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We have identified and characterized two mutually exclusive nuclear proteins that interact with a single crucial 
element of the albumin promoter. One, albumin proximal factor (APF), is found only in liver or differentiated 
hepatoma cells and is probably identical to the liver-specific factors named HNFl, alTFB, or HPl-binding 
protein. The other, variant albumin proximal factor (vAPF), is present in dedifferentiated hepatoma cells as well 
as in somatic cell hybrids that show extinction of the expression of liver-specific proteins, including albumin. 
Reversion to the hepatic phenotype of either a dedifferentiated variant or an extinguished somatic hybrid clone 
is accompanied by loss of vAPF and reappearance of APF. These two proteins differ in their thermostability and 
in their molecular weight, while displaying identical sequence specificities. Both proteins interact with a 
homologous motif present in promoter regions of several other liver-specific genes. In vitro transcription assays, 
using a rat liver nuclear extract, indicate that the binding of APF to its target sequence is required for albumin 
transcription. These results suggest that a modification in the primary structure of a transcription factor is 
correlated with the differentiated state of the hepatic cell. 
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The albumin gene is subject to developmental and 
tissue-specific regulation. This gene is expressed mainly 
in liver cells, where early in fetal development it is coac-
tivated along with the closely linked and evolutionarily 
related a-fetoprotein (AFP) gene. After birth, AFP ex-
pression ceases rapidly, whereas albumin synthesis in-
creases to become the major serum protein synthesized 
and secreted by adult hepatocytes (Panduro et al. 1987, 
see references therein). 

Our interest has been to elucidate the molecular 
mechanisms involved in the establishment of tissue-
specific expression of the albumin gene. Our early 
studies indicated that the first 150 bp of the rat albumin 
5'-flanking region contain the sequences necessary and 
sufficient for tissue or cell specificity in a transient ex-
pression assay (Ott et al. 1984; Heard et al. 1987). Dele-
tion analysis followed by a more refined study using a 
series of clustered point mutants identified five distinct 
transcriptional control elements within these se-
quences, in addition to the TATA box (Heard et al. 1987; 
P. Herbomel, A. RoUier, F. Tronche, H.O. OH, M. Yaniv, 
and M.C. Weiss, in prep.). Figure 1 is a schematic dia-
gram of the minimal albumin promoter illustrating 
these elements, which are designated as the proximal el-

^Cotresponding author. 

ement (PE), the CCAAT box, and the distal elements I, 
II, and III (DEI, DEII, and DEIII, respectively). Multiple 
base substitutions in each of these elements affect to 
different degrees the transcriptional activity of the al-
bumin promoter in vivo; the proximal element and the 
CCAAT box are the most crucial (P. Herbomel et al., in 
prep.). 

Each one of these elements contains a sequence motif 
highly conserved among the albumin genes of mice, rats, 
and humans (Heard et al. 1987) which functions as the 
recognition site for distinct factors present in liver or 
differentiated hepatoma cells producing albumin (Babiss 
et al. 1987; Cereghini et al. 1987; Lichtsteiner et al. 
1987; Raymondjean et al. 1988; see Fig. lA). The factor 
binding to the DEII site is closely related or identical to 
nuclear factor 1 or the CCAAT-binding transcription 
factor (NFl/CTF) purified from HeLa cells (Jones et al. 
1985, 1987), whereas the factor binding to the DEI ele-
ment is the CCAAT/enhancer-binding protein (C/EBP) 
that was purified from rat liver by Graves et al. (1986; 
see Fig. lA) (Johnson et al. 1987; S. Cereghini and P. 
Johnson, unpubl.). 

Interestingly neither of these two well-characterized 
CCAAT-binding proteins, NFl/CTF and C/EBP, interacts 
with the albumin CCAAT motif at position -80 . In-
stead we have identified, by a combination of footprint. 
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gel retardation, methylation interference, and cross-
competition experiments, a distinct CCAAT-binding 
factor, termed ACF (albumin CCAAT factor) (Raymond-
jean et al. 1988). This factor may be identical to the NFY 
factor that binds to promoters of class II surface antigens 
(Dom et al. 1987; M. Raymondjean and A. Dorn, un-
publ.). None of these three factors binding to either the 
CCAAT box or to the DEI and DEII elements seems to 
be strictly cell-type specific, as judged both by the gener-
ation of identical DNase I protection patterns and re-
tarded DNA-protein complexes with these sequence el-
ements when comparing extracts from different cell 
types. In contrast, a clear difference has been observed in 
the footprinting patterns on the proximal promoter ele-
ment with nuclear extracts derived from cells expressing 
or not expressing the albumin gene, suggesting that 
these sequences might be recognized by tissue-specific 
protein(s) (Cereghini et al. 1987). This prompted us to 
characterize the PE-binding region in detail by using the 
more sensitive gel mobility shift technique with syn-
thetic oligonucleotides. We have searched for factors in 
a variety of cell types and focused our attention on a 
family of rat hepatoma clones representing various 
stages of hepatocyte differentiation. 

This approach has led to the identification of a liver-
specific protein, albumin proximal factor (APF), which 
interacts with a 15-bp, partially palindromic sequence in 
the center of the albumin proximal element. APF also 
interacts with a homologous motif present in promoter 
regions crucial for the in vivo expression of several other 
liver-specific genes, suggesting that APF acts as a posi-
tive trans-acting factor. In vitro transcription experi-
ments using a set of mutant APF-binding sites con-
firmed that binding of APF is also required for albumin-
specific transcription. This protein is absent in 
nonhepatic cells while a modified form, variant albumin 
proximal factor (vAPF), was found in two independent 
lines of dedifferentiated hepatoma cells, H5 and CI, and 
in an 'extinguished' somatic hybrid formed by fusion of 
differentiated and dedifferentiated cells. Reversion to 
the hepatic phenotype of either C2 cells or the somatic 
hybrid clone is accompanied by the reappearance of APF 
and disappearance of vAPF. Thus, APF is clearly asso-
ciated with the hepatic phenotype and vAPF with both 
the dedifferentiated pattern and the extinction event. 

Results 

The albumin proximal region interacts with a liver-
specific factor 

Previous studies indicated that the proximal element is 
the only region of the albumin promoter that is not 
identically protected from DNase I digestion by proteins 
present in expressing and nonexpressing cells suggesting 
that this element may be recognized by cell-type-spe-
cific proteins (Cereghini et al. 1987). 

In the present study, we used the electrophoretic mo-
bility shift assay (Fried and Crothers 1981; Gamer and 
Revzin 1981) to screen sequences within the albumin 
proximal region able to interact specifically with pro-

teins present in nuclear extracts from different cell 
types. Because the proximal region protected by rat liver 
nuclear proteins {-35 to -72) represents slightly more 
than three helical turns, this site could be recognized by 
more than a single factor. Therefore, we first synthe-
sized three partially overlapping double-stranded (ds) 
oligonucleotides (PE12, PE34, PE56; Table 1), encom-
passing the entire proximal region, and used them either 
as probes or as cold competitors in the binding assays. 
Alternatively, these same ds oligonucleotides were used 
as competitors in DNase I footprinting experiments. 
Only one out of the three ds oligonucleotides examined 
(PE56; Table 1) was able to both compete efficiently for 
the binding of rat liver factor(s) to the entire proximal 
region in a footprinting assay (not shown) and to form a 
specific DNA-protein complex (see below). The PE56 
oligonucleotide was then used as a probe in the binding 
assays to examine nuclear extracts from a variety of cell 
lines of hepatic or nonhepatic origin. The filiation of the 
rat hepatoma clones relevant to the present work is 
shown in Figure IB. As shown in Figure 2A, PE56 
formed a unique DNA-protein complex, designated as 
CI, when incubated with rat liver or H4II nuclear ex-
tracts. A complex with identical electrophoretic mo-
bility was formed using nuclear extracts from the rat 
hepatoma cell line Fao, the human hepatoma cell line 
HepG2, and the mouse hepatoma cell line BWIJ, all of 
which are characterized by the expression of the endoge-
nous albumin gene (Fig. 2A and data not shown). In con-
trast, dedifferentiated rat hepatoma cells (H5 and C2) 
that fail to express most of the liver-specific functions, 
including albumin synthesis, gave rise to a distinct and 
weaker complex (C2) that migrates slightly faster than 
CI. Interestingly, C2Rev7, a revertant cell line derived 
from C2 that reexpresses albumin and other liver-spe-
cific proteins, showed the disappearance of the parental 
C2 complex and the reappearance of the hepatic-type CI 
complex. Most instructive is the analysis of the PE56 
binding activity in a somatic hybrid, HFl, between Fao 
and H5 that causes extinction of the expression of the 
set of tissue-specific functions that characterizes the dif-
ferentiated parent (Deschatrette et al. 1979). As shown 
in Figure 2A, in FIFl only the C2 faster-migrating com-
plex is observed. In contrast, HFl-5, a revertant of HFl 
hybrids reexpressing albumin and other liver-specific 
proteins, contained only the hepatic CI complex. 

Neither the CI nor the C2 species were detected in 
nonhepatic cells, including mouse ascites, 3T6 mouse 
fibroblasts, 3T3 transformed rat fibroblasts, the human 
T leukemia cells (Jurkat and larc cell lines), and HeLa 
cells. Additional species with mobilities faster than ei-
ther CI or C2 which resulted from nonspecific interac-
tion of proteins with the PES 6 oligonucleotide were 
noted with some nuclear extracts from these nonhepatic 
cells (not shown). Analyses of more than 15 different cell 
lines indicated that complex CI is exclusively formed 
with nuclear extracts derived from hepatic cells, 
whereas complex C2 appears to be characteristic of both 
the dedifferentiated state and the hepatic extinction phe-
notype. 
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Table 1. Oligonucleotides 

PE12 

PE34 

PE27 mer 

PE56 

Alb CCAAT 

Alb DEM 

Alb DE I 

NF1 

SV40 enhancer core 

Alb Xenopus 68 kd 

rat R fibrinogen 

rat AFP 

human A1 AT 

-80 ATGAAATGAAAGGTTAGTGTGGTTAATGAT 

ACTTTACTTTCCAATCACACCAATTACTAGAT 

-50 CTACAGTTATTGGTTAGAGAAGTATAT 

GTCAATAACCAATCTCTTCATATAA -23 

TCGACTGTGGTTAATGATCTACAGTTA 

GACACCAATTACTAGATGTCAATAGCT 

-63 TGTGGTTAATGATCTACAGTTA 

CACCAATTACTAGATGTCAATA -41 

-93 GGGGTAGGAACCAATGAAATGAAAGGTTA 

CCCCATCCTTGGTTACTTTACTTTCCAAT -65 

-126 TTCTTTTTGGCAAGGATGGTATGATT 

AAGAAAAACCGTTCCTACCATACTAA -101 

-109 GGTATGATTTTGTAATGGGGTAGG 

CCATACTAAAACATTACCCCATCC -86 

20 TATTTTGGATTGAAGCCAATATGATAATGA 

ATAAAACCTAACTTCGGTTATACTATTACT 49 

233 TGCTGGGGACTTTCCACACCCTAA 254 

ACGACCCCTGAAAGGTGTGGGATT 

69 ATAGGTTAATAATTTTCCAGAT 

ATCCAATTATTAAAAGGTCTAG -47 

-101 CAAACTGTCAAATATTAACTAA 

TTTGACAGTTTATAATTGATTT -79 

-67 GAAGGTTACTAGTTAACAGGCA 

TTCCAATGATCAATTGTCCGTA -45 

-76 CCTTGGTTAATATTCACCAGCAG 

GAACCAATTATAAGTGGTCGTCG -54 

-48 

These differences were not due to the loss or inactiva-
tion of factors that may have occurred during the isola-
tion of nuclei since the presence of ubiquitous factors, 
such as ACF or NFl , were readily detected in all extracts 
(Fig. 2B and data not shown). Moreover, mixing experi-
ments indicated that nonhepatic extracts do not contain 
an activity which inhibits the formation of the typical 
CI hepatic complex. Thus, when extracts from either 
H4II and H5 or Fao and C2 were mixed and incubated 
with the PE56 probe both the CI and C2 complexes 
could be readily observed (data not shown; see also Fig. 5 
below). The difference between the differentiated and 
dedifferentiated pattern (CI versus C2 complex) was also 
observed over a wide range of protein concentrations, in-
dicating that the major CI complex does not derive from 
the minor C2 complex. To exclude that the C2 faster-

migrating complex was generated by selective proteol-
ysis of the protein(s) forming the CI complex during the 
preparation of nuclear extracts from dedifferentiated 
variants, we performed another series of control experi-
ments. The hepatoma H4II and its dedifferentiated de-
rivative H5 cells were mixed at two different ratios 
(H4II: H5 were 1 : 2.6 and 1 : 1 1 , respectively) before the 
isolation of nuclei and preparation of the respective nu-
clear extracts. As shown in Figure 2C, both the CI and 
the C2 complexes were obtained in these mixed ex-
tracts, with no indication of selective degradation of the 
CI complex. Thus, the faster-migrating C2 complex spe-
cific for dedifferentiated variants does not appear to be 
the result of artifactual proteolytic degradation. 

The sequence specificity of the CI and C2 complexes 
was then examined in competition experiments using 

Figure 2. Two distinct factors interact with the albumin proximal element. Gel electrophoretic mobility shift assays were carried 
out as described in Materials and methods, using as DNA probes ds-oligonucleotides containing the PE56 sequence and the albumin 
CCAAT homology (Table 1). The origin of the nuclear extracts and probes used are indicated above and below the lanes, respectively. 
{A) The albumin proximal element. Detection of two distinct complexes, CI and C2, in differentiated and dedifferentiated hepatoma 
cells. Binding reactions contained 3 |xg of rat liver nuclear protein; 4 and 8 |xg (lanes 2, 3; 1, 8; 11,12; 17, 18-, respectively) of H4II; Fao; 
Rev7; and HFl-5 nuclear proteins; 4, 8, and 16 ixg (lanes 4-6, respectively) of H5; 8 and 16 |jLg (lanes 9 and 10, respectively) of C2; 4, 8, 
16, and 20 |xg (lanes 13-16, respectively) of HFl nuclear extracts. The locations of the CI and C2 complexes are indicated by arrows. 
(B) The albumin CCAAT binding factor. Binding reactions contained no protein (lane 1], 4, and 8 \ig of the indicated nuclear extracts 
(lanes 2-15], and 3 |xg of rat liver nuclear protein (lane 16). (C) PE-binding activity in nuclear extracts from mixed cells. H4II and H5 
cells were mixed at ratios 1 : 2.6 and 1:11 before the isolation of nuclei and preparation of the respective nuclear extracts. Binding 
reactions were performed with 3, 10, 45, and 7 |xg (lanes 1-4, respectively) of the indicated nuclear extracts. DNA-protein complexes 
and free DNA were fractionated onto a 5% poly aery lamide gel. 
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Figure 2. {See facing page for legend). 
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specific and nonspecific ds-oligonucleotides as compet-
itors. When the homologous ds-ohgonucleotide was 
used as competitor, the intensity of both the CI and C2 
bands was reduced dramatically. Heterologous oligonu-
cleotides containing the SV40 enhancer core sequence, 
the adenovirus NFl recognition site, the albumin 
CCAAT box, or the albumin DEI binding site (Fig. 3B) 
did not affect the formation of the CI and C2 complexes. 
Therefore, the proteins comprising complexes CI and 
C2 appeared to have a considerably higher affinity for 
the PE56 oligonucleotide than for other oligonucleotides 
containing different recognition sequences. 

On the basis of these data as well as the results de-
scribed below, we have termed the liver-specific PE 
binding activity as APF (albumin proximal factor) and 
the C2 binding activity vAPF (variant APF). 

APF and vAPF make identical contacts on the 

proximal element 

Methylation interference mapping was performed to de-

termine which purine residues are important in the for-
mation of complexes CI and C2. A PE oligonucleotide 
27-mer, (Table 1) was partially methylated in vitro with 
dimethylsulfate (DMS) and used in the binding reac-
tions. DNA fragments in complexes CI and C2 as well 
as the corresponding unbound fragments were isolated 
from the preparative native polyacrylamide gel, sub-
jected to a G 4- A-specific chemical cleavage, and the 
products displayed on a sequencing gel (Fig. 4). Methyl-
ated G and A residues that interfered with binding of the 
proteins are depleted from the DNA-pro te in complex 
and appear underrepresented in the sequence ladder rela-
tive to free DNA. 

As indicated by arrows in Figure 4A and summarized 
in Figure 4B, methylation of G residues at positions - 60 
and - 59 on the upper strand and at positions - 50 and 
- 47 on the lower strand interferes with the formation of 
both CI and C2 complexes. Methylation of other G res-
idues does not interfere with binding. Methylation of A 
- 5 1 on the lower strand partially affected CI and C2 
complex formation. Thus, APF and vAPF appear to have 
indistinguishable DNA binding sites by this assay. 

B 

Liver 

PE 

C 1 - ^ ^ > 

H4II H5 

^ 

CI — 

J ^ • ^^^^^ 

4^ I 

C2 

6 7 9 10 It 12 

Figure 3. Sequence specificity of the complexes CI and C2. {A] Rat liver nuclear extracts. Binding reactions were performed as 
described in Material and methods except that 50 ng of salmon sperm DNA was used. ^^P-Labeled 5' and PE56 oligonucleotide (1 ng) 
was incubated with 3 \Lg of rat liver nuclear extracts in the absence (lane 1) or in the presence of 1, 2, 3, 5, 10, and 20 ng (lanes 2-7, 
respectively) of cold PE56 oligonucleotide. [B] Homologous and heterologous competitions. Seven micrograms of H4II or 12 jxg of H5 
nuclear extracts were incubated with 0.20 ng of PE56 probe in the absence (lanes 2 and 8) or in the presence of 10 ng of PE56 (lanes 3 
and 9); 20 ng of DEI (lanes 4 and 10)-, 20 ng of albumin CCAAT (lanes 5 and H); 20 ng of SV40 core enhancer (lanes 6 and 12); and 20 ng 
of NFl (lane 7) ds oligonucleotides (see Table 1). 
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Figure 4. DMS methylation interference analysis. [A] The PE oligonucleotide, PE27-mer, (Table 1), which contains the PE56 se-
quence plus a Xhol restriction site at both extremities, was 5'-end-labeled, partially methylated, and used as probe in the binding 
reactions with the indicated nuclear extract as described in Materials and methods. Lanes b, c, e, g, i, k, 1 and n correspond to the 
unbound DNAs; lanes a, d, f, and h correspond to the DNA from CI complex (liver or H4II); and lanes / and m correspond to the DNA 
from C2 complex (H5). Long and short arrows indicate strongly and weakly interfering methylated purine residues respectively. [B] 
Summary of methylation interference analysis. Purine residues strongly (•) and weakly (o) protected by proteins from either liver, 
H4II, or H5 cells and their location on the PE recognition sequence are indicated. 

The proteins forming complexes CI and C2 are distinct 

To characterize APF and vAPF further, we have com-
pared various biochemical properties including heat sta-
bility, optimal Mg^"^ concentration, and polypeptide 
composition. The relative thermostability was exam-
ined by heating for 5 min at various temperatures undi-
luted nuclear extracts from H4II, and H5 cells and ana-
lyzing their binding activities in a standard gel retarda-
tion assay (Fig. 5). Under these conditions the CI 

activity of albumin-positive H4II cells still persists at 
60°C and to a lesser extent at 80°C whereas the C2 
binding activity of the albumin-negative H5 cells is 
completely abolished by heating at these two tempera-
tures. The same inactivation pattern was also observed 
when H4II and H5 or Fao and C2 extracts were mixed 
before heating, clearly indicating that the different heat 
labilities observed are not due to a particular protein 
composition and/or concentration of the nuclear ex-
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II 
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Figure 5. Thermostability of APF and vAPF binding activities. Either 7 \xg of H4II (lanes 1 - 5); 10 [ig of H5 (lane 6); 17.5 jjig of H5 
(lanes 12 - 16]; or 7 jxg of H4II + 17.5 ixg of H5 (lanes 7-11] nuclear proteins were used in binding reactions. Nuclear extracts were 
incubated 5 min at the indicated temperature and cooled on ice, and denatured proteins were removed by centrifugation and assayed 
for binding activity in the presence of 0.1% NP-40 and 0.5 jxg/ml of serum albumin. DNA-protein complexes and free DNA were 
loaded onto a 5% polyacrylamide gel containing 0.25 x TBE + 1 mM MgClj and electrophoresed until a suitable separation of 
complexes CI and C2 in the mixed extracts was achieved. 

tracts (Fig. 5 and data not shown). When mixed extracts 
were assayed, we performed higher-resolution gel elec-
trophoresis analysis to clearly resolve complex CI from 
complex C2. These conditions revealed the presence of 
an additional heat-labile component in all the albumin-
positive nuclear extracts (data not shown; see also Fig. 5) 
that migrated slightly slower than complex CI. We did 
not characterize any further this band that may result 
from the interaction of a heat labile cellular protein with 
the CI complex. 

Finally, both CI and C2 binding activities require 
Mĝ "*" as a cofactor: no complexes are observed in the 
absence of this cation and their formation is stimulated 
when the Mĝ "̂  concentration is increased from 4 mM to 
9 mM (data not shown). 

The electrophoretic analysis of DNA-protein com-
plexes provides no information as to the polypeptides 
involved in complex formation. To identify and compare 
the polypeptides present in the CI and C2 complexes, a 
photochemical cross-linking protocol was used to label 
polypeptides selectively on the basis of their specific 
binding to the PE oligonucleotide. This technique re-
cently has been applied successfully to the identification 
of the adenovirus major late transcription factor (MLTF) 
(Chodosh et al. 1986) and the serum response factor 
(SRF) polypeptides in HeLa nuclear extracts (Treisman 
1987). A DNA probe was prepared by incorporating bro-
modeoxyuridine (BrdU) and radioactive deoxyadenosine 
into the noncoding strand (lower strand) of the PE 27-
mer oligonucleotide (Table 1). The substitution of thy-
midine by BrdU did not affect the formation of either CI 
or C2 complexes as assayed by gel electrophoresis of 
DNA-protein complexes (data not shown). Nuclear ex-
tracts from either rat liver differentiated or dedifferen-

tiated cells were incubated with the body-labeled PE oli-
gonucleotide under the standard conditions, and the re-
sulting DNA-protein complexes and the unbound probe 
were fractionated in a preparative native polyacrylamide 
gel. The gel was then irradiated with an ultraviolet light 
lamp (312-nm wavelength), DNA-protein complexes 
were excised from the gel, and the cross-linked proteins 
were resolved by electrophoresis on SDS-polyacrylamide 
gels. This procedure eliminates the cross-linking of non-
specific proteins present in the nuclear extracts by se-
lecting the particular DNA-protein complex for which 
binding site specificity has been shown unambiguously. 
As illustrated in Figure 6, UV irradiation resulted in the 
covalent attachment of the PE oligonucleotide to a 
single polypeptide in all the albumin-positive extracts 
examined, while two labeled species of a different size 
were present in all the albumin-negative extracts. Be-
cause the covalent attachment of short oligonucleotides 
has a minor measurable effect on the mobility of these 
proteins in SDS-polyacrylamide gel electrophoresis (see 
Materials and methods), these experiments indicate that 
a polypeptide of -100 kD is involved in the liver-spe-
cific CI complex and two polypeptides, a major one of 
82 kD and a minor one of 68 kD, are present in the C2 
complex. The degree of photolabeling of these polypep-
tides (100 kD and 82-68 kD) was a function of the ex-
tract concentration and consequently of the intensity of 
the respective CI and C2 complexes, and was not af-
fected by adding nonspecific oligonucleotides in the 
binding assays (data not shown; see also Fig. 6). More 
importantly, when a partially purified fraction from rat 
liver enriched in CI binding activity was used, the same 
100-kD polypeptide was photolabeled (see the respective 
lane in Fig. 6). 
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Figure 6. Identification of polypeptides in-
volved in the formation of CI and C2 complexes 
by photoactivated cross-linking. Binding reac-
tions were carried out as described in Materials 
and methods except that they were scaled up. 
From left to right, binding reactions contained 
20 fxg of rat liver nuclear extract; a partially puri-
fied fraction (Ultrogel AcA44 chromatography); 
60 fjLg of H4II; 56 jjLg of Fao; 70 ixg of Rev7; 60 jxg 
of HFl-5; 105 M-g of H5; 100 M-g of C2; and 128 fxg 
of HFl nuclear proteins. Molecular weight 
markers and their positions are indicated at both 
sides of the autoradiograph. 

APF interacts with regulatory regions of other liver-
specific genes 

The APF binding site contains a partially palindromic 
sequence (-60 GGTTAATGATCTACA -46) centered 
on nucleotide - 5 3 (Table 1). A related 15-bp motif is 
present at similar positions in the promoter sequences of 
several other liver-specific genes, including frog, 
chicken, mouse, and human albumin genes; rat, mouse, 
and human AFP genes; rat a-fibrinogen and p-fibrinogen 
(P-Fib) genes; human a-1-antitrypsin gene (AlAT); and 
the rat pyruvate kinase gene. A similar motif is found 
further upstream in the human haptoglobin gene (Table 
2). For some of these promoter sequences (AFP, AlAT, 
p-Fib, Xenopus albumin) there is experimental evidence 
that they are involved in promoter functions in vivo 
(Godbout et al. 1986; Courtois et al. 1987; DeSimone et 
al. 1987; Schorpp et al. 1988). 

To examine whether these related promoter se-
quences are recognized by APF we performed two series 
of experiments. First, we constructed a series of 22-mer 
oligonucleotides containing the PE56 homologous se-
quences present within the Xenopus 68-kD albumin, the 
rat AFP, the rat p-fibrinogen, and the human AlAT pro-
moters (Table 1) and tested them in the gel retardation 
assay. 

With all these oligonucleotides we readily observed a 
retarded complex at the same position as that reflecting 
the binding of APF to the PE56 oligonucleotide (CI) 

(data not shown). Except for p-fibrinogen, in all other 
cases, the intensity of the retarded band was weaker 
than that observed with PE56. This suggested that APF 
can bind to these various related promoter sequences 
with the following relative affinities: PE56 = p-fibrin-
ogen > AlAT - AFP > Xen 68. However, because dis-
tinct proteins can generate identical shifts in this assay 
(as an example, see Dom et al. 1987), we performed a 
second series of experiments in which we compared the 
ability of the same unlabeled oligonucleotides to com-
pete for APF binding to the labeled PE56 fragment. The 
formation of APF-PES 6 complex was competed differ-
ently by these oligonucleotides (Fig. 7A). Comparison of 
the amount of oligonucleotide competitor required to 
achieve 50% competition reveals that the PE56 and the 
p-fibrinogen fragments are the best competitors (Fig. 
7A). Most importantly, there is a very good correlation 
between DNA-proteins affinities measured in competi-
tion experiments and the relative binding efficiencies re-
vealed by direct gel retardation assays. This indicates 
that the Xen-6S, AFP, AlAT, and p-fibrinogen oligonu-
cleotides all bind to the same protein. 

Fine specificity of APF and vAPF 

By comparing the APF binding sites in the promoter of 
the different genes listed in Table 2A, it has been pos-
sible to derive a consensus sequence 5 '^AGTTA^C 

T N N T S NNC^c-3'. Note that, in particular, in the first 
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Table 2. APF binding sites and livei-specific genes 

A : APF binding sites in liver-specific genes 

ALBUMIN 

rat 

mouse 

human 

chicken 

Xenopus 68 Kd 

Xenopus 74 Kd 

a -FETOPROTEIN 

rat 

mouse 

human 

a 1-ANTITRYPSIN 
human 

5FIBRIN0GEN 
rat 

a -FIBRINOGEN 
rat 

PYRUVATE KINASE 
rat 

HAPTOGLOBIN 
human 

CONSENSUS: 

-61 TGGTTAATGATCTACAG -45 

-66 TGGTTAATGATCTACAG -so 

-66 TAGTTAATAATCTACAA -so 

-65 CAGGTAATGTTTTACAG -49 

-67 AGGTTAATAATTTTCCA -si 

-66 AGGTTAATCATTTTCCA -so 

-6S AGGTTACTAGTTAACAG -49 

-63 AGGTTACTAGTTAACAG -47 

-60 AGGTTACTAGTTAACAG -44 

-74 TGGTTAATATTCACCAG -sa 

-81 TAGTTAATATTTGACAG -97 

-43 AGGTTAATCATCACCCT -60 

-91 TGGTTATACTTTAACCA -75 

-141 CTGTTAAGAGTTGAGCT -157 

-GTTA^TNNT^NNC-
A C T C 

B : PE MUTANT OLIGONUCLEOTIDES 
PE56 
PE mut 1 
PE mut 2 
PE mut 3 
PE mut 4 
PE DS 12 
PEDS34 
PE56P 

TGTGGTTAATGATCTACAGTTA 

. . . c a 

t t . . . . 

gt 
gg 

. . . c a t t . . . . 

g t • • • • gg 
t a 

A. The APF recognition sequence of the rat albumin promoter is aligned with the homologous sequences of the Xenopus albumin 
genes coding for the 68-kD and 74-kD proteins (Schorpp et al. 1988); the mouse and human albumin genes (Heard et al. 1987 and 
references therein); the rat, mouse, and human AFP genes (Godbout et al. 1986; Chevrette et al. 1987; and references therein); the 
human AlAT gene (De Simone et al. 1987); the a- and p-fibrinogen genes (Courtois et al. 1987); the pyruvate kinase gene (Noguchi et 
al. 1987), and the human haptoglobin gene (Oliviero et al. 1987). B. The position and the replaced bases are indicated. Only the upper 
strands are shown. 

part of this motif the sequence "^AGTTA^C is strongly 
conserved, whereas most of the sequence degeneracy 
occurs in the second half. As already mentioned, the 
APF-binding site is included in a region of partial dyad 
symmetry. The entire pseudopalindrome is involved in 
binding because G residues in both halves are in contact 
with the protein (Fig. 4). However, the contact points are 

not symmetrically placed with respect to the center of 
dyad symmetry. 

To examine whether the palindromic structure per se 
is a crucial part of the APF recognition sequence and to 
study the respective roles of the different residues, we 
constructed a series of oligonucleotides containing 
double point mutations in each half of the putative dyad 
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element. These altered oligonucleotides were analyzed 
for their ability either to compete with the wild-type 
probe for binding or to interact with APF and vAPF in 
the gel retardation assays. 

These particular mutations were selected on the basis 
of both the APF contact sites, derived from DMS inter-
ference mapping, ^nd the strong conservation or certain 
nucleotides within the recognition sequence. Strikingly, 

A H4II 

10 12 20 
ng oligonucleotide 

B H5 

-If IT 

'PE56 • 
B-Fib D 

"PEmutI o 
.PEmut2A 

"0812 + 

"A1AT 4 
AFP • 

rXen68 - ^ 
LPEmut3 • 

[PEmut4 1 

1 "DS 34 H: 

8 10 
Hh 

12 20 
ngoligoncleotide 

Figure 7. Relative affinities of APF and vAPF proteins for various related and mutants APF-binding motifs. Binding reactions were 
performed with 5 \Lg of H4II nuclear protein [A] and 10 îg of H5 nuclear protein [B], 0.25 ng of PP1PE56 oligonucleotide, and the 
indicated amounts of unlabeled ds oligonucleotides. The concentration of unlabeled oligonucleotide is indicated on the abscissa; the 
amount of residual complex, expressed as a percentage of that found in the absence of competitor (100%), is indicated on the ordinate. 
Binding activity was quantitated by densitometry of the retarded CI complex (H4II, A] and C2 complex (H5, B], The sequences of the 
various unlabeled oligonucleotides are given in Tables 1 and 2. 
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none of these double point mutants abolished the inter-
action with APF as revealed by bandshift assays (Fig. 7). 
In particular PE mut 3 and PE mut 4, in which a double 
transversion was introduced in positions either strongly 
conserved (PE mut 3) or conserved and in contact with 
the protein (PE mut 4), are still able to compete for APF 
binding. 

We then analyzed the effect of introducing double 
point mutations on both sides of the palindrome by 
combining PE mut 1 + PE mut 2 (PE DS 12) and PE mut 
3 + PE mut 4 (PE DS 34), respectively. As shown in 
Figure 7, PE DS 12 competed less efficiently than the 
parental mutants for APF binding, yet it was still able to 
interact with the protein. PE DS 34 did not compete at 
all and it was the only mutant among the whole series 
examined (Table 2B) that totally abolished APF binding. 
These results indicate that either the more critical nu-
cleotides involved in APF binding are situated in the 
central part of the 15-bp recognition site or that there are 
several alternative contacts along this sequence. More-
over, it appears that a palindromic structure is not a 
strict requirement for APF interaction, because APF dis-
played a similar affinity for the PE56 oligonucleotide, 
which contains an imperfect palindrome (4/6), and for 
PE 56 P, which contains a perfect palindrome 
(GTTAATGATTAAC; Table 2B; data not shown). 

The entire set of oligonucleotides listed in Tables 1 
and 2 was also used to perform similar experiments with 
nuclear extracts from dedifferentiated variant H5 cells. 
This fine-specificity analysis again failed to reveal any 
significant difference in the recognition sites of APF and 
vAPF (Fig. 7). We are led to conclude the APF and vAPF 
bind indistinguishably, not only to the albumin prox-
imal element but also to the promoter regions of 
Xenopus albumin, AlAT, p-fibrinogen, and AFP genes. 

APF functions as a positive transcription factor in vitro 

APF interacts with crucial regulatory sequences of the 
albumin promoter. Linker substitutions within the 
proximal element lead to roughly a 10- to 30-fold reduc-
tion in albumin-specific transcription in vivo as assayed 
in a transient expression system (P. Herbomel et al., in 
prep.). These results suggest that the interaction of APF 
with the proximal promoter region is actually required 
for efficient transcription of the gene. To establish this 
more directly, we used a cell-specific in vitro transcrip-
tion system from rat liver that faithfully transcribes the 
albumin promoter (Gorski et al. 1986). To allow an easy 
and rapid analysis of the in vitro-synthesized transcripts 
we employed the assay system developed by Sawadogo 
and Roeder (1985a), in which the promoter is linked to 
artificial DNA fragments that do not contain G residues 
on the messenger strand. In the absence of GTP the 
RNA polymerase can only synthesize RNA on the artifi-
cial "G-free cassette.'' The size of the transcripts is then 
defined only by the cap site and the first G residue 
flanking the 3' border of the cassette. Two G-free cas-
sette templates were used. One, as internal control, con-
tains the adenovirus 2 major-late promoter (-400 to 

4-10) and generates a transcript 390 nucleotides long 
(Sawadogo and Roeder 1985). Because all our constructs 
containing the rat albumin promoter (the parental - 400 
to -H 16 and its 5' deletions and linker scanning deriva-
tives; see Heard et al. 1987) have G residues downstream 
of the cap site, we were unable to clone these promoter 
fragments directly in front of the cassette. For this 
reason, we used as specific albumin template the Alb400 
construct (Gorski et al. 1986) which contains the mouse 
albumin promoter from positions -650 to +22. We 
should point out that the 5'-flanking sequence from the 
mouse and rat albumin genes shows more than 90% 
conservation; more specifically, the sequence included 
in the PE56 fragment is identical in these two promoters 
(Heard et al. 1987). Furthermore, the same DNA-pro-
tein interactions are displayed by rat liver nuclear ex-
tracts within the - 3 0 to -180 albumin promoter re-
gions of these two rodent species (Cereghini et al. 1987) 
and the mouse and rat promoters are indistinguishable 
in transient transfection assays (Heard et al. 1987). 

If binding of APF to its target sequence is indeed re-
quired for in vitro transcription of the albumin pro-
moter, it might be expected that the inclusion of an ex-
cess of PE56 oligonucleotide in the in vitro reaction 
would inhibit its transcriptional activity, whereas mu-
tant oligonucleotides negative for binding should not 
have any effect. To avoid competition for factors present 
in limiting amounts and to facilitate our in vitro tran-
scriptional competition assays, we used subsaturing 
concentrations of the two templates (3.5 fxg/ml for 
Alb400 and 1.75 \xg/ml for AdML390. 

As illustrated in Figure 8, addition of increasing 
amounts of PE56 oligonucleotide progressively de-
creased the level of albumin specific transcription 
without affecting the AdML390 transcription. The in-
clusion of the PEDS 34 mutant, negative for binding, had 
no effect on transcription of either Alb400 and 
AdML390. 

We have also compared the ability of the different PE 
mutants as well as p-fibrinogen, AFP and Xen 68 oligon-
ucleotides, to compete for albumin-specific transcrip-
tion. All of them are able to specifically compete Alb400 
transcription, and more importantly, there is a good cor-
relation between the binding affinities of these various 
oligonucleotides for APF and their effect on albumin 
specific transcription (Fig. 8 and results not shown). 
Taken together, these results indicate that APF func-
tions as a positive transcriptional factor and its interac-
tion with the albumin proximal element is required for 
efficient transcription. 

Discussion 

The results presented here describe the identification 
and characterization of two distinct factors, APF and 
vAPF, which bind specifically and in an indistinguish-
able fashion to crucial promoter sequences of the al-
bumin and other liver-specific genes. The 5'-flanking re-
gion of the albumin gene is recognized by at least four 
additional distinct nuclear factors. These factors are: 
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Figure 8. APF functions as a positive transcription factor in vitro. In vitro transcription assays using a rat liver nuclear extract 
(Gorski et al. 1986) were performed as described in Material and methods. Each reaction contained 70 ng of Alb400 template and 35 ng 
of AdML390 template, each of which generates a specific transcript of 400 and of 390 nucleotides long, respectively. The AdML390 
was used as internal reference. The indicated amounts of ds oligonucleotide competitor (see Table 1) were included in the in vitro 
transcription reactions. The Alb400 template added correspond to 0.4 ng of the PE56 sequence. The transcriptional signals of each 
template were quantitated by densitometry and the values were normalized to the internal reference. One hundred percent represents 
the Alb400 transcriptional signal obtained in the absence of competitor oligonucleotide. Addition of 2, 4, 10, 20, 50, and 100 ng of PE 
oligonucleotide decreased albumin-specific transcription of 51, 24, 18, 15, 8, and 3%, respectively. The values of albumin-specific 
transcription obtained in the presence of 100 ng of the other indicated oligonucleotides ranged from 3 to 12%, except in the case of DS 
34. Note however, that above 50 ng (125 molar excess) inhibition of transcription from both templates was observed. To compare the 
effect on Alb400-specific transcription and the relative APF affinities for different oligonucleotides, competition analysis were also 
performed at lower concentrations of competitor (not shown). 

ACF/NFY which recognizes the albumin CCAAT motif 
(Raymondjean et al. 1988), C/EBP which interacts with 
the DEI element (S. Cereghini and P. Johnson, unpubl), 
and NFl or a closely related protein which binds to the 
DEII element. Another factor not yet identified (perhaps 
again C/EBP) interacts with the DEIII element (Cer-
eghini et al. 1987; Lichtsteiner et al. 1987). 

The recognition sites of the first three factors encom-
pass sequences that have been shown to be required for 
efficient albumin-specific transcription both in vivo 
(Heard et al. 1987; P. Herbomel et al. in prep.) and in 
vitro (Lichtsteiner et al. 1987). Fiowever, none of these 
factors, ACF/NFY, NFl, and C/EBP, appears to be 
strictly cell-type specific at least as judged both by foot-
print and gel retardation assays. Even t h o u ^ the 
binding activity of C/EBP varies among different cell 
types and is clearly more abundant in liver than in other 
organs (Cereghini et al. 1987; Lichtsteiner et al. 1987), 
similar levels were observed in cells expressing or not 
expressing the albumin gene (results not shown). On the 
contrary, the protein APF that interacts with the prox-
imal promoter element is the only one, among the 
various factors binding to the albumin regulatory region. 

that was found to be restricted to liver/hepatoma cells 
producing albumin. This differential distribution may in 
part account for the tissue-specific activity of the al-
bumin promoter in vivo. 

APF functions as a promoter-specific transcription 
factor 

APF binds to a sequence motif just upstream of the 
TATA box that serves as a functional proximal promoter 
element in vivo. JSpecifically, a linker scanning mutant, 
which contains multiple base substitutions within the 
- 5 5 to - 4 0 region spanning almost the entire APF 
binding site, causes a 10- to 30-fold reduction in al-
bumin-specific transcription in vivo (P. Fierbomel et al., 
in prep.) and, as expected, selectively abolishes APF 
binding to the proximal element in a footprinting assay 
(not shown). 

The in vitro transcription experiments shown here 
provide further evidence that APF functions as a pro-
moter-specific transcription factor. Thus, addition of in-
creasing amounts of an oligonucleotide containing the 
APF binding site progressively and specifically inhibited 
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albumin-specific transcription in vitro, whereas addition 
of a negative-binding mutant oligonucleotide had no ef-
fect. This implies that interaction of APF with its target 
sequence is required for transcriptional activation. 

Unlike other well-characterized promoter-specific 
transcription factors, such as SPl, NFl/CTF, or MLTF/ 
USF, that are present in several cell types, APF exhibits a 
pronounced cell-type specificity. In this respect, APF is 
similar to the lymphoid-specific transcription factor 
(OTF-2) and to the pituitary-specific GHF-1 factor which 
are involved in the tissue-specific expression of the im-
munoglobulin and hormone growth genes, respectively 
(Staudt et al. 1986; Bodner and Karin 1987; Scheidereit 
et al. 1987). 

The good correlation between the cell type distribu-
tion of APF-binding activity, its stimulatory activity in 
vitro, and the requirement of its recognition sequence 
for efficient albumin-specific transcription in vivo 
strongly suggest that APF is a primary determinant of 
the tissue and cell specificity of this promoter. APF and 
its recognition sequence however are necessary, but not 
sufficient, for promoter function. Deletion of the entire 
distal part of the promoter (-150 to -93) which in-
cludes DEI, DEII, and DEIII elements abolishes tran-
scriptional activity (Heard et al. 1987). Thus, it seems 
that the entire set of factors (NFl, C/EBP, ACF/NFY, 
APF, and perhaps others) have to interact simulta-
neously to sustain the maximal activity of the albumin 
promoter. 

APF may not only function as a rate-limiting factor in 
the initiation of albumin transcription, but may also de-
fine an active chromatin structure around the promoter, 
either directly or by preventing accessibility to nonspe-
cific repressors. This in turn may allow other ubiquitous 
factors (NFl, TFIID, etc.) and the RNA polymerase II to 
bind to the promoter and constitute the final active 
transcriptional complex. In cells not expressing al-
bumin, the absence of APF and/or the presence of modi-
fied forms of APF (see below), would result in the as-
sembly of inactive chromatin on the promoter region 
and the gene would be silent. The unproductive interac-
tion of ubiquitous factors with the promoter regions of 
quiescent genes is then avoided; this hypothesis is com-
patible with the recent observation of cell-type specific 
interaction of ubiquitous factors with the tyrosine 
aminotransferase (TAT) gene in vivo (Becker et al. 1987). 
It is clear, however, that during development additional 
mechanisms are involved in establishing the strict cell-
type specificity of the albumin gene. In this regard, Pin-
kert et al. (1987) have shown that an enhancer, located 
10 kb upstream of the mouse albumin gene, is required 
for liver-specific expression in transgenic mice. These 
remote sequences may be involved in the generation of 
an active chromatin configuration during development. 

APF binds to regulatory regions of other liver-specific 
genes 

The APF-binding site is characterized by a 15-bp imper-
fect palindromic sequence (-60 GGTTAATGATC-

TACA -46). Palindromic sequences are often targets for 
specific DNA-binding proteins in prokaryotes and most 
prokaryotic regulatory proteins recognize these se-
quences as dimers (Pabo and Sauer 1984). 

In eukaryotes however, while some DNA-binding pro-
teins recognize symmetrical sites [NFl, SRF, HSTF (heat 
shock transcription factor), MLTF/USF], others clearly 
bind to asymmetrical sequences (Spl, OTF-1, and 
OTF-2) (Borgmeyer et al. 1984; Dynan and Tjian 1985; 
Sawadogo and Roeder 1985b; Chodosh et al. 1986; 
Prywes and Roeder 1986; Shuey and Parker 1986; 
Treisman 1986; Fletcher et al. 1987; Scheideret et al. 
1987; see references therein). DMS interference experi-
ments show that APF contacts purine residues included 
in the entire pseudopalindrome, yet these residues are 
not symmetrically placed with respect to the putative 
dyad center. The fact that double point mutants that al-
most completely destroy the imperfect two-fold sym-
metry of the APF recognition site still bind APF, albeit 
with less affinity, suggests that the palindromic struc-
ture per se is not a crucial determinant for binding. 

A sequence homologous to the APF recognition site is 
present at similar positions in the promoter regions of 
several other genes whose expression is restricted to 
liver cells. We show that APF not only interacts with the 
PE element of the rat and mouse albumin genes, but also 
with the homologous motif present in the Xenopus 
68-kD albumin, AFP, p-fibrinogen, and AlAT pro-
moters. Evidence for this comes not only from the ob-
servation of identically migrating bands in the bandshift 
assay, but also from a series of cross-competition experi-
ments. Thus, the relative affinities for the Xenopus 
68-kD, p-fibrinogen, AlAT, and AFP oligonucleotides 
revealed by the competition assay correlate well with 
the binding efficiency estimated from the intensity of 
the DNA-protein complexes in the gel retardation 
assay. Moreover, the same correlation between binding 
affinities of these various oligonucleotides and their ef-
fect on albumin-specific transcription was observed in 
an in vitro transcription competition assay. 

Most important, the APF-binding site present in these 
diverse groups of genes encompasses sequences that 
have been shown to be crucial for the tissue-specific ex-
pression of the respective genes (Godbout et al. 1986; 
Courtois et al. 1987; De Simone et al. 1987; Schorpp et 
al. 1988). Thus, despite the lack of obvious structural 
homology among liver-specific genes, it is probable that 
they use common elements and factors to achieve their 
cell-type specificity. 

While this work was in progress, several groups re-
ported the identification of liver-specific factors that 
bind to the promoter regions of the AlAT (the alTFB 
protein; De Simone et al. 1987), the a- and p-fibrinogen 
(HNF-1; Courtois et al. 1987), the Xenopus albumin 
(HPl-binding protein; Schorpp et al. 1988), and the 
mouse albumin genes (B-proteiu; Lichsteiner et al. 
1987). Because these proteins interact with the homolo-
gous APF motif present in these promoters, it is highly 
probable that these differently designated proteins are all 
the same factor or a family of related factors. However, 
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because formal evidence is still lacking, we prefer to 
refer to the factor characterized here as APF. 

A different -protein interacts with the albumin 
proximal element in dedifferentiated hepatoma cells 

Dedifferentiated hepatoma cells, such as H5 and C2, 
that fail to express most or all of the liver-specific func-
tions characteristic of their line of origin, have been iso-
lated and characterized by the group of M. Weiss (Des-
chatrette and Weiss 1974; see also Fig. IB). In these 
variant cells no transcription of the albumin and other 
liver-specific genes can be detected (Casio et al. 1981; 
Clayton et al. 1985). H5 is a direct derivative of H4II and, 
at least morphologically, appears to diverge more 
strongly from the differentiated cells than C2 cells do. 
Moreover, C2 can give rise to revertants to the differen-
tiated phenotype at a low frequency (10"^ - 10~ )̂ 
whereas H5 cannot (Deschatrette 1980). In both of these 
dedifferentiated variants as well as in a somatic hybrid 
(HFl) formed by fusing the differentiated Fao cells with 
H5, the APF-binding activity is not detectable. Instead 
the proximal element is recognized by a distinctly less 
abundant factor, vAPF. 

The fact that vAPF is present in two independent de-
differentiated clones and in an extinguished somatic hy-
brid strongly suggests that this variant protein does not 
arise from a simple mutational event. This notion is fur-
ther supported by the following observation. In C2Rev7, 
a revertant derived from C2 that expresses most of the 
liver-specific functions, including the synthesis and se-
cretion of albumin (Deschatrette et al. 1980), we found 
only APF- and not vAPF-binding activity (Fig. 2A). Fur-
thermore, APF and not vAPF is found in an albumin-pos-
itive segregant of HFl somatic cell hybrids. Thus, APF is 
clearly associated with the hepatic phenotype and vAPF 
with the dedifferentiated pattern. In no case do vAPF 
and APF appear to coexist within the same cell. 

APF and vAPF differ in their polypeptide composition 
and display different thermostability. Both factors, how-
ever, show similar binding specificities and therefore 
probably are related at least in their DNA-binding do-
mains. The observation of two distinct factors binding 
indiscriminately to the same regulatory sequence raises 
questions regarding their functional and structural rela-
tionship. An obvious question we addressed early in our 
studies was whether vAPF is acting as a repressor-like 
molecule by direct interaction with proximal promoter 
sequences of the albumin and other liver-specific genes. 
In other words is vAPF itself an extinguishing protein? 
Extinction of albumin expression as well as other liver 
functions has been observed upon fusion of differen-
tiated hepatoma cells with dedifferentiated variants or 
fibroblasts (Mevel-Ninio and Weiss 1981; Ott et al. 
1984a). Moreover, the selective extinction of albumin is 
directly related to the presence of a single chromosome 
and appears to act on or via the 5'-flanking albumin pro-
moter sequences (Petit et al. 1986). This phenomenon is 
consistent with the view that negative trans-SLCting 
factors present in nonhepatic cells prevent the action of 

positive factors by interfering with either their synthesis 
or their functional binding. Three lines of evidence 
argue against the hypothesis that vAPF functions di-
rectly as an extinguisher molecule. First, extinguishers 
are apparently specific for only one function (Petit et al. 
1986) and vAPF interacts with several liver-specific 
genes as does APF. In particular, the hybrid clones that 
show selective extinction of albumin production are not 
blocked in the synthesis of p-fibrinogen, as would be ex-
pected if the albumin extinguisher were vAPF. Second, 
when C2 and H5 are fused with differentiated hepatoma 
cells, although both cause extinction of expression of 
the hepatic-specific functions of the differentiated 
parent, in the fusion involving C2, the extinction is only 
transitory, while that imposed by H5 is stable and heri-
table. Finally, extinction is also observed when differen-
tiated cells are fused with fibroblasts which apparently 
lack vAPF. 

vAPF is clearly associated with the lack of expression 
of liver-specific traits in dedifferentiated cells and we 
suggest that the appearance of this modified protein is 
the consequence of extinction, without being its direct 
cause. 

Previous experiments involving footprint analysis of 
mixed extracts showed that the distinct pattern of 
DNA-protein interactions on the proximal element of 
dedifferentiated H5 extracts is dominant over that of the 
differentiated H4II extracts (Cereghini et al. 1987). How-
ever, no dominance was observed in the bandshift assays 
when extracts from H4II and H5 cells were mixed (Fig. 
5). The reason for the discrepancy between the results 
obtained with these two techniques is presently un-
known, but it may be due to differences in the assay 
conditions (in particular, a higher ratio of protein : car-
rier DNA in footprintings relative to gel retardation 
assays) which may modify the interaction of protein 
with DNA. Moreover, since APF and vAPF appear not to 
coexist in the same cell type, the in vivo relevance of the 
dominance we observed in the DNase I footprints re-
mains unclear. 

How are vAPF and APF related? One possibility is that 
these two proteins have the same primary structure but 
they are postranslationally modified in their non-DNA-
binding domain, so that their functional specificity is al-
tered. Alternatively, they may differ in their primary 
structure being encoded either by a family of genes 
sharing a common DNA-binding exon or from a single 
gene by alternative splicing. 

Finally, it is likely that in cells of different histotypic 
origin such as fibroblasts, the albumin genes and other 
liver-specific genes are set aside in an inactive compact 
chromatin structure, so that they are not accessible to 
positive and negative tr^izs-acting factors. The variant or 
modified factor described here may be important in the 
first steps of the differentiation pathway. The fact that 
dedifferentiation and reversion affect the entire group of 
hepatic functions suggests that a common mechanism 
regulates the expression of each of the liver-specific pro-
teins. A tempting hypothesis is that the maintenance, 
loss, and acquisition of the hepatocyte differentiated 
state is mediated by APF and vAPF activities. 

GENES & DEVELOPMENT 971 

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Cereghini et al. 

Materials and methods 

Cell culture 

The rat hepatoma cells used (H4H Fao, H5, C2Rev7, C2) are 
clonal descendants of line H4IIC3 derived from the Reuber H35 
hepatoma of rat (Deschatrette and Weiss 1974; see Fig. IB). 
BWIJ is a subclone of the mouse hepatoma BW (Cassio and 
Weiss 1979). 

All hepatoma cells, including the human hepatoma HepG2 
cells, were cultured in modified Ham's F12 medium supple-
mented with 5% fetal calf serum (FCS) as described previously 
(Ott et al. 1984). Somatic hybrids HF-1 and HFl-5 were cultured 
as described by Deschatrette et al. (1979). 

Isolation of nuclei and preparation of nuclear extracts 

Nuclei from rat liver were prepared as described by Gorski et al. 
(1986), except that all buffers contained the protease inhibitors 
aprotinin (1 [x.g/m\], benzamidine (2 mM), and PMSF (0.5 mM). 
Nuclei from all cell lines were isolated and the respective nu-
clear extracts as well as the liver extracts were prepared essen-
tially as previously described by Cereghini et al. (1987), except 
that all solutions contained 5 \xg/m\ of the following protease 
inhibitors: aprotinin, leupeptin, pepstatin, chymostatin, and 
antipain, in addition to 2 mM benzamidine and 0.5 mM PMSF. 
Nuclear extracts were divided into small aliquots and were 
frozen and stored in liquid nitrogen. Protein concentration was 
determined by the method of Bradford (1976). 

Gel retardation and DMS interference assays 

Binding reactions for bandshift assays used a 14-|xl volume of 
reaction mix consisting of 10 mM HEPES (pH 7.9), 30 mM KCl, 
10% (vol/vol) glycerol, 0.5 mM DTT, 5jJLg/ml of the protease 
inhibitors mentioned above; 1.5 jxg of poly dl-dC; 1 |xg of soni-
cated salmon sperm DNA; 0.25-1 ng of ^^P-labeled 5'-end ds-
oligonucleotide; and, unless otherwise indicated, 9 mM MgClj 
and 9 mM spermidine. Protein (1-12 p-g) was added to the reac-
tion mix and incubation was carried out for 10 min on ice. 
DNA-protein complexes were loaded onto a low-ionic-
strength, 6% acrylamide (30 : 1 cross-linking ratio) containing 
0.25 X TBE (1 X TBE : 89 mM Tris, 89 mM boric acid, 1 mM 
EDTA) and electrophoresed at 12 V/cm until a suitable separa-
tion was achieved. The gel was then fixed, dried, and subjected 
to autoradiography. For DMS interference assays, the DNA 
probe was partially methylated with DMS as described (Maxam 
and Gilbert 1980) before using in a preparative scale binding 
reaction. After electrophoresis that wet gel was autoradio-
graphed at 4°C for 4 hr, complexed, and free DNA excised from 
the gel, eluted, precipitated, and subjected to alkali treatment 
as described (Raymondjean et al. 1988). The G -h A reaction 
products were analyzed on a gel of 25% polyacrylamide-7 M 
urea. 

For heat treatment, nuclear extracts were aliquoted into Ep-
pendorf tubes (25 lutl/tube), heated at the indicated temperature, 
and then cooled to 0°C. Denatured proteins were removed by 
centrifugation (5 min in an Eppendorf microfuge) and proteins 
from the supernatant were used in a standard gel retardation 
assay. 

Photoactivated DNA-protein crosslinking 

The DNA probe was generated by primed synthesis after an-
nealing of a 10-mer primer 5'-TAACTGTAGA-3' to the upper 
strand of PE 27-mer oligonucleotide (5'-TCGACTGTGGT-
TAATGATCTACAGTTA-3') using P^PjdATP (40 M-Ci, 3000 

Ci/mole) and 0.1 mM dCTP, dGTP, and 5-bromodeoxyuridine 
triphosphate in a 30 M-1 reaction. The probe was purified by 
phenol and chloroform extraction and ethanol precipitation, 
and used in a preparative scale binding reaction. After electro-
phoresis, the wet gel was irradiated with an ultraviolet light 
lamp (312-nm wavelength) for 10 min and autoradiographed for 
30-60 min at 4°C; DNA-protein complexes were excised from 
the gel and directly loaded on a 10% SDS-polyacrylamide gel. 
The contribution of a 27-mer oligonucleotide in the protein 
mobility is equivalent to roughly 15 kD. A detailed description 
of this procedure will be reported elsewhere (S. Hirai et al., in 
prep.). 

In vitro transcription assays 

In vitro transcription assays using rat liver nuclear extracts 
were performed essentially as described by Gorski et al. (1986), 
except that each reaction contained 3.5 fxg/ml of pAlb400 and 
1.75 jxg/ml of pML390 template DNAs and 0.9 mg/ml of pro-
tein (see Fig. 8 legend). 
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Note added in proof 

Kugler et al. [Nucleic Acids Res. 16: 3165, 1988) show that the 
APF homologous motifs present in the Xenopus albumin 
(HPl), 3-fibrinogen, a 1-antitrypsin and albumin genes bind an 
identical factor and are able to confer increased transcription in 
nuclear extracts from rat liver. 
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