {P) HS at promoter. The
hepatoma and fibroblast samples corre-
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absent or reduced in the hepatoma/fibroblast hybrid
crosses, corresponds to regulatory sequences of the TAT
gene (Jantzen et al. 1987; Grange et al. 1989, 1991,
Boshart et al. 1990; Nitsch et al. 1990; Weih et al. 1990),
an observation that implies that extinction of TAT gene
expression in whole-cell hybrids involves several control
regions. Figure 1B depicts schematically the 5’-flanking
sequences of the TAT gene, with its HSs represented by
vertical arrows. Sequences that function as transcrip-
tional enhancers, and the important transcription factor
binding sites within these enhancers, are highlighted
{Jantzen et al. 1987; Boshart et al. 1990; Nitsch et al.
1990; D. Nitsch, unpubl.).

Three liver-specific enhancers of the TAT gene are
silenced in hepatoma/fibroblast hybrid crosses

To define sequence elements of the TAT gene mediating
its extinction in whole-cell hybrids, we compared the
activity of its three liver-specific enhancers after tran-
sient transfection in hepatoma cells, fibroblasts, whole-
cell hybrids, and monochromosomal hybrids carrying fi-
broblast TSE1. The results of the transfection experi-
ments in hybrids, depicted in Figure 2, were obtained in
pools of several hundred hybrid colonies. Additional
analyses of eight individual clones yielded consistent re-
sults (data not shown). Enhancer fragments and oligonu-
cleotides corresponding to individual enhancer motifs
(Fig. 2A) were tested in front of the herpes simplex virus
(HSV) thymidine kinase (TK) promoter driving the bac-
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terial chloramphenicol acetyltransferase (CAT) gene.
The activity of the SV40 enhancer was also determined
and found to stimulate the TK promoter in all four cell
lines {data not shown).

The enhancer at —11 kb is located within a 221-bp
restriction fragment and has two essential domains: One
contains a binding site for liver-specific proteins, which
we have identified as HNF3a, HNF3, and HNE3y, and
the other is a 35-bp element, here designated —11/2,
which by itself confers liver cell-specific transcriptional
activation on the heterologous TK promoter {D. Nitsch
and G. Schiitz, in prep.). The enhancer activities of the
221- and 35-bp fragments are reduced =40-fold in hepa-
toma/fibroblast hybrid crosses as compared with the pa-
rental hepatoma cell line. Four copies of the HNF3-bind-
ing site stimulate the TK promoter threefold less than in
hepatoma cells (Fig. 2B).

We have analyzed the activity of the cAMP-responsive
enhancer at —3.6 kb contained on a 336-bp fragment and
of either of its two esssential domains tested as tande-
merized oligonucleotides. Whereas TSE1-mediated inhi-
bition of enhancer activity can be reversed by forskolin
in monochromosomal hybrids, in whole-cell hybrids the
enhancer is inactive even in the presence of elevated
cAMP levels (Fig. 2C). The basal transcriptional stimu-
lation of the TK promoter by five copies of the CRE, as
well as by the tandemerized HNF4 motif, is reduced
>10-fold in hybrids (Fig. 2C). In combination, these ef-
fects lead to complete inactivity of the 336-bp enhancer
fragment.

The glucocorticoid-inducible enhancer at —2.5 kb of
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Figure 2. The activity of all three enhancers of the TAT gene is abolished in hepatoma/fibroblast hybrid crosses. Four different cell
lines (hepatoma, fibroblast, hepatoma/fibroblast hybrid crosses, and a hepatoma microcell hybrid containing the TSE1 locus from
human fibroblast chromosome 17) were transfected with constructs containing regulatory elements of the TAT gene, cloned in front
of the HSV TK promoter, driving the bacterial CAT gene. The different cell lines were electroporated, and extracts were prepared after
48 hr and assayed for CAT activity. All values have been corrected for variation in transfection efficiency by the expression of a
cotransfected internal standard, Rous sarcoma virus long terminal repeat (RSV-LTR)-driven luciferase. The results of representative
experiments are shown, which have been performed at least three times. [A) The 5'-flanking region of the rat TAT gene is depicted with
the three enhancers enlarged. The major transcription factor-binding sites within these enhancers are indicated by hatched or shaded
boxes. The various constructs that were used in the transfection experiments are illustrated below. (B) Analysis of constructs
containing sequences from the constitutive enhancer at —11 kb. The bars represent the relative stimulation of the TK promoter
(PBLCATS5), whose activity was set to 1. (C) Analysis of constructs containing sequences from the cAMP-responsive enhancer at —3.6
kb. After transfection, cells were split onto two separate dishes and, after 24 hr, either mock induced with 0.1% ethanol or induced
with 10 uMm forskolin. The activity of the uninduced TK promoter was set to 1. Uninduced values are represented by solid bars; the
increase in CAT activity after forskolin induction is depicted as a hatched bar. (D) Analysis of constructs containing sequences from
the glucocorticoid-inducible enhancer at —2.5 kb. Cells were split onto two dishes after electroporation, mock induced by 0.1%
ethanol, or induced by 3 x 1077 M dexamethasone. Fold induction is given as solid bars.

the TAT gene, contained on a 250-bp fragment, confers Thus, the three enhancers that contribute to liver-spe-
>100-fold inducibility on the TK promoter in hepatoma cific and hormone-inducible expression of the TAT gene
cells. In hybrids, as in fibroblasts, this hormone-depen- are silenced in hepatoma/fibroblast hybrid crosses, indi-
dent activity is very low (Fig. 2D). In contrast, the hor- cating that extinction operates at multiple cis-acting el-
mone-dependent stimulation by two copies of the 15-bp ements. Moreover, in the enhancers at —11 and —3.6 kb,
GRE from the enhancer is only slightly reduced in hy- at least two enhancer motifs are independently involved.

brids as compared with hepatoma cells {Fig. 2D). This ) .
observation leads to the conclusion that the activity of The CRE at —3.6 kb is the only direct target

the glucocorticoid receptor is not significantly affected for TSE1 in the TAT gene

in hybrids, but that the liver-specific components of the To assess whether TSE1 affects any other regulatory el-
enhancer are affected. ements of the TAT gene in addition to the CRE of the
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enhancer at —3.6 kb, we transfected the constructs de- changes in the complement of proteins interacting with
picted in Figure 2A into a hepatoma microcell hybrid the enhancer motifs. Therefore, we performed gel mobil-
that contains the fibroblast-derived human TSE1 locus ity-shift experiments, comparing nuclear extracts from
{Lem et al. 1988; Leach et al. 1989). The —11 kb en- hepatoma, fibroblast, and hybrid cells (Fig. 3). Extracts
hancer, as well as its two subdomains {—11/2 and the from hepatoma cells but not from fibroblasts give rise to
HNE3-binding site), show comparable activities in the two prominent protein~-DNA complexes with an oligo-
absence or presence of the fibroblast TSE1 locus (Fig. 2B). nucleotide containing the HNF3-binding site from the
The activity of five copies of the HNF4-binding site from —11-kb enhancer, both of which are competed by 100-
the enhancer at —3.6 kb is reduced two- to threefold in fold molar excess of an oligonucleotide containing the
the presence of TSE1, which might reflect a secondary HNEF3-binding site from the transthyretin gene (Fig. 3,
effect of the cAMP signal transduction pathway on lanes 1,2,7). With the help of specific antisera (kindly
HNF4 expression (Fig. 2C). Finally, the induction con- provided by V. Prezioso, Rockefeller University, NY),
ferred by the glucocorticoid-inducible enhancer is not these protein-DNA complexes can be shown to contain
affected by the presence of an active TSE1 locus {Fig. 2D). HNF3a, HNF38, and HNF3y (cf. lanes 3-6). Extracts pre-
Thus, in hepatoma—fibroblast hybrids, inhibition of the pared from hybrids contain HNF3a DNA-binding activ-
TAT enhancers at —11 kb and —2.5 kb, as well as of the ity in amounts comparable with the parental hepatoma
HNF4 motif in the enhancer at — 3.6 kb, is mostly inde- cell line, but no HNF3B- and HNF3v-binding activities
pendent of fibroblast TSE], indicating that fibroblast loci (lanes 8-10). Thus, the HNF3 family of liver-specific
in addition to TSE1 are involved in complete extinction transcription factors seem to be regulated differentially
of TAT gene activity, as was postulated by Thayer and in hepatoma/fibroblast hybrid crosses. Similar results
Fournier (1989). were obtained with an HNF3-binding site located in

the glucocorticoid-inducible TAT enhancer (data not

shown).

Extracts from hepatoma/fibroblast hybrid crosses
lack HNF4, HNF38, and HNF3y but not HNF3a
DNA-binding activities

An oligonucleotide corresponding to the liver-specific
BIII element of the enhancer at —3.6 kb (Boshart et al.
1990) binds several proteins in hepatoma cell extracts,

We were interested in correlating the reduced enhancer one of which is identified by oligonucleotide competi-
activities in hepatoma/fibroblast hybrid crosses with tion and specific antiserum (kindly provided by F.
S ¢ Z
& & &
> & ~ N & & { o
extract Hepatoma, TSE1 - £/ - S % 6}'9 - N 5 S
S x\*db & < st & & e Q@{{)“ </
serum | — | — aann' PBGNFST clele ar:lu HNBF:) ¢ —=]=]=]=1¢ ’:;4 iy ) O )y B
comp. | —HNB| = | = | = | = | = | =| = | = [ = == == HNF4| = = - A |mut| ===
L -— . %

HNF3 pet id | Lk Bt =,«.‘,gs a. — ” P-h”H
i meEn -y |
Y —lhe - - - e
ok b Bt [~ I i
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24
HNF3 (-11 kb enhancer) HNF4 (-3.6 kb enhancer) Oligo -11/2A (-11 kb enhancer)

Figure 3. Nuclear extracts from hybrid cells show loss of DNA-binding activities corresponding to liver-specific transcription factors.
Nuclear extracts from the cell lines indicated were incubated with labeled oligonucleotides containing the HNF3 motif from the
—11-kb enhancer (lanes 1-11), the HNF4-binding site from the —3.6-kb enhancer (lanes 12-18), or motif —11/2A from the —11-kb
enhancer (lanes 19-24). The protein—-DNA complexes were resolved by electrophoreses in 7% (lanes 1-18) or 4% (lanes 19-24)
polyacrylamide gels. Competition experiments were performed by preincubation of extracts with a 100-fold molar excess of cold
oligonucleotides containing the HNF3- or HNF4-binding sites from the transthyretin gene (lanes 2 and 16, respectively; Costa et al.
1989), or with oligo — 11/2A {lane 20) or a mutant of oligo —11/2A with a triple base-pair exchange {lane 21). Immunoshifts were
performed by preincubation of the extracts with the antiserum (lanes 3-5,9-10,18) or as control {C) with preimmune serum (lanes
6,7,8,11) or 3% BSA (lane 17). Arrows point to specific protein~-DNA complexes; and the asterisk indicates the supershift obtained with
the HNF4 antiserum. In the presence of the HNF3 antisera we observe material that does not migrate into the gel.
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Sladek, Rockefeller University, NY) as HNF4 {Fig. 3,
lanes 12-18). The HNF4 DNA-binding activity is absent
in extracts from hybrids, in agreement with a report by
Kuo et al. (1992). The identity of the proteins giving rise
to the other retarded complexes is unclear. Competition
by the HNF4 binding site indicates that these might con-
tain related proteins (cf. Ladias et al. 1992). Some of these
additional protein-DNA complexes are also not formed
with hybrid cell extracts.

DNase I footprint experiments have identified two dis-
tinct DNA-binding activities in the —11/2 domain of
the enhancer at —11 kb, both of which are found in
extracts from hepatoma cells and fibroblasts (D. Nitsch
and G. Schiitz, in prep.). Lanes 19-24 in Figure 3 show
gel mobility-shift analyses performed with oligonucle-
otide —11/2A that encompasses the 5 half of the en-
hancer domain —11/2. The specific complex is defined
by its sensitivity to a triple point mutation (Fig. 3, lanes
19-21), which also results in loss of >90% of the activity
of this enhancer domain in transient transfection exper-
iments (D. Nitsch and G. Schiitz, in prep.). The specific
protein-DNA complex is also observed with extracts
from fibroblasts (lane 22) and hybrids {lane 23). Similar
results were obtained in gel-shift assays using an oligo-
nucleotide encompassing the 3’ half of enhancer domain
—11/2 (data not shown). Thus, we do not observe any
differences between extracts from hepatoma and hybrid
cells in the in vitro DNA-binding activities to the en-
hancer domain —11/2, although this region does not ac-
tivate the TK promoter in hybrids (Fig. 2B).

With all three enhancer motifs, extracts from the
monochromosomal hepatoma cell line containing the fi-
broblast-derived TSE1 locus (hepatoma, TSE1 ") gave rise
to protein~-DNA complexes comparable with those ob-
served with the hepatoma cell line FTO-2B (Fig. 3, lanes
11,12,24). This is compatible with the results obtained in
transient transfection experiments {see Fig. 2).

mRNAs for HNF4, HNF38, and HNF3vy are not
detectable in hepatoma/fibroblast hybrid crosses

To analyze the level at which the activities of HNF4 and
HNEF38 and HNF3v are affected, we performed Northern
blot analyses to detect the respective mRNAs. As shown
in Figure 4B, no HNF4 mRNA is detectable in hybrids
and in fibroblasts. Hepatoma cells contain mRNAs for
all three HNF3 proteins, whereas we detect no - and
v-form mRNAs but high levels of HNF3a mRNA in hy-
brids (Fig. 4C). In fibroblasts and hybrids we observe ad-
ditional bands with the HNF3 probe. Because the hybrid-
ization was performed with a probe corresponding to the
conserved fork head domain of HNF3a, these additional
mRNAs might correspond to other members of the fork
head family, of which at least seven have been identified
(K. Kistner and G. Schiitz, unpubl.). The lack of HNF4,
HNF38, and HNF3y DNA-binding activities, therefore,
corresponds to dramatically reduced steady-state levels
of their mRINAs. The Northemn blot depicted in Figure
4C was also hybridized with a probe for the regulatory
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Figure 4. mRNAs coding for HNF4 and HNF3B and HNF3y,
but not for HNF3a are absent in hybrid cells. Total RNA (15 pg)
isolated from the indicated cell lines was separated in a 1%
agarose gel, blotted, and hybridized in A with a 40-mer oligo-
nucleotide complementary to a sequence 100% conserved
between the rat- and mouse-coding region of the regulatory sub-
unit Rla of protein kinase A, in B with a riboprobe comple-
mentary to the HNF4 ¢cDNA, and in C with a riboprobe corre-
sponding to the fork head domain of HNF3a. A and C show the
same Northern filter, which was hybridized successively to the
Rla and HNF3 probes. The three Rlo mRNAs are the result of
alternative polyadenylation (@yen et al. 1988). The sizes of the
HNF3 mRNAs are described in Lai et al. (1991). Positions of the
rRNAs are marked in A and C, and in B the RNA ladder from
Bethesda Research Laboratories was used as size marker. The
filters were rehybridized with a probe from the rat glyceralde-
hyde-3-phosphate-dehydrogenase ¢cDNA (GAPDH; Fort et al.
1985) as internal standard.

subunit Rla of protein kinase A. As expected, Rla/ TSE1
mRNAs are abundant in fibroblasts and hybrids but un-
detectable in hepatoma cells (Fig. 4A).

Genomic footprinting reveals loss of protein binding
at the —11-kb enhancer in hepatoma/fibroblast
hybrid crosses

The identity of the proteins interacting with domain
—11/2 of the constitutive enhancer at —11 kb is un-
known. To follow binding activities in vivo we per-
formed genomic footprinting analyses. In Figure 5, the
reactivity of the lower strand to methylation by dimeth-
ylsulfate (DMS) was compared between hepatoma and
hybrid cells. In hepatoma cells prominent protections
and enhancements are observed in the enhancer domain
—11/2 and at the HNF3-binding site. The DMS reactiv-
ity of the hybrid cells is comparable with that of fibro-
blasts and of protein-free hepatoma DNA (data not
shown). Although proteins interacting with these en-
hancer motifs in vitro are found in extracts from both
cell types, in vivo the respective binding sites are occu-
pied only in hepatoma cells. The absence of in vivo pro-
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Figure 5. Genomic footprinting at the enhancer at —11 kb
reveals absence of protein binding in hepatoma/fibroblast hy-
brid crosses. The DMS reactivity of the lower strand of the TAT
gene enhancer at — 11 kb was analyzed in hepatoma and hybrid
cells as detailed in Materials and methods. Guanosine residues
that show an altered reactivity in hepatoma cells, as compared
with hybrids, are marked by O (protections) or B {enhance-
ments) at left. Sequences corresponding to the two essential
enhancer domains are indicated by vertical lines at right. The
genomic DNA of the H4IIEC3-derived hepatoma cell line FTO-
2B contains a 16-bp duplication within region —11/2 when
compared with rat DNA of other sources. Therefore, a control
lane with DNA from DMS-treated rat fibroblasts cannot be di-
rectly aligned and has been omitted. Protections and enhance-
ments within the duplicated sequence are bracketed. The hy-
brid lane was exposed twice as long as the hepatoma lane to
compensate for the reduction in signal, which is the result of
the dilution by the mouse genomic DNA in the hybrid samples.

tein binding in hybrid cells correlates with loss of or
reduced activity of the corresponding enhancer domains
in transient transfection experiments in these cells (Fig.
2B).

Discussion

This study was undertaken to define the molecular
mechanisms underlying extinction of gene activity in
somatic cell hybrids. Possible mechanisms of extinction
include inhibition of the synthesis of transcription fac-
tors that determine cell-specific expression or interfer-
ence with the binding to the recognition sequence or
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with the transcriptional stimulatory activity of these
factors. The action of dominant repressor-like mole-
cules, which might bind to specific silencer elements or
compete for binding with an activator, could also be en-
visaged. Extinction of TAT gene activity in whole-cell
hybrids is accompanied by the loss of DNase I HSs. This
argues against a role of negative regulatory elements, as
binding of repressors or silencers might be expected to
result in changes in chromatin structure, giving rise to
altered or new DNase I HSs, or both.

We anticipated that no single mechanism, dependent
on only one extinguisher locus, such as TSE1, would be
likely to explain extinction of TAT gene transcription in
whole-cell hybrids. In these hybrids the TAT gene is
shut off by at least three orders of magnitude and is not
inducible by hormones, whereas in monochromosomal
hybrids carrying an active TSEl locus, the maximally
20-fold reduction of TAT gene activity can be reversed
by cAMP administration. Moreover, examination of the
chromatin structure of the TAT gene revealed signifi-
cant changes in whole-cell hybrids, with loss of several
DNase I HSs corresponding to regulatory sequences (Fig.
1). In contrast, in monochromosomal hybrids, only sub-
tle changes are observed at the DNase I HS at the pro-
moter (Nitsch et al. 1990). The experiments described
here clearly establish that extinction in whole-cell hy-
brids has a polygenic basis affecting the activity of all
three enhancers that determine liver-specific and hor-
mone-dependent expression of the TAT gene. The activ-
ity and synthesis of several factors interacting with these
enhancers are altered in hybrids. Our analyses also es-
tablish that the CRE in the cAMP responsive enhancer at
—3.6 kb is the only direct target in the TAT gene influ-
enced by the presence of the fibroblast TSE1 locus.

DNA-binding (Weih et al. 1990; Nichols et al. 1992)
and transcriptional activity (Gonzales and Montminy
1989) of CREB are influenced by its state of phosphory-
lation by protein kinase A. TSEl is identical with the
regulatory subunit Rla of protein kinase A and its ex-
pression is low in liver and hepatoma cells but high in
fibroblasts and hybrids (Fig. 4A; Boshart et al. 1991a).
Therefore, TSE1/Rla interferes with phosphorylation of
CREB in hepatoma/fibroblast hybrid crosses, and leads
to reduced binding and transcriptional activity of CREB.
In these hybrids, the activity of a multimerized HNF4-
binding site is also significantly reduced (Fig. 2C) and
this correlates with the loss of protein—-DNA binding ac-
tivities to this enhancer motif in hybrids owing to inhi-
bition of HNF4 gene expression (Fig. 4B; Kuo et al. 1992).
The HNF4 shift represents the only prominent DNA-
binding activity observed in liver; moreover, the con-
tacts resulting from DMS interference studies are as ex-
pected from the mutational analysis (Boshart et al. 1990;
data not shown). Because the HNF4 element acts inter-
dependently with the CRE, the other essential element
of this enhancer, the lack of HNF4, and the lowered ac-
tivity of CREB lead to complete loss of enhancer activity
as well as to lack of inducibility by cAMP. This corre-
lates with loss of the respective DNase I HS in complete
somatic cell hybrids (Fig. 1). In contrast, in the TSE1-
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containing microcell hybrids this DNase I HS is present
(Nitsch et al. 1990).

The glucocorticoid-inducible enhancer of the TAT
gene contains several binding sites for liver-specific fac-
tors, including C/EBP (Grange et al. 1991; Rigaud et al.
1991) and HNF3 (D. Nitsch, unpubl.), in the vicinity of
its GRE. It has been demonstrated that a single GRE
requires complementation by another transcription fac-
tor-binding site to activate transcription from a promoter
distal position (Strihle et al. 1988). As the glucocorticoid
receptor is active in many or possibly all cell types, it is
not surprising that a tandem dimer of the 15-bp GRE in
front of the TK promoter is inducible in hepatoma and
hybrid cells. Steady-state mRNA levels for the glucocor-
ticoid receptor are comparable in these cells (A. Reik and
G. Schiitz, unpubl.). In contrast, the inducibility of the
TAT enhancer at —2.5 kb is lost in hepatoma/fibroblast
hybrid crosses (Fig. 2D), correlating with the absence of
the corresponding hormone-inducible DNase I HS {Fig.
1). This may relate to the absence of HNF3 proteins.
HNE3B and HNF3y DNA-binding activities and mRNAs
are absent in hybrids, but HNF3a is present (Figs. 3 and
4C), suggesting different regulatory functions of the
three proteins. The differential regulation of the HNF3
proteins in hybrids might indicate a more general coor-
dinate regulation of HNF3B8 and HNF3y independent of
HNF3a. We did not observe any difference in DNA-bind-
ing activities to the C/EBP site (data not shown). Al-
though C/EBPB (LAP; Descombes et al. 1990; Poli et al.
1990) was contained in extracts from all four cell lines,
C/EBPa could not be detected in any and has been re-
ported previously to be expressed at very low levels in
hepatoma cell lines (Friedman et al. 1989).

In the constitutive liver-specific enhancer at —11 kb,
at least two essential components, the HNF3-binding
site and the —11/2 domain, are affected in extinguished
hybrids (Fig. 2B). Although HNF3a is present in hybrids
(Figs. 3 and 4) and possibly leads to some activation of a
construct containing four tandemerized HNF3-binding
sites in transient transfection experiments, we do not
observe protein binding to this HNF3 motif in vivo {Fig.
5). Similarly, in vitro DNA-binding studies have identi-
fied ubiquitous proteins binding to the liver-specific en-
hancer domain —11/2, which in hybrids does not, how-
ever, interact with proteins in vivo, as revealed by geno-
mic footprinting experiments (cf. Figs. 3 and 5).
Although it cannot be excluded that the relevant liver-
enriched proteins have not been identified in the in vitro
protein—DNA binding studies, these results extend pre-
vious observations of cell type-specific in vivo DNA
binding of ubiquitously expressed factors (Becker et al.
1987). As has been shown for CREB (Weih et al. 1990;
Nichols et al. 1992), protein modification might also be
involved in restricting the interaction of the ubiquitous
factors with enhancer domain —11/2 in vivo.

The major conclusion drawn from this work and pre-
vious analyses of individual cell type-specific factors in
several hybrid systems (McCormick et al. 1988;
Cereghini et al. 1990; Baumhueter et al. 1990; Bergman
et al. 1990; Junker et al. 1990) is that extinction of gene
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activity is attributed to lack of activation. This may be
the result of reduced synthesis of factors or modulation
of their activity by post-translational modification, such
as occurs in TSEl-mediated extinction. Here, we have
documented this rule for five distinct regulatory ele-
ments organized in three enhancers controlling the liver-
specific expression of one particular gene. In hepatoma/
fibroblast hybrid crosses, the combined effects of the
multiple regulatory events result in extinction of TAT
gene activity by three orders of magnitude, as well as in
loss of hormone inducibility. Recently, overexpression
of HNF4 in dedifferentiated hepatoma lines has been
shown to relieve inhibition of HNFla gene activity (Kuo
et al. 1992). However, because of the combinatorial na-
ture of the control of TAT gene activity and the domi-
nant nature of TSE1, we anticipate that overexpression
of any one of the factors important for TAT gene activity
will not reverse its extinction in whole-cell hybrids.
Also, overexpression of a combination of factors will not
lead to reversal of extinction, as the genes coding for the
proteins that bind to the — 11 enhancer cannot be com-
plemented. In line with this, the expression of the a;-
antitrypsin and immunoglobulin genes could not be re-
stored in somatic cell hybrids by overexpression of their
important transcriptional activators HNFla and Oct-2,
respectively (Junker et al. 1990; Bulla et al. 1992; P. Mat-
thias, pers. comm.). Extinction of the albumin gene has
also been related to loss of HNFla (Cereghini et al. 1988,
1990). However, HNFla expression is independent of
TSE2, which was defined as a negative regulator of albu-
min expression in microcell hybrids retaining chromo-
some 1 (Chin and Fournier 1989; Gourdeau et al. 1989).
This implies that extinction of albumin gene expression
also involves more than one independent locus, simi-
larly to that shown for the TAT gene.

With the exception of the glucocorticoid receptor, all
transcription factors determined thus far to be important
for TAT gene expression are absent or inactive in hepa-
toma/fibroblast hybrid crosses. This could either imply
the existence of as many extinguisher loci as cell type-
specific transcription factors or, more likely, the activity
of few putative master regulators controlling the expres-
sion of several of these factors. This may reflect a hier-
archical order in the expression of cell-specific transcrip-
tion factors. Such a hierarchy has already been seen in
the control of HNFla by HNF4 (Tian and Schibler 1991;
Kuo et al. 1992) and may be a more frequent occurrence,
similar to the transcription factor cascades involved in
Drosophila development (for review, see Lipshitz 1992).
HNEF3 proteins have a conserved DNA-binding domain
with a high degree of homology to the Drosophila pro-
tein fork head, which is dependent on expression of the
gene tailless (Weigel et al. 1989; Weigel and Jackle 1990).
A potential mammalian homolog of the tailless gene
could therefore be upstream of the HNF3 proteins in a
hypothetical cascade.

Whereas extinction of cell type-specific gene expres-
sion in somatic cell hybrids largely results from lack of
activation, the mechanisms that control the expression
of the corresponding tissue-specific extinguisher loci re-
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main to be elucidated. Analyses of the regulatory ele-
ments of important cell type-specific transcription fac-
tors have revealed that autoregulatory loops play an im-
portant role in establishment and maintenance of the
differentiated state {for review, see Blau 1992). The work
in somatic cell hybrids establishes that dominant-nega-
tive control of cell type-specific functions by the tissue-
specific extingusher loci TSE1 and TSE2 identified so far,
is stably inherited in cis and not subject to regulation by
trans-acting factors (for further discussion, see Gourdeau
and Fournier 1990; Boshart et al. 1991a). Similar mech-
anisms of control are likely to act also on the putative
master regulators that participate in the determination
of a particular cell fate.

Materials and methods
Plasmid constructions

Synthetic oligonucleotides used for cloning and in gel-retarda-
tion experiments were synthesized on an Applied Biosystems
synthesizer. Unless mentioned otherwise, all constructs used in
the transfection experiments are based on the plasmid
pBLCATS5, which contains 105 bp of the HSV TK promoter driv-
ing the bacterial CAT gene (Boshart et al. 1991b). Construct
—11 contains a restriction fragment corresponding to sequences
from —10616 to —10395 bp with respect to the start site of
transcription cloned into the Hincll site in the polylinker of
pBLCATS. In construct —11/2 an oligonucleotide-containing
sequences from — 10548 to —10515 bp (5'-GATCCACGCAAT-
CAGTGGCAATAGTGAAGTCACTGAGCCA-3') is cloned in
the sense orientation into the BamHI site of pBLCAT5. In the
4x HNF3 construct, four copies of an oligonucleotide contain-
ing sequences from — 10513 to — 10483 bp (5'-GATCCGACG-
TTTCTCAATATTTGCTCTGGCAGATA-3'} are cloned head
to tail in the sense orientation into the BamHI site. The con-
structs containing sequences from the enhancer at —3.6 kb are
described in Ruppert et al. (1990). The constructs with se-
quences from the glucocorticoid-inducible enhancer contain a
restriction fragment from —2562 to —2312 bp or two copies of
a 15-bp oligonucleotide corresponding to GRE II from the TAT
enhancer (Strihle et al. 1987} and are cloned in the polylinker
upstream of the TK promoter in pBLCAT2 (Luckow and Schiitz
1987). All constructs containing synthetic oligonucleotides
were sequenced by the method of Chen and Seeburg (1985).

Cell culture and transfections

Cultures of the various cell lines, transfections, and CAT assays
were performed as described in Boshart et al. {1990). Hepatoma—
fibroblast hybrids were obtained by polyethylene glycol (PEG)
fusion between FTO-2B hepatoma cells [TK ~, ouabain sensitive
(Killary et al. 1984; Killary and Fournier 1984]| and mouse em-
bryo fibroblasts [TK*, ouabain resistant (a kind gift of Dr. J.
Schlehofer, German Cancer Research Center)] and selection in
HAT/ouabain medium (0.1 mm hypoxanthine, 0.4 pm aminop-
terin, 20 uM thymidine, and 3 mM ouabain) for 2 weeks. More
than 200 hybrid colonies were pooled and frozen in aliquots. For
transfections and preparation of nuclei or protein extracts, ali-
quots were freshly thawed and cultured in HAT medium. Hy-
brids were electroporated, as described in Boshart et al. (1990,
using 5 X 106 cells. The TSEL* microcell hybrid cell line 7AE-
27 is described in Leach et al. {1989) and contains parts of the
human fibroblast chromosome 17, including the TSE1/Rla lo-
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cus. Cells were harvested 48 hr after gene transfer. A luciferase
expression vector was cotransfected as internal reference [Rous
sarcoma virus (RSV}-driven luciferase; Boshart et al. 1990], and
the luciferase assay was performed as described by de Wet et al.
{1987).

DNase I HS mapping

Preparation of nuclei, DNase I digestions, and indirect end-la-
beling were performed as described elsewhere (Becker et al.
1984; Jantzen et al. 1987), using the following DNase I concen-
trations: hepatoma cell nuclei 120, 200, 300 U/ml, hybrid nu-
clei 360, 600, 800 U/ml, and fibroblast nuclei 500, 900, 1600
U/ml. The probe was transcribed from pXA600, which is de-
scribed in Nitsch et al. (1990).

Nuclear extract preparation and gel mobility-shift assays

Nuclear extracts used in gel-shift assays with oligonucleotide
—11/2A were prepared as described by Dignam et al. (1983),
with modifications (Wildeman et al. 1984). For gel shift exper-
iments with the HNF3- and HNF4-binding sites, nuclear ex-
tracts prepared according to Schreiber et al. {1989) were used. In
gel shift assays with oligonucleotide —11/2A (5'-GATCTGC-
CGTGAGACACGCAATCAGTGGCG-3'] 7.5 pg of protein
was incubated for 10 min on ice with 10 fmoles of labeled oli-
gonucleotide in the presence of 500 ng of poly[d{A-T)] in 10 mm
HEPES (pH 7.9), 70 mm KCl, 6 mm MgCl,, 4 mm spermidine,
10% glycerol, and 0.5 mm DDT. Protein~-DNA complexes were
separated in 4% polyacrylamide gels at 15 V/cm in 0.5X TBE
buffer. In gel-shift assays with the HNF3-binding site (5'-GA-
TCCGACGTTTCTCAATATTTGCTCTGGCAGATA-3') and
the HNF4-binding site (5'-GATCTCTGCTGCTCTTTGATCT-
GTATACCG-3'), 5 pg of extract was preincubated for 10 min on
ice with 500 ng of poly[d(I-C}] in 20 mM HEPES (pH 7.9), 4%
Ficoll, 2 mm MgCl,, 40 mm KCl, 0.1 mm EGTA (pH 8}, and 0.5
mM DTT. After the addition of 10 fmoles of labeled oligonucle-
otide and incubation for 10 min on ice, the protein-DNA com-
plexes were separated on 7% polyacryamide gels at 15 V/cm in
0.3 x TBE. Specific antisera directed against HNF4 (Sladek et al.
1990) and HNF3o, HNE3B, or HNF3y (Lai et al. 1990, 1991}
were kindly provided by F. Sladek and V. Prezioso {Rockefeller
University, NY), respectively.

RNA analyses

Total RNA was extracted by the guanidinium isothiocyanate/
CsCl cushion method. Northern blot analysis was performed as
described in Boshart et al. {1991a). The Rla oligonucleotide
probe is described in the legend to Figure 2C of Boshart et al.
(1991a) and was used as indicated there. The HNF3 riboprobe
was transcribed from a Bluescript vector containing a 300-bp
polymerase chain reaction (PCR) fragment encompassing the
fork head domain of the mouse HNF3a gene (kindly provided by
H. Hiemisch, German Cancer Research Center). The HNF4 ri-
boprobe was transcribed from a Bluescipt(KS) vector (kindly pro-
vided by S. Taraviras, German Cancer Research Center) con-
taining the rat HNF4 ¢cDNA (Sladek et al. 1990; a kind gift of J.
Darnell, German Cancer Research Center). Both riboprobes
were hybridized at 70°C and washed off at 70°C to 75°C for
3 x 10 min in the solutions given in Boshart et al. (1991a).

Genomic footprinting

Methylation of intact cells and of protein-free DNA, purifica-
tion of the DNA, and cleavage with piperidine were performed
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as described in Becker and Schiitz (1988). Twenty-five micro-
grams of piperidine-cleaved DNA was subjected to a linear am-
plification reaction as described in Reik et al. (1991), using a
primer corresponding to the upper strand of the TAT sequences
from —10718 to — 10693 bp. Amplifications were performed
with 10 units of Tag polymerase (Perkin-Elmer) in 30 cycles
with 1 min denaturation at 92°C, 1-min annealing at 64°C, and
elongation for 1.7 min at 72°C. The purified DNAs were subse-
quently analyzed on a 6% sequencing gel, electroblotted onto
GeneScreen, baked at 80°C, covalently cross-linked by UV irra-
diation, and hybridized as described in Becker and Schiitz
(1988}, using a cDNA probe of high specific activity (Weih et al.
1988) that corresponds to TAT sequences from —10562 to
—10677 bp.
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