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Abstract Mouse F9 embryonic teratocarcinoma stem cells can be induced to differentiate into visceral endoderm.
Following retinoic acid (RA) treatment, alpha-fetoprotein (AFP), a differentiation marker, is expressed and secreted. The
mechanism by which RA regulates AFP expression during differentiation is not clear. The relatively late induction of AFP
indicates that the AFP gene may not be a primary target of RA activity during F9 cell differentiation. In this study, a CAT
reporter plasmid containing the rat AFP 58-regulatory region (27040 to 17) adjacent to the CAT gene (pAFPCAT) was
stably transfected into F9 cells and used to delineate a cis-acting element which associates with AFP gene activation.
Similar spatial and temporal expression patterns between the transcriptional activity of the recombinant AFP gene and
the endogenous AFP gene demonstrate that this stably transfected F9 system can be used to dissect both cis-elements and
trans-acting factors responsible for RA-induced AFP expression. Using a series of deletion mutants of the pAFPCAT, the
region between 22611 to 21855 was found to be important in AFP-induction. Subsequent analysis identified a
functional sequence (21905 to 21891, 58-ACTAAAATGGAGACT-38) that differentially binds nuclear proteins from
undifferentiated and differentiated F9 cells. This sequence, designed as differentiation-associated sequence (DAS) for its
unique binding of a nuclear protein (DAP-II) that appears during RA-induced F9 differentiation, acts as a regulatory
protein factor in AFP gene activation. J. Cell. Biochem. 72:25–34, 1999. r 1999 Wiley-Liss, Inc.
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The alpha-fetoprotein (AFP) is an oncodevel-
opmental protein that is expressed in the vis-
ceral endoderm of embryonic yolk sac and fetal
liver at high levels, and at a low level in the
fetal gut. Synthesis of AFP decreases dramati-
cally shortly after birth, primarily due to tran-

scriptional repression. Only trace amounts of
AFP mRNA are accumulated in adult liver and
gut. However, expression of the AFP gene is
reactivated by cell proliferation during liver
regeneration, and in certain hepatocellular car-
cinomas. The AFP gene can also be induced in
other oncogenic states, such as in hepatoid ad-
enocarcinomas occurring in tissues other
than the liver, and in teratoblastomas [Abelev,
1968; Adinolfi, 1979; Ruoslahti, 1979; Tilgh-
man, 1985; Chen et al., 1996, and refs therein].
Therefore, the AFP gene provides an excellent
model to study transcriptional regulation dur-
ing mammalian development and oncogenic
transformation.

Retinoic acid (RA), the major and most active
physiological metabolite of vitamin A (all-trans-
retinol), has profound effects on embryonal de-
velopment, cell proliferation and differentia-
tion [De Luca, 1991]. It has been proposed that
retinoid activity is mediated by nuclear reti-
noid receptors which are members of the steroid/
thyroid hormone receptor superfamily [Wahli
and Martinez, 1991]. Two families of nuclear
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retinoid receptors, the retinoic acid receptors
(RARs) and the retinoid X receptors (RXRs),
have been identified in mammals [Chambon,
1995; Mangelsdorf and Evans, 1995; Means
and Gudas, 1995]. Retinoid receptors primarily
act through direct association with specific se-
quences known as retinoic acid receptor re-
sponse elements (RAREs) or retinoid X receptor
response elements (RXREs) in the regulatory
regions of the targets [De Luca, 1991; Glass et
al., 1991]. Recently, three RARE-like sequences
located in the 58-flanking region of the rat AFP
gene have been identified that are specifically
recognized by RARs and RXRs. These elements
were demonstrated to enhance the transcrip-
tional activities of both the rat AFP promoter
and a heterogeneous TK promoter [Liu and
Chiu, 1994; Liu et al., 1994a,b], indicating that
RA participates in the regulation of the AFP
gene expression.

F9 cells are one of the most extensively stud-
ied embryonal carcinoma cells that originate
from a teratocarcinoma [Artzt et al., 1973]. In
response to several types of physical and chemi-
cal stimuli, these nondifferentiated, multipoten-
tial stem cells can differentiate into somatic
tissue corresponding to derivatives of the three
germinal layers: endoderm, mesoderm, and ec-
toderm [Silver et al., 1983]. When treated with
RA and allowed to grow in suspension, F9 cells
form aggregates. Most of the cells on the outer
surface of the aggregates differentiate into vis-
ceral endoderm and produce AFP as a marker
of differentiation [Strickland and Mahdavi,
1978]. The capacity of F9 cells to differentiate
in a controlled manner in culture provides a
useful system for studying certain aspects of
mammalian development and differentiation,
and for investigating the mechanisms by which
RA affects AFP gene expression. In the present
study, we identified and characterized a cis-
acting element which associates with the AFP
gene activity in F9 cells during RA-induced cell
differentiation. This element forms a specific
complex with a nuclear protein that is ex-
pressed in response to RA in F9 cells, indicating
that some trans-acting factors might be in-
volved in mediating RA-induced AFP expres-
sion. Understanding the involvement of this
cis-element and its trans-acting factors in the
temporal expression of the AFP gene may shed
light on the mechanisms governing AFP expres-
sion during development and the oncogenic
process.

MATERIALS AND METHODS
Materials

Retinoic acid (all trans), coenzyme A, S-acetyl
coenzyme A synthetase, diethyl pyrocarbonate,
and 3-[(Cholamidopropyl)dimethl-ammonio]-1-
propanesulfonate (CHAP) were obtained from
Sigma (St. Louis, MO). Dimethyl sulfate (DMS)
and piperidine were from Aldrich. Cell culture
materials were purchased from Gibco (Grand
Island, NY), except a-Minimum Essential Me-
dia (a-MEM; Irvine Scientific, Santa Ana, CA).
Erase-a-Base system and Altered sites in Vitro
Mutagenesis System were from Promega (Madi-
son, WI).

Construction of Plasmids

pAFPCAT was constructed by cloning the rat
AFP 58-flanking region (27040 to 17) into
pGEMCAT [Dong et al., 1989]. To construct
deletion mutants, pAFPCAT was partially di-
gested with EcoR I and completely digested
with Sph I. The linearized DNAwas used to gener-
ate deletion mutants by the Erase-a-Base system.
Altered Sites in Vitro Mutagenesis System was
used to construct pAFP*CAT. All mutants used in
these studies were confirmed by sequencing.

Cell Culture and Treatment of Cell

Undifferentiated F9 cells were maintained as
stem cells by culturing on 0.1% gelatin-coated
tissue culture dishes in a-MEM, supplemented
with 10% fetal bovine serum and 1 mM gluta-
mine. For experiments involving cell differentia-
tion into visceral endoderm, F9 cells were seeded
at 5 3 105 cells per 100-mm bacteriological
petri dish in a 1:1 mixture of Dulbecco’s Modi-
fied Eagle Medium (DMEM) and Ham’s F12
medium, supplemented with 10% fetal bovine
serum and 1 mM glutamine. On the day after
seeding, cells were treated with 5 3 1028 M RA.
Cell aggregates were refed daily with the appro-
priate medium and RA concentration. For con-
trols, undifferentiated F9 cells were grown as in
the same medium except that no RA was added.

Transfection

Transfection was performed using the cal-
cium phosphate coprecipitation method [Gor-
man et al., 1982] with minor modifications
[Zhang et al., 1991]. Briefly, undifferentiated
F9 cells were cotransfected with a total of 20 µg
of pAFPCAT or its different mutants and pRSV-
neo at a 10:1 ratio in a cell density of 5 3 105/10
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cm diameter culture dish. Every 4 days thereaf-
ter, transfected cells were selected for stable
transfectants by the addition of 500 µg/ml of
G418. After 20–30 days, neomycin-resistant
colonies were pooled. These cells were grown
under differentiation culture conditions with
5 3 1028 M RA for different periods of time. The
chloramphenicol acetyltransferase (CAT) assay
was performed as described previously with a
correction for the amount of protein [Dong et
al., 1989].

Northern Analysis of Total RNA

Total RNA was prepared by the guanidinium
thiocyanate method, electrophoretically sepa-
rated on formaldehyde-agarose gels, and trans-
ferred to nitrocellulose filters [Cook and Chiu,
1986]. Prehybridization, hybridization, and
washing conditions were conducted according
to Thomas [1980]. The AFP probe was a Pst I
restricted DNAfragment digested from pRAF87
[Cook and Chiu, 1986] and it was labeled with
32P-dCTP by a random primer labeling proce-
dure [Feinberg and Volgelstein, 1983].

Gel Mobility Shift Assay

DNA probes were end-labeled by a Klenow
fragment or T4 kinase [Sambrook et al., 1989].
Nuclear extracts were prepared and used for
mobility shift assays as described [Zhang et al.,
1991]. In competition experiments, different
amounts of unlabeled DNA fragment were
added with labeled probe. In experiments with
detergents, CHAP was added either before or
after the DNA-protein interactions and the re-
action mixtures were incubated at room tem-
perature for 5 min before loading the gel.

Chemical Interference Assays

The 58-end 32P-labeled 131 bp DNA fragment
was modified by either dimethyl sulfate (DMS)
or diethyl pyrocarbonate as described by Wiss-
mann and Hillen [1991]. Methylated or carbe-
thoxylated DNA fragments were then incu-
bated with nuclear extracts from differentiated
F9 cells as in the gel mobility shift assay. Pro-
tein bound fractions of the modified DNA were
separated from free DNA by running on a 5%
polyacrylamide gel. Corresponding bands were
visualized by autoradiography and the DNAs
were eluted by electroelution. Recovered DNAs
were then cleaved by either piperidine or NaOH
and analyzed on sequencing gels.

RESULTS
Expression Patterns of the Endogenous AFP Gene

and the Recombinant AFP Gene
in Stably Transfected F9 Cells

In order to study the mechanism of AFP gene
regulation in F9 cells during RA-induced differ-
entiation, a segment of the rat AFP 58-flanking
region (27.0 kb to 17 bp) was cloned adjacent
to the bacterial CAT gene (designated as pAFP-
CAT, see ref. 18), and was stably transfected
into F9 cells. The morphological appearance of
the transfected F9 cells and the parental cells
was similar during RA treatment (data not
shown). Expression of the endogenousAFP gene
also exhibited the same pattern in both untrans-
fected and transfected cells. Little, if any, CAT
activity was detected after 3 days of treatment
with RA in pAFPCAT stably transfected F9
cells. A significant change in CAT expression
was observed on the 6th day. It reached its
highest level on day 9 and was maintained for
up to 12 days. (Fig. 1A). Similarly, endogenous
AFP mRNA increased 3 days after the treat-
ment from an undetectable level, and achieved
a maximal level on the 9th day (Fig. 1A). These
data demonstrated that RAcould induce expres-
sion of the CAT gene in pAFPCAT-transfected
F9 cells in the same way as it induced the AFP
gene in untransfected cells. Therefore, the stable
transfection system can be used to delineate
cis-acting elements that regulate RA-induced
AFP expression in F9 cells.

Cis-Elements in the Rat AFP 58-Flanking Region
Responsible for RA-Induced AFP Expression

in F9 Cells

To determine which cis-acting elements con-
fer RA-mediated activation of the AFP gene in
differentiating F9 cells, a series of deletion mu-
tants of pAFPCAT were stably transfected into
F9 cells. After selection, cells were tested by the
CAT assay for their ability to respond to RA
induction of differentiation. As shown in Figure
1B, CAT expression was induced to more than
seven-fold in F9 cells transfected with
p3.1AFPCAT, p2.9AFPCAT, or p2.6AFPCAT.
This indicates that RA can induce AFP gene
expression even after removing the 58-end of
the AFP gene up to 22.6 kb. However, deletion
of the nucleotide sequence between 22611 to
21855, caused a five-fold drop in CAT activity
(Fig. 1B). Insertion of this fragment into pAP-
CAT, an expression plasmid containing the AFP
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promoter sequence (2324 to 17), restored about
60% of the CAT activity in differentiated F9
cells, suggesting that the nucleotide sequence
between 22611 to 21855 plays a role in expres-
sion of the AFP gene. Other element(s) between
21855 to 21122 may also be needed to restore
the full transcriptional activity of AFP.

Differential Binding of the DNA Fragment
(21972 to 21842) With Nuclear Extracts

From Differentiated F9 Cells
and Undifferentiated F9 Cells

The DNA fragment (from 22611 to 21855)
was digested with restriction enzymes into three

smaller fragments and each of these fragments
was used to analyze DNA-protein interactions.
The protein binding pattern to DNA fragments
between 22611 to 21972 showed no difference
between differentiated and undifferentiated F9
cells, as indicated by gel retardation assays
(data not shown). Specific protein binding bands
were identified on the DNA fragment between
21972 to 21842. As shown in Figure 2, a pre-
dominant retarded protein complex (band I)
was formed with nuclear extracts from both
differentiated and undifferentiated F9 cells (Fig.
2, lanes 1 and 2). A second, faster migrating
protein-DNA complex, designated as band II,
was observed only in nuclear extracts isolated
from RA-induced differentiated F9 cells (Fig. 2,
lane 1, band II). Specific binding of the band II
protein to this fragment (21972 to 21842) was
also detected with nuclear extracts from cells
producing AFP, but was absent with nuclear
extracts from cells where AFP expression was
suppressed (data not shown).

Since the above 131 bp DNA fragment origi-
nated from a region that responded to RA, it is
possible that this DNA fragment contains a
RARE- or RXRE-like sequence that forms the
specific binding pattern as described. However,
sequence analysis failed to find any RARE- or
RXRE-like sequences. No direct interactions
between this DNA fragment and bacterial ex-
pressed RXRa or RARg were detected using gel
mobility shift assays. Binding competition as-
says with consensus RARE or RXRE also ex-
cluded the possibility that this fragment con-
tained any RA receptor response elements (data
not shown).

Identification of Specific Binding Sites
of Nuclear Proteins

To determine the specific binding site of the
nuclear proteins, we performed dimethylsul-
fate methylation interference assay. As illus-
trated in Figure 3A, binding of proteins on
several guanine (G) nucleotides at positions
21894, 21896, and 21897 strongly protected
these residues from methylation, while the G
on the lower strand at position 21892 was
weakly protected. All three G residues on the
coding strand contribute equally well to protein
binding, whereas on the non-coding strand only
the G at 21892 forms close contact. To further
characterize the bases within the binding site
that are important in sequence specific recogni-

Fig. 1. Expression of stably transfected pAFPCAT and its dele-
tion mutants in F9 cells during RA-induced differentiation. A:
The pAFPCAT expression plasmid was stably transfected into F9
cells as described in the Materials and Methods. After selection,
the transfected cells were treated with 5 3 1028 M RA for 3, 6, 9,
and 12 days. CAT assay and Northern analysis of total RNA were
performed. Block bars represent the fold induction of CAT
activity and hatched bars represent the levels of endogenous
AFP mRNA in F9 cells during differentiation. B: Delineation of
cis-acting elements that mediate the effect of RA on CAT expres-
sion. A series of deletion mutants of pAFPCAT were constructed
and stably transfected into F9 cells, which were then induced to
differentiation by 5 3 1028 M RA for 9 days and assayed for CAT
activity. Results are expressed as fold induction of CAT activity
and represent the average of three to four different stable
transfections.
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tion by the nuclear proteins, we also performed
carbethoxylation interference assay. Three ad-
enines on the non-coding strand and four ad-
enines on the coding strand showed protection
from carbethoxylation by bound proteins (Fig.
3B). Figure 3C summarizes the bases identified
by the two chemical interference assays. Obvi-
ously, band I protein and band II protein had
the same base contacts within a 15 bp region
from 21905 to 21891.

Based on the results of interference assays,
we synthesized a 21 bp oligonucleotide from
21905 to 21891 (Fig. 4A). This oligonucleotide
retained the same specific binding activity of
the nuclear proteins as the 131 bp fragment
(Fig. 4B, lane 1). The binding could be competed
out by adding a nonradiolabeled 131 bp DNA
fragment (Fig. 4B, lane 2). When critical bases
at positions 21901, 21899, and 21896 were
replaced by cytosines, the resulting mutant
oligonucleotide (24*-mer) lost its ability to
bind both nuclear proteins (Fig. 4C, lane 2).
The binding sequence was thus identified as

Fig. 2. Binding of a specific nuclear protein with a 131 bp
DNA fragment in the 58-flanking region (21972 to 21842) of
the rat AFP gene. Gel mobility shift assays were performed by
incubating 5 µg of nuclear extract from differentiated F9 cells
following 6 days of RA treatment (lane 1), and undifferentiated
F9 cells (lane 2), with 32P labeled 131 bp DNA fragment.
DNA-protein complexes band I and band II are indicated by
arrows.

Fig. 3. Identification of a specific nuclear protein binding site
by chemical interference assays. A: Methylation interference
assay was performed by modifying G residues in the 58-end
labeled 131 bp DNA fragment with dimethyl sulfate (DMS).
Modified bases that interfere with protein bindings are indicated
by arrows. I, band I protein-DNA complex; II, band II protein-
DNA complex; D, methylated DNA fragment. B: Carboxylation
interference assay performed and analyzed as in (A) with diethyl
pyrocarbonate (DEP) that modifies the A residues. C: A summary
of results from both chemical interference assays on the DNA
sequence from 21920 to 21880. Nucleotides that contact both
I and band II proteins are indicated by * from methylation
interference assay, and ! from carbethoxylation interference
assay.

Cis- and Trans-Acting Elements of AFP Gene 29



58-ACTAAAATGGAGACT-38. We have desig-
nated it as the differentiation-associated se-
quence (DAS) because of the band II protein
binding during F9 cell differentiation.

Characterization of DAS-Binding Proteins

It has been extensively documented that
many transcription factors are present as di-

meric forms, either as a homodimer or as a
heterodimer. Nuclear extracts from differenti-
ated F9 cells always bind to the DNA fragment
in two forms, a larger band I complex (DAP-I)
and a faster migrating band II (DAP-II) com-
plex. Co-appearance of these two proteins even
on the minimal required sequence (i.e., the
DAS) suggested that DAP-I could be a complex
of DAP-II. To analyze the relationship between
DAP-I and DAP-II binding proteins, we used
CHAP to dissociate protein-protein interac-
tions before or after incubating nuclear ex-
tracts with the DNA probe and analyzed the
protein-DNA complexes by gel mobility shift
assays. When concentration of CHAP was in-
creased to more than 0.5%, the amount of DAP-I
protein bound to the DNA fragment started to
decrease (Fig. 5). However, there was no appar-
ent effect on the DAP-II protein binding at any
concentration of CHAP. The same results were
obtained regardless of whether detergent was
added before or after incubating the nuclear
extracts with the DNA probe (data not shown).
Since we did not observe any increase in the
intensity of DAP-II-DNA complex after the ad-
dition of CHAP, we excluded the possibility that
DAP-I was a homo- or heterodimer of DAP-II.
However, because we failed to detect any new
protein binding bands after the addition of the
detergent it is still possible that DAP-I is a
protein complex and that it requires protein-
protein interaction for binding to DAS. We
therefore concluded that DAP-I is either a single
protein or a protein complex that is not related
to DAP-II protein.

Activation of DAP-II Protein by RA
During F9 Differentiation

The presence of DAP-II in differentiated F9
cells raised the possibility that expression of
DAP-II protein could be regulated during F9
cell differentiation. Nuclear extracts were there-
fore prepared from F9 cells treated with RA on
different days and used for DAS-binding as-
says. As shown in Figure 6A, specific DAP-II
protein complex was initially detected on day 1
after the treatment. Expression of this protein
reached a peak on the 4th day and stayed at a
high level until day 8, after which it decreased
dramatically and remained at a low level. DAP-I
protein, on the other hand, was expressed at a
constant level throughout differentiation. En-
dogenous AFP mRNA was also determined in
parallel by Northern blot analysis. As shown in

Fig. 4. DAS element retains the binding specificity with nuclear
extracts from diffrentiated F9 cells. A: A 21-mer double stranded
oligonucleotide (21905 to 21891, DAS) were synthesized
according to the chemical interference assays. 24*-mer is a
synthesized mutant oligonucleotide in which bases at position
21901, 21899, and 21896 were replaced by cytosines (under-
lined). B: Gel mobility shift assay shows that the 21-mer retained
the binding specificity with nuclear proteins from differentiated
F9 cells (lane 1), and the binding could be competed out by cold
131 bp DNA fragment (lane 2). C: Mutations of three critical
nucleotides in 24*-mer abolished the binding ability to both the
band I and band II nuclear proteins from differentiated F9 cells
(lane 2), as compared to the 21-mer (lane 1).
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Figure 6B, AFP mRNA started to appear after 4
days of treatment with RA and the level of AFP
mRNA continued to rise to almost a maximum
at day 6. Thus, the expression of DAP-II protein
is regulated by RA, and occurs prior to AFP
gene transcription.

DISCUSSION

Mouse F9 cells, the pluripotent stem cells of
teratocarcinoma, provide an attractive system
to study transcriptional regulation in response
to extracellular stimuli [Martin et al., 1990].
Treatment of F9 stem cells with RA converts
these cells into a new cell type that resembles
primitive extraembryonic endoderm in the
mouse embryo [Strickland and Mahdavi, 1978].
It leads to the activation of a set of genes that
are also expressed in fetal liver, including AFP
[Scott et al., 1984; Soprano et al., 1984]. Like
other receptors in the steroid/thyroid hormone
superfamily, ligand-bound receptors function
as transcriptional regulators for a specific set of
genes. Some of these genes respond rapidly to
the action of RA, indicating that the regulatory
sequences of these genes are direct targets for
the receptors [LaRosa and Gudas, 1988; Mur-
phy et al., 1988]. Usually retinoic acid response

elements (RAREs) can be found on the promot-
ers of these genes. Three RARE-like sequences
have been identified in the 58-flanking region of
the rat AFP gene [Liu and Chiu, 1994; Liu et
al., 1994a,b]. Since the AFP transcripts are
initially detected 4 days after the treatment
with RA (Fig. 6B), the relatively late induction
of AFP expression argues against the idea that
the AFP gene is a primary target for activated
retinoid receptors. It also implies that a hierar-
chy of steps is involved in activating the AFP
gene in F9 cells during RA-induced differentia-
tion. The F9 embryonal carcinoma cell system
allows us to identify transcriptional regulators
that are involved in the step by step de novo
activation of the AFP gene.

To generate a system to study AFP gene ex-
pression in F9 cells, we constructed a CAT
reporter plasmid (pAFPCAT) whose expression
was under the control of the 7 kb 58-flanking
region of the rat AFP gene. This plasmid con-
struct can be used to detect gene expression
that mimics the endogenous AFP gene during
differentiation induced by RA. This plasmid
was stably transfected into F9 cells. The activa-
tion pattern of the CAT gene was identical to
the expression pattern of endogenous AFP gene
during RA-induced differentiation (Fig. 1). Cis-
elements in this 7 kb region that are respon-
sible for RA-activated AFP expression were
identified using a series of deletion mutants.
Previous data demonstrated that deletion of
the sequences from 27 to 23 kb resulted a
gradual decrease in AFP gene activity [Muglia
and Rothman-Denes, 1986; Widen and Papacon-
stantinou, 1986; Godbout et al., 1988; Vacher
and Tilghman, 1990; Wen et al., 1991]. These
results suggest that the enhancer sequences
were not restricted to a certain area of the gene,
but rather were distributed over a wide range
of the 58-flanking region. Although the plasmid
containing 2.6 kb of the 58-flanking region
(p2.6AFPCAT) had less CAT activity compared
to the full length pAFPCAT, it was still suffi-
cient for transcriptional stimulation of AFP by
RA (Fig. 1B). However, deletion of 700 bp nucle-
otides from the 58-end of the p2.6AFPCAT (re-
sulting in plasmid p1.9AFPCAT) caused a dra-
matic decrease in CAT activity in differentiated
F9 cells (Fig. 1B), indicating the existence of
cis-elements in this region that are important
for AFP expression. In this study, we identified
a cis-element located from 21905 to 21891
(58-ACTAAAATGGAGACT-38) that responded to

Fig. 5. DAP-1 is not a protein complex formed with DAP-II.
Increased concentration of zwitterionic detergent CHAP was
used to disrupt protein-protein interactions either before or after
protein-DNA complex was formed. The effect of CHAP on
binding of nuclear proteins to the DAS element was determined
by gel mobility shift assay.
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RAtreatment, and designated it as a differentia-
tion-associated sequence (DAS) for the unique
appearance of its binding protein (DAP-II) dur-
ing the course of RA-induced F9 differentiation
(Fig. 6A). This demonstrated that DAS and its
binding proteins were functional in regulating
AFP expression.Although DAP-I protein expres-
sion remained constant regardless the differen-
tiation status of F9 cells, the expression of
DAP-II was regulated during F9 differentiation
induced by RA (Fig. 6A). Since DAP-II was
induced prior to any detectable AFP mRNA and
accumulated to a maximum on day 4 (when
endogenous AFP mRNA started to accumu-
late), we speculate that the gene encoding
DAP-II could be a primary and an early re-
sponse gene to RA. Subsequently DAP-II con-
veys RA’s effect by directly participating the
regulation of AFP expression.

A strong enhancer located near DAS at posi-
tion 22845 to 22095 in rat AFP 58-flanking
region has been identified by Belanger et al.
[1993]. This enhancer consists of several en-
hancer modules within a chromatin hypersensi-
tive domain. Decreased in CAT activity follow-

ing deletion of the region from 22611 to 21855
was due to the loss of several enhancer ele-
ments in this region. A similar enhancer has
also been identified in mouse AFP regulatory
region [Godbout et al., 1988]. The enhancers,
however, seemed to be equally active regardless
of AFP expression level because: 1) enhancer
binding proteins were found in both undifferen-
tiated and differentiated F9 nuclear extracts
(data not shown), as well as in extracts from
both newborn and adult rat liver nuclei [Bernier
et al., 1993]; 2) Two of the three distal enhanc-
ers have been demonstrated to direct AFP ex-
pression constitutively in yolk sac, fetal liver,
and fetal gut in transgenic mice [Hammer et
al., 1987; Millonig et al., 1995]; and 3) Chroma-
tin structure analysis of the gene throughout
development also implies that mouse enhanc-
ers retain biological functions even after the
transcription of AFP gene is repressed [God-
bout and Tilghman, 1988]. One model to ex-
plain the postnatal suppression of AFP tran-
scription involves a dominate negative regulator
located upstream of the AFP promoter, between
21010 to 2250 bp; it is only active in adult liver

Fig. 6. Expression of DAP-II protein is regulated by RA during F9 cell differentiation. A: F9 cells were treated with 5
3 1028 M RA for different days as indicated and harvested to extract nuclear proteins or total RNA. Four µg of nuclear
extracts from each day was analyzed for DAP-I and DAP-II expression by gel mobility shift assay. 0 day represented
undifferentiated F9 cells. B: 20 µg of total RNAs from each day were analyzed by Northern blot and the samples were
shown to be equally loaded upon examining the 28S and 18S rRNA on ethidium bromide stained gel. A Pst I restricted
DNA fragment of AFP clone pRAF87 was used as hybridization probe to detect AFP mRNA.
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[Millonig et al., 1995]. Our study also raises the
possibility that: AFP regulation could be at-
tained by the concerted actions of both enhanc-
ers and repressors. Maximal expression would
be achieved when the functions of repressors
were suppressed thus allowing enhancers to
dominate. The DAS element may represent one
such regulatory element. The DAP-I protein is
a likely inhibitory protein since it is present at
all differentiation state of F9 cells. DAP-II is
induced by RA during differentiation may re-
place DAP-I binding to DAS and deactivate its
inhibitory effect on AFP expression. The pre-
sent study identifies the DAS as a cis-element
in AFP gene regulatory region and implies that
this element could regulate AFP transcription
either positively or negatively, depends on the
differentiation stage of F9 cells. However, fur-
ther analysis of how DAS and its associated
proteins participating in regulation of AFP gene
expression, relies on cloning or purification of
both DAP-1 and DAP-II proteins.

ACKNOWLEDGMENTS

This work was supported partially by an insti-
tutional grant from the University of Vermont
College of Medicine.

REFERENCES

Abelev GI. 1968. Production of embryonal serum alpha-
globulin by hepatomas: review of experimental and clini-
cal data. Cancer Res 28:1344–1350.

Adinolfi M. 1979. Human alphafetoprotein 1956–1978 [re-
view]. Adv Hum Genet 9:165–228.

Artzt K, Dubois P, Bennett D, Condamine H, Babinet C,
Jacob F. 1973. Surface antigens common to mouse cleav-
age embryos and primitive teratocarcinoma cells in cul-
ture. Proc Natl Acad Sci USA 70:2988–2992.

Bernier D, Thomassin H, Allard D, Guertin M, Hamel D,
Blaquiere M, Beauchemin M, LaRue H, Estable-Puig M,
Belanger L. 1993. Functional analysis of developmen-
tally regulated chromatin-hypersensitive domains carry-
ing the a1-fetoprotein gene promoter and the albumin/a1-
fetoprotein intergenic enhancer. Mol Cell Biol 13:
1619–1633.

Chambon P. 1995. The molecular and genetic dissection of
the retinoid signaling pathway. Recent Prog Hormone
Res 50:317–332.

Chen H, Egan JO, Chiu JF. 1996. Regulation and activities of
a-fetoprotein. Crit Rev Eukaryot Gene Exp 7:11–41.

Cook JR, Chiu JF. 1986. Mechanism of the dexamethasone
effect on a-fetoprotein gene expression in McA-RH8994
rat hepatoma cells. J Biol Chem 262:4663–4668.

De Luca LM. 1991. Retinoids and their receptors in differ-
entiation, embryogenesis, and neoplasia [review]. FASEB
J 5:2924–2933.

Dong JM, Nordloh PW, Chiu JF. 1989. The mechanism of
the bidirectional regulation of the rat alpha-fetoprotein

gene by glucocorticoid hormone. Mol Cell Endocrinol
66:109–114.

Feinberg AP, Vogelstein B. 1983. A technique for radiolabel-
ing DNA restriction endonuclease fragments to high spe-
cific activity. Anal Biochem 132:6–13.

Glass CK, DiRenzo J, Kurokawa R, Han ZH. 1991. Regula-
tion of gene expression by retinoic acid receptors [re-
view]. DNA Cell Biol 10:623–638.

Godbout R, Ingram RS, Tilghman SM. 1988. Fine-structure
mapping of the three mouse alpha-fetoprotein gene en-
hancers. Mol Cell Biol 8:1169–1178.

Godbout R, Tilghman SM. 1988. Configuration of the alpha-
fetoprotein regulatory domain during development. Genes
Dev 2:949–956.

Gorman CM, Moffat LF, Howard BM. 1982. Recombinant
genomes which express chloramphenicol acetyltransfer-
ase in mammalian cells. Mol Cell Biol 2:1044–1051.

Hammer RE, Krumlanf R, Camper SA, Brinster RL, Tilgh-
man SM. 1987. Diversity of alpha-fetoprotein gene expres-
sion in mice generated by a combination of separate
enhancer elements. Science 235:53–58.

LaRosa GJ, Gudas, LJ. 1988. Early retinoic acid-induced
F9 teratocarcinoma stem cell gene ERA-1: alternate splic-
ing creates transcripts for a homeobox-containing pro-
tein and one lacking the homeobox. Mol Cell Biol 8:
3906–3917.

Liu Y, Chiu JF. 1994. Transactivation and repression of the
alpha-fetoprotein gene promoter by retinoid X receptor
and chicken ovalbumin upstream promoter transcription
factor. Nucleic Acids Res 22:1079–1086.

Liu Y, Chen H, Chiu JF. 1994a. Identification of a retinoic
acid response element upstream of the rat alpha-fetopro-
tein gene. Mol Cell Endocrinol 103:149–156.

Liu Y, Chen H, Dong JM, Chiu JF. 1994b. cis-acting ele-
ments in 58-flanking region of rat alpha-fetoprotein medi-
ating retinoic acid responsiveness. Biochem Biophys Res
Commun 205:700–705.

Mangelsdorf DJ, Evans RM. 1995. The RXR heterodimers
and orphan receptors. Cell 83:841–850.

Means AL, Gudas LJ. 1995. The roles of retinoids in verte-
brate development. Annu Rev Biochem 64:201–233.

Martin CA, Ziegler LM, Napoli JL. 1990. Retinoic acid,
dibutyryl-cAMP, and differentiation affect the expression
of retinoic acid receptors in F9 cells. Proc Natl Acad Sci
USA 87:4804–4808.

Muglia L, Rothman-Denes LB. 1986. Cell type-specific nega-
tive regulatory element in the control region of the rat
alpha-fetoprotein gene. Proc Natl Acad Sci USA 83:7653–
7657.

Murphy SP, Garbern Odenwald WF, Lazzarini RA, Linney
E. 1988. Differential expression of the homeobox gene
Hox-1.3 in F9 embryonal carcinoma cells. Proc Natl Acad
Sci USA 85:5587–5591.

Millonig JH, Emerson JA, Levorse JM, Tilghman SM. 1995.
Molecular analysis of the distal enhancer of the mouse
alpha-fetoprotein genes. Mol Cell Biol 15:3848–3856.

Ruoslahti E. 1979. alpha-Fetoprotein in cancer and fetal
development [review]. Adv Cancer Res 29:275–346.

Sambrook J, Fritsch EF, Maniatis T. 1989. Molecular clon-
ing: A laboratory manual, 2nd eds. Cold Spring Harbor,
NY: Cold Spring Harbor Laboratory Press.

Scott RW, F. Vogt TF, Croke ME, Tilghman SM. 1984.
Tissue-specific activation of a cloned alpha-fetoprotein
gene during differentiation of a transfected embryonal
carcinoma cell line. Nature 310:562–567.

Cis- and Trans-Acting Elements of AFP Gene 33



Silver LM, Martin GR, Strickland S. 1983. Teratocarci-
noma stem cells. Cold Spring Harbor, NY: Cold Spring
Harbor Laboratory Press.

Soprano DR, Soprano KJ, Wyatt ML, Goodman DS. 1988.
Induction of the expression of retinol-binding protein and
transthyretin in F9 embryonal carcinoma cells differenti-
ated to embryoid bodies. J Biol Chem 263:17897–17900.

Strickland S, Mahdavi V. 1978. The induction of differentia-
tion in teratocarcinoma stem cells by retinoic acid. Cell
15:393–403.

Thomas PS. 1980. Hybridization of denatured RNA and
small DNA fragments transferred to nitrocellulose. Proc
Natl Acad Sci USA 77:5201–5205.

Tilghman SM. 1985. The structure and regulation of the
alpha-fetoprotein and albumin genes [review]. Oxf Surv
Eukaryot Genes 2:160–206.

Vacher J, Tilghman SM. 1990. Dominant negative regula-
tion of the mouse alpha-fetoprotein gene in adult liver.
Science 250:1732–1735.

Wahli W, Martinez E. 1991. Superfamily of steroid nuclear
receptors: positive and negative regulators of gene expres-
sion [review]. FASEB J 5:2243–2249.

Wen P, Groupp ER, Buzard G, Crawford N, Locker J. 1991.
Enhancer, repressor, and promoter specificities combine
to regulate the rat alpha-fetoprotein gene. DNA Cell Biol
10:525–536.

Widen SG, Papaconstantinou J. 1986. Liver-specific expres-
sion of the mouse alpha-fetoprotein gene is mediated by
cis-acting DNA elements. Proc Natl Acad Sci USA 83:
8196–8200.

Wissmann A, Hillen W. 1991. DNA contacts probed by
modification protection and interference studies. Meth-
ods Enzymol 208:365–379.

Zhang XK, Dong JM, Chiu JF. 1991. Regulation of alpha-
fetoprotein gene expression by antagonism between AP-1
and the glucocorticoid receptor at their overlapping bind-
ing site. J Biol Chem 266:8248–8254.

34 Chen et al.


	MATERIALS AND METHODS
	RESULTS
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

