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Abstract—Alpha-fetoprotein (AFP) is the main component of mammalian fetal serum. It is synthesized by visceral endo-
derm of the yolk sac and by fetal liver. Immediately after birth AFP level in blood decreases dramatically. AFP synthesis
is reactivated in liver tumors and germinogeneous teratoblastomas, in a lesser degree after chemical and mechanical liver
injuries followed by regeneration (i.e., acute viral hepatitis). AFP blood level change is an important marker for liver
tumors that is widely used in clinical practice. Therefore, the study of the molecular and cellular mechanisms participating
in regulation of the oncoembryonal protein AFP is an important task. On various experimental models it has been shown
that the expression is regulated mainly on the transcriptional level, the AFP gene having a 7 kb regulatory region upstream.
Within this region a tissue-specific promoter, three independent enhancers, and a silencer that is at least partially respon-
sible for AFP gene expression decrease in adult liver have been defined. Some ubiquitous and some tissue-specific tran-
scription factors, including hepatocyte nuclear factors (HNFs), which mediate the transcription of most of the liver-spe-
cific genes, have been shown to bind to the promoter. However, the mechanisms determining drastic changes of AFP syn-
thesis level in the course of ontogenesis and carcinogenesis remain incompletely clarified. Also, little is known about neg-
ative regulators of AFP gene expression in cells of non-hepatic origin and in adult liver.
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Alpha-fetoprotein (AFP) was first detected [1] by
electrophoresis of human fetal serum in the first (a,)
position next to serum albumin (SA). In normal adult
serum this protein was not detected.

In 1960 G. Abelev and collaborators discovered a
murine hepatoma a-globulin that was absent in the
liver, blood, and other tissues of normal adult mice. It
was proved that this protein is one of the main compo-
nents of the murine fetal serum and, furthermore,
appears in the adult liver during regeneration [2]. Later
an embryo-specific a-globulin was detected in the serum
of hepatocellular carcinoma [3] and teratoblastoma
patients [4]. Within the next few years it became clear
that the protein, which was named AFP, is an important
marker for differential diagnostics of these tumors.

AFP is a polypeptide of about 600 amino acids and
consisting of 4% carbohydrate residues. It is a secretory
protein with structure and physicochemical properties
similar to SA.

AFP functions and its role in development and car-
cinogenesis are not still incompletely investigated (for

Abbreviations: AFP) alpha-fetoprotein; GRC) glucocorticoid
hormone-receptor complex; HNF) hepatocyte nuclear factor;
SA) serum albumin.

review see [5, 6]). The main properties of AFP are high
affinity for polyunsaturated fatty acids (10° times higher
than SA) and ability to bind estrogens. Some data indi-
cate that AFP participates in immune response regula-
tion.

AFP GENE STRUCTURE AND PRODUCTS
OF ITS TRANSCRIPTION

The AFP gene belongs to albumin gene family
along with SA, a group-specific component, also known
as vitamin D-binding protein [7, 8], and a-albumin [9]
genes. As well as their genes, these proteins are highly
homologous in primary structure [9]. All of them are
synthesized in liver and secreted into blood serum, pro-
viding delivery of their bound ligands to different tis-
sues.

All the albumin family genes are located on the
same chromosome. The AFP, SA, and a-albumin genes
are positioned near each other and have a common
direction of transcription (Fig. 1). Albumin genes are
located on chromosome 5 of mouse [10], 14 of rat [9],
and on the long arm of chromosome 4 of human (4q11-

ql13) [11].
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Fig. 1. The rat albumin gene cluster and AFP gene 5"-regulatory region structure (P, promoter; S, silencer; EI-EIII, minimal enhancers

of AFP gene; a ALB, a-albumin gene).

The rat AFP gene size is 19 kilobase pairs (kb). Like
the SA and a-albumin genes, it consists of 15 exons and
14 introns; exons 1 and 15 are not coding. This structure
is conserved among mouse [12], rat [13], and human [14].

All the albumin proteins consist of three homolo-
gous domains. This suggests that the coding genes orig-
inate from common predecessor, which, in turn, arose as
a result of triplication of a primary gene corresponding
to one domain of the protein [15, 16].

The data about the clustered localization and about
the evolution of the albumin genes, the dynamics of their
synthesis during ontogenesis and carcinogenesis, as well
as the structure of their regulatory regions, which will be
discussed below, suggest that the expression of these
genes is interconnected and has common principles of
regulation.

The main product of AFP gene transcription in
fetal liveris a 2.1 kb mRNA. Besides, 1.7, 1.4, and 1.0 kb
mRNAs were detected in fetal and regenerating liver
and in carcinogenesis [17, 18]. The shorter forms of
mRNA—1.4 and 1.0 kb—dominate in adult liver [19].
Apparently, expression levels of the multiple mRNA
forms are controlled by different mechanisms and can be
changed independently [19, 20].

All the products of AFP gene transcription can be
translated. The 2.1 kb mRNA corresponds to polypep-
tides weighing 68 and 70 kD [18, 19]. Functions of the
different AFP forms are insufficiently studied; however,
it is known that the shortened translation products
maintain the transport properties [19].

AFP SYNTHESIS IN NORM AND PATHOLOGY

During embryogenesis AFP can be detected in viscer-
al endoderm of the yolk sac (in 6-7 days of murine gesta-
tion) [21]; at this stage AFP is a dominant serum protein.
Later the maximum level of its expression is observed in
fetal liver (for review see [6]) and, at significantly lower lev-
els, in embryonic gut [22] and in some other organs [23, 24].

At the end of the embryonic period of development,
at the same time as the morphological restructuring of

the liver, a drastic decrease in AFP blood level and
reduction of AFP-producing cell number take place.
Simultaneously SA blood level increases, and the main
adult serum protein substitutes the embryonic one. This
switch is carried out on the transcriptional level [25]. At
the same time, it has been shown that both genes can be
expressed in the same cell simultaneously [26]. Shortly
after birth AFP concentration in blood decreases 10*-
fold [26, 27].

In parallel with the increase in SA level, induction
of a-albumin [9] and group-specific component [24] syn-
thesis takes place. Coordinated regulation of expression
levels has been described for some other systems, e.g.,
for the globin gene cluster [28] and liver-specific
apolipoprotein genes AI-CIII-AIV [29]. Perhaps the
coordinated change in expression levels of clustered
genes in the course of development is regulated by com-
mon elements localized in the intergenic space.

AFP gene expression is repressed reversibly in adult
liver. It can be restored during the course of liver regen-
eration induced by partial hepatectomy, when up to 2/3
of the organ is removed surgically, or by acute CCl,
intoxication that causes necrosis of the hepatocytes bor-
dering central veins. Simultaneously with AFP induc-
tion, SA synthesis decreases. The most significant effect
is observed in mice. Hepatocyte localization within the
liver plate or outside it is the defining factor that regu-
lates the activity of AFP synthesis on a cellular level [30].
An elevation of AFP serum level is observed in the case
of acute viral hepatitis and, to a lesser extent, in liver cir-
rhosis.

AFP blood level elevation is observed in primary
liver tumors, teratocarcinomas, and gut tumors [4, 31].
In the case of embryonic carcinomas, teratocarcinomas,
yolk sac tumors, and hepatoblastomas an increase in
AFP level is observed in 80-90% of cases and appears to
be an important diagnostic marker. The cellular aspects
of AFP regulation are discussed in detail in reviews [6,
32].

Many teratocarcinomas and hepatomas are charac-
terized by a decrease in SA synthesis along with an
increase in AFP. At the same time a number of cell cul-
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tures, e.g., human hepatoma Hep G2, produce AFP and
SA simultaneously [33, 34]. As in normal tissues, in most
of the teratocarcinomas and hepatomas a dependence of
SA and AFP synthesis on the differentiation state is
observed [34-36].

MECHANISMS OF AFP GENE REGULATION

Transcription is the determining level for AFP gene
regulation. This is confirmed by correlation of AFP
mRNA amount and the protein synthesis level in vari-
ous systems [26, 27].

However, it is impossible to exclude completely the
participation of posttranscriptional mechanisms in the
regulation of AFP level in some cases. It was supposed
by a number of authors that some posttranscriptional
mechanisms occur in vitro [37] or play some role in the
mRNA increase in murine yolk sac [38] and in rat
hepatoma cells [39].

Two genetic loci have been found in mice, Afr! (raf)
and Afr2 (Rif), that participate in regulation of AFP
gene expression after birth [40, 41]. A possible mecha-
nism of their action will be discussed below. It was
shown that 4fr/ can influence AFP transcript stability
and/or its processing. Perhaps an element of the AFP
mRNA 3'-end secondary structure, a stem-loop which is
highly conservative and is also found in human AFP
mRNA, is involved in this process [42].

Studies on the correlation of the methylation level
of the AFP gene or its regulatory region and the gene
expression level have given contradictory results. No
clear correlation between the expression level and the
level of the structural gene demethylation in embryonic
and adult hepatocytes has been observed [43].

A few critical sites the methylation level of which
correlates with possible or real activity of the AFP gene
were mapped at the 5-end region and the first intron [44,
45]. On the other hand, during AFP gene expression
decrease in the course of development or under dexam-
ethasone treatment the methylation level of the 5-end
region is changed not immediately but after a few weeks.
5-Azacytidine treatment of embryonic carcinoma cells
or newborn rat liver cells does not lead to an activation
of AFP gene expression [44]. It seems, that methylation
is not a key mechanism for AFP gene regulation but
reflects the gene activity status and can stabilize it in an
inactive state.

REGULATORY cis-ELEMENTS
OF THE AFP GENE

Transfectional analysis of hepatoma cell lines [46-
49] and transgenic mouse studies [22, 50-52] have shown
that the elements defining the AFP gene transcription
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level are located within a region from —7.6 kb to the
transcription start site. There is a high homology
between the AFP gene 5'-regulatory regions of mouse,
rat, gorilla, and human [53, 54].

Within the mouse and rat AFP regulatory region
three distal enhancers, a promoter element [46-49], and a
silencer have been defined [49-51] (Fig. 1).

Promoter. A sequence of —200/0 base pairs (bp) of
the AFP gene is characterized by tissue-specific promot-
er activity and contains multiple overlapping binding
sites for ubiquitous and tissue-specific transcription fac-
tors. In vivo in the absence of the enhancer the AFP pro-
moter is inactive [52]. A considerable similarity of AFP
and other albumin gene promoter organization can be
noted, in particular, the presence and localization of
CCAAT-box and HNF1 binding sites within [9, 55]. The
structure of the promoter region will be discussed in
detail below.

Enhancers. Within the mouse and rat AFP gene reg-
ulatory region three independent enhancers (EI-EIII) of
size 200-300 bp have been revealed (Fig. 1) [48, 49, 56,
571

All of these elements are typical enhancers and are
able to stimulate AFP promoter as well as heterological
promoters [56]. Like AFP promoter, the enhancers are
tissue-specific and are not active in non-hepatic cells
[56]. Each of the enhancers is able to stimulate SA as
well as AFP promoter. Probably, at some stages of
development and in some hepatoma lines, in which the
upstream SA enhancer is non-active, the intergenic
enhancers control the expression of the two genes inde-
pendently, and the corresponding promoters do not
compete with each other due to their interaction with the
different enhancers sites [58].

All the three enhancers of the rat AFP gene exert an
additive action on the promoter, the highest level of the
expression being achieved in presence of all the
enhancers [49]. However, neither the promoter nor the
enhancers are sufficient for postnatal repression of this
gene [49, 59].

The enhancers of the mouse AFP gene in vitro do
not differ in their activity and do not cause an additive
effect [48, 60]. However, in transgenic mouse studies it
has been shown that in vivo each of the enhancers is
characterized by various activities with its own promot-
er as well as with a heterological one in any of the tissues
(yolk sac, fetal liver and gut), where AFP gene is
expressed [52, 61]. Murine EIII is also active in the brain
cells [61]. All three enhancers are potentially active in
adult mouse liver cells. EI and EII are most active in
hepatocytes surrounding a central vein, and EIII is
active exclusively in a layer of hepatocytes surrounding
a central vein [61]. These data confirm a hypothesis that
one of the factors that affects AFP gene expression in
adult liver is a hepatocyte position in a liver lobule [30].
The lack of EIII activity in most of the adult hepatocytes
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is possibly connected with the existence of some negative
factors binding this region [61].

The results obtained in AFP gene regulatory ele-
ment studies on transgenic mice have been reviewed in
detail [62].

Within enhancer EIII multiple binding sites for reg-
ulatory proteins have been revealed, including sites for
hepatocyte nuclear factors HNF3 and C/EBP (see
below) and nuclear receptor COUP-TF [63], which are
necessary for complete stimulation of AFP promoter
[57, 60, 64].

Within the human AFP gene regulatory region two
enhancer elements have been revealed: —4.0/-3.7 and
—3.7/-3.3 kb. In the proximal enhancer the HNF1 bind-
ing site is localized [65].

Silencer elements. In all the studied species the
silencer sequences have been identified. They are local-
ized between the promoter and enhancers of the AFP
gene. They probably play the critical role in suppression
of the AFP gene transcription after birth [49-51, 65].
Removal of silencer sequence —800/-250 bp in transgenic
mice leads to maintenance of AFP gene expression con-
trolled by the enhancers and the promoter in liver and
gut of the adult mice [51]. The transgene expression in
this system is of zonal distribution: it is observed only in
hepatocytes surrounding a central vein [66] and, proba-
bly, is determined by enhancer EIII activity.

In the regulatory region of the rat the silencer is also
linked with the promoter region [49, 56]. Deletion of the
silencer leads to restoration of expression of the reporter
gene controlled by the AFP promoter in human
hepatoma cell line H4C3, usually non-expressing AFP
[49]. This silencer is able to suppress AFP promoter
stimulation by heterological SV40 enhancer.

At least two silencers, —1822/-951 and —402/-169 bp,
have been revealed in the human AFP gene regulatory
region. The distal silencer is more powerful; it inhibits
the activity of homologous and heterologous enhancers
according to their localization and independently from
their orientation but does not actually influence the AFP
promoter functioning [65].

Within the murine AFP gene promoter, a sequence
at —57/-43 bp has been identified that contributes to the
suppression of AFP gene activity in cells of non-hepatic
origin. In a reaction with nuclear extracts from rat
embryonic fibroblast cell culture, this sequence forms
three complexes specific for the cell type; one of these
complexes appears in extracts from AFP non-producing
lines of both non-hepatic and hepatic origin [67]. Yet
another presumable silencer sequence is localized in the
region of —608/-371 bp [67]. The negative factors that
bind these sequences are not yet identified.

Thus, the 5-end AFP region is highly conservative.
It contains the promoter, the enhancer, and the silencer
that contain specific binding sequences for the transcrip-
tion factors and provide precisely regulated AFP gene

transcription. Before proceeding to the description of
the transcription factors, let’s mention some common
rules of liver gene regulation.

HEPATOCYTE NUCLEAR FACTORS
AND THEIR ROLE IN THE REGULATION
OF GENES IN LIVER

Regulation of liver-specific gene expression is a
complex and multi-stage process. This is due to the need
for continuous changes and coordination of expression
of a great number of structural, secretory, and transport
proteins and enzymes.

Hepatocyte nuclear factors (HNF) play a critical
role in the regulation, which is carried out mainly on the
transcriptional level [27, 68]; this section is dedicated to
a short review of them.

To date several families of regulatory proteins
(HNF1, C/EBP, HNF3, HNF4, and HNF6) are attrib-
uted to HNFs, their binding sites are identified in the
regulatory elements of the numerous liver-specific genes.
Although, the expression of these factors is not restrict-
ed to liver cells, they occur in maximum amounts in
liver. Apparently, the tissue-specificity of the expression
of each liver gene is achieved by the simultaneous par-
ticipation of several hepatocyte transcription factors in
the regulation of this process.

HNF1 family. The members of this family—HNF1
(HNF1a, LFB1) [69] and vHNF1 (HNF1p, LFB3) [70,
71]—according to their DNA-binding domain structure
are related to the superfamily of homeoproteins, the
members of which play an important role in differentia-
tion of various cell types [72]. According to their struc-
ture the HNF1 proteins are distinguished in a separated
group of homeobox-containing factors (for review see
[150]).

Apparently, HNF1 family proteins are the most
widely distributed regulators of liver-specific gene
expression; their potential binding sites have been found
in regulatory regions of more than one hundred genes.
Most often these sites are localized in promoter regions
and form clusters with binding sites of other transcrip-
tion factors [73].

HNF1 and vHNFI1 recognize the same sequence
and in contrast to other homeoproteins interact with
DNA as homo- or heterodimers [71, 74]. A small protein
DCoH plays an important role in stabilization of the
dimer. Binding to HNF1 dimer, two DCoH molecules
form a more stable tetramer, thus providing an optimal
transactivational effect [75].

Several forms of HNF1 and vHNF1 exist. They pos-
sess various transactivational properties and are found at
different levels in different organs [76, 77]. The transacti-
vational properties may also vary when the dimer is sta-
bilized at various DCoH protein concentrations [78].
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HNF1 gene expression is controlled by a complex
of both tissue-specific and ubiquitous factors. Within
the HNF1 gene promoter binding sites for HNF3,
HNF4, and AP-1 have been revealed [79, 80]. vHNF1
promoter can be activated by nuclear receptors COUP-
TFI/Ear3 and COUP-TFII/Arpl, retinoic acid recep-
tors, and, in contrast to HNFI, it does not depend on
HNF4a [81].

In the course of embryonic development vHNF1
appears earlier than HNFI1. In mice vHNF1 mRNA
begins to be expressed in visceral endoderm of the yolk
sac not later than between the fifth and sixth day of ges-
tation [82]; on the tenth day vHNF1 is revealed in pri-
mary gut and liver diverticulum, in later stages of devel-
opment its synthesis is localized in liver, kidney, and
lung. HNF1 appears for the first time in liver diverticu-
lum on the eleventh day of gestation; by this time AFP
and SA mRNAs are clearly detected in this organ [82,
83]. HNF1 localizes similarly to vHNF1, but its expres-
sion level is significantly lower. After birth the situation
changes dramatically: HNF1 mRNA appears in liver,
kidney, gut, and pancreas, and in any tissue besides kid-
ney in amount much greater than vHNF1 [70, 84, 85].
vHNF1 (but not HNF1) is expressed also in esophagus,
lung, and thyroid [71].

A significant amount of HNF1 (but not vHNF1)
usually appears in differentiated hepatoma lines.
Hepatoma dedifferentiation and suppression of hepato-
specific gene expression usually is accompanied by a
decrease in HNF1 expression and an increase in VHNF1
[69, 86, 87]. Differentiation of embryonic carcinoma F9
in visceral endoderm induced by retinoic acid is accom-
panied by AFP gene activation; this is connected with
significant increase in VHNF1 but not HNF1 expression
[81, 82].

HNF1 gene inactivation is not lethal for the mouse
embryo, but after birth it causes growth retardation,
phenylketonuria, and hepatic, renal, and pancreas dys-
function and leads to 75% death of the homozygous ani-
mals within 20-40 days. It should be emphasized that in
these animals a significant decrease of SA gene tran-
scription rate is detected [88].

Mutation of HNF1, its main regulator HNF4a (see
below), and vHNF1 in humans leads to insulin secretion
system failure and causes the development of three
forms of the non-insulin-dependent diabetes, which
develops in young people (MODY3, MODY1, and
MODYS, respectively) [89-91]. An insulin secretion fail-
ure is observed in mice with inactivated HNF1 also [92].
vHNF1 gene inactivation leads to embryonic death
between the seventh and eighth day of mouse gestation,
probably because of visceral endoderm development
failure. It is important to emphasize that in these mice
suppression of visceral endoderm markers such as AFP
and HNF4a expression occurs (S. Cereghini, personal
communication).
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C/EBP family. The discovery of the first member of
this family, C/EBPa [93], gave the opportunity to char-
acterize a novel class of transcription factors that bind to
a CCAAT-box. They contain a basic DNA-recognizing
domain (so-called “bZIP”), an amino terminal trans-
activation domain, and a helical structure of leucine zip-
per type providing dimerization. Members of the C/EBP
family described so far possess similar structure, form
homo- and heterodimers, and bind to a common DNA
sequence [70, 94]. A decrease in expression level of one
of the C/EBP genes can be compensated by variation in
the concentration of other factors of the family [95].
C/EBP protein binding sites have been identified in reg-
ulatory elements of AFP [96], SA [97], C/EBPa [98], and
other liver genes.

Two C/EBP proteins—the positive regulator
C/EBPf and the transcription inhibitor LIP—are prod-
ucts of the same gene, their ratio in the cell being regu-
lated by two mechanisms: either on the translational
level [99] or by C/EBPa-dependent proteolytic cleavage
of C/EBP [100]. Heterodimers of other C/EBP proteins
with shortened protein LIP lacking the trans-activation-
al domain are able to suppress transcription.

C/EBPa mRNA appears for the first time on the
thirteenth day of murine gestation. In the adult organ-
ism it is identified in different tissues of endodermal and
mesodermal origin, whereas the corresponding protein
has been revealed in liver and adipose tissue only. A sim-
ilar situation is observed on analysis of the expression of
other family members [101].

The so-called “PAR proteins”, which lack a leucine
zipper and are not capable of dimerization, are distin-
guished in an separated group within the C/EBP family.
One of these proteins, DBP, is synthesized in adult liver
only [102]. During liver regeneration the expression of
this gene is completely downregulated. DBP expression
follows a circadian rhythm that is controlled on the
transcriptional level [103].

As a significant amount of C/EBP family proteins is
revealed in non-proliferating cells only, while in regener-
ating liver cells, primary hepatocyte cultures, and
hepatomas their level is low, these factors were supposed
to possess anti-proliferative action [104]. It was found
that sequential expression of a few factors of the C/EBP
family is a necessary condition for terminal differentia-
tion of a preadipocyte culture under hormonal treat-
ment [105]. Hyperexpression of C/EBPa causes prelimi-
nary cessation of cell division [104].

Mice with an inactivated C/EBPa gene die of a
glycogen synthesis and storage system failure within a
few hours after birth [106]. The primary hepatocyte cul-
tures obtained from these mice are characterized by a
significant increase in proliferation rate and transforma-
tion frequency in comparison to the hepatocyte cultures
of normal newborn mice [107]. These cultures preserve
epithelial phenotype and SA expression.
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Thus, C/EBPa is apparently an important switch
for processes of maintenance of differentiation, prolifer-
ation control, and maintenance of non-transformed phe-
notype. Besides, there are some indications that C/EBP
family proteins participate in hematopoietic stem cell
differentiation, which takes place in liver [108].

HNF3 family. HNF3 family members contain a
DNA-binding domain of the “winged helix” type, which
is homologous to a corresponding region of fork head
protein of Drosophila and contains a segment of a helix-
loop-helix and two “wings” interacting with DNA [109,
110]. According to its tertiary structure, the HNF3
DNA-binding domain possesses a remarkable structural
similarity to non-related DNA-packing histone H5. This
implies that HNF3 factors participate in alteration of
nucleosomal organization of chromatin during gene
activation [94].

The family members—proteins HNF3a, 3, and y
[111, 112]—recognize the same DNA sequences and
interact with them as monomers [110]. These factors
activate transcription of a number of liver-specific genes,
e.g., SA[113], HNF1 [80], and also HNF3a and HNF3[3
[114], in this way forming an autoregulatory loop.

HNF3p is first detected on the seventh day of
murine gestation in the primitive streak and node [115].
HNF3a follows the HNF3[3 dynamics but at a lower
concentration level. HNF3y starts to be expressed on the
twelfth day of gestation [116].

In the adult organism HNF3a, 3, and y are local-
ized in liver, gut, lung, and stomach, besides HNF3[3 and
y in ovary and HNF3y in testicles [101]. Increase of
HNF3a level is observed in primary hepatocyte cultures
grown on an extracellular matrix. Apparently, HNF3a
participates in extracellular signal transduction that
determines hepatocyte differentiation [83, 117].

HNF3[ gene inactivation leads to embryonic death
between the tenth and eleventh day of murine gestation
due to foregut formation defects [118, 119]. HNF3[3 gene
inactivation using Cre recombinase under the control of
SA regulatory elements does not effect expression levels
of the other HNFs—HNF1, HNF4a, HNF3a and y
[120]. HNF3a deletion considerably decreases mouse
growth rate after birth and causes death within the first
week of life due to glucose homeostasis failure because
of proglucagon downregulation in the pancreas [121].
Mice with inactivated HNF3y have no visible develop-
mental abnormalities and differ from normal animals by
increased expression level of HNF3a and [ and
decreased transcription of some hepatospecific genes
[122].

HNF4 family. So far few members of the HNF4
family have been identified [123, 124]. HNF4a is the
most completely characterized. A homologous gene
expressed in tissues corresponding to the HNF4-express-
ing tissues of mammals has been described in Drosophila
[125]. A Xenopus laevis HNF4 homolog apparently is a
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preexisting maternal component spread gradually in the
egg [126].

According to their structure HNF4 factors are
related to the nuclear receptors superfamily. Like other
nuclear receptors, they contain two DNA-binding “zinc-
finger” domains and a spacious carboxy-terminal region
providing dimerization and ligand binding. No ligand
clearly shown to activate HNF4a in vivo has yet been
identified.

As with the majority of nuclear receptors, HNF4a
must form a homodimer in order to bind to DNA [123].
Other nuclear receptors do not dimerize with HNF4a,
but they can participate in the regulation of HNF4a-
controlled genes through competition for the common
binding sites. Nuclear receptors COUP-TF1 and
COUP-TF2 are HNF4 co-factors that intensify its
action by orienting optimally its activational domain
[127].

Among non-tissue-specific factors numerous possi-
ble HNF4a co-activators have been described [128, 129].
Multiple HNF4a forms that appear due to alternative
splicing are characterized by various capacities to inter-
act with co-activators which modulate their transactiva-
tional abilities [130].

HNF4a is capable to activate the expression of
numerous hepatospecific genes, and it also appears to be
the main HNF1 gene expression regulator [79, 80].

HNF4a is one of the earliest primary endoderm
markers. In mouse embryo HNF4a mRNA first appears
on the fifth day of gestation in a single layer of the cells
facing the blastocoele. Till ninth day of gestation
HNF4a expression is restricted to the extraembryonic
visceral endoderm, then HNF4a mRNA appears in the
liver and the gut primordium [131].

In the adult organism HNF4a is expressed in liver,
kidney, gut, and pancreas [101, 123, 132].

In dedifferentiated hepatoma cell lines and somatic
cell hybrids a loss of the hepatic phenotype usually cor-
relates with HNF4a downregulation [87, 133]. A similar
correlation was observed in vivo on comparative charac-
terization of transplantable mouse hepatomas of various
differentiation state (Lazarevich et al., in preparation).
Exogenous HNF4a expression in dedifferentiated
hepatoma HS5 leads not only to re-expression of a num-
ber of the liver-specific genes, but also to a partial
restoration of epithelial morphology and acquisition of
the capability to respond to differentiation stimuli [134,
135].

Targeted disruption of the HNF4a gene leads in
homozygous mice to embryonic lethality between the
tenth and eleventh day of gestation [136] due to impaired
gastrulation caused by visceral endoderm development
failure [137].

It is important to note that a similar phenotype is
observed in mice with inactivated GATAG6 gene [138].
Transcription factors of the GATA family play an
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important role in the regulation of cell differentiation
and embryonic morphogenesis. In the embryoid bodies
obtained from the embryonic stem cells with inactivated
GATAG6 gene the expression of endodermal markers
HNF4a, HNF1, HNF33, GATA4, and AFP is sup-
pressed. Exogenous GATAG6 expression in the non-
endodermal cells activates HNF4a promoter.

HNF4a and other visceral endoderm marker
expression can also be induced by factors of the TGFf3
superfamily [139, 140].

HNF6 family. HNF3 binding sites in promoters of
some of the hepatospecific genes can be bound by one
more factor, HNF6, which relates to a novel family of
HNFs [141, 142]. This factor appeared to be the first
characterized member of a novel homeoprotein class
named ONECUT.

HNF6 first appears in the mouse embryo on the
ninth day of gestation [143]. In the adult organism it is
expressed in liver, pancreas, spleen, brain, and testicle.
Probably at some stages of development HNF6 partici-
pates in the regulation of HNF4a and HNF3[3 genes.
HNF6 gene expression in adult liver is sex-dependent
and regulated by growth hormone [144].

Regulational hierarchy of HNFs. There is a regula-
tional hierarchy among HNFs. An interconnection
between HNF1 and HNF4a expression is studied the
most detailed. It is confirmed by studies on mice with a
deletion in the Asdr-1 locus on chromosome 7 (so-called
C'**S albino deletion mice). In animals with this dele-
tion the expression of numerous liver-specific genes is
significantly reduced, and these animals die soon after
birth. The transcription rates of HNF1 and HNF4a
genes in these mice are 20 and 10% of the norm, respec-
tively, and the C/EBP transcription rate is twofold
decreased. The transcription of other HNFs is changed
insignificantly, indicating that their expression is regu-
lated independently [145].

Within the HNF1 gene promoter binding sites for
HNF4, HNF3, and AP-1 have been revealed [79].
Mutations in the HNF4 binding site lead to 95% reduc-
tion of HNF1 expression level, while damage to HNF3
sites causes 33% reduction. In dedifferentiated
hepatoma cell lines and in somatic cell hybrids a loss of
the hepatic phenotype usually correlates with HNF4a
and HNF1 extinction, whereas transfection of HNF4a
expression vector restores HNF1 and other liver-specif-
ic gene expression [80, 87, 134, 135]. HNF1 gene expres-
sion in these cells is not connected with expression of the
HNPF3 factors. In some of the cell lines induction of AP-
1 transcriptional activity elevates HNF4a activation
severalfold [80].

An autoregulatory mechanism has been described
according to which HNF1 can decrease the transcription
rate of its own gene [146]. Since HNF1 has been shown
not to bind its own promoter, the negative regulation
should be governed by an indirect mechanism. Most
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likely HNF1 blocks an HNF4a activation effect, but it
is not yet clear on what level.

A positive autoregulatory mechanism has been
described for the C/EBP [98] and HNF3 [114] genes.

There are some data indicating that transfection of
the HNF1 expression vector in some hepatoma cell lines
can restore HNF4a transcription that was suppressed
earlier [87]. Indeed, in the promoter region of the
HNF4a gene an HNF1 binding site has been found, and
HNF1 expression increases a reporter gene expression
controlled by HNF4a promoter [147]. However, this
observation is not true for all cell lines [80] and is not
confirmed on transgenic mice [147]. On HNFI1 gene
inactivation in vivo HNF4a expression level decreases
insignificantly [88]. All of these data as well as the
dynamics of the expression of HNFs during ontogenesis
indicate that even if HNF1 participates in HNF4a regu-
lation in vivo, then it happens only at the late stages of
development at HNF4a expression level establishment
in the adult organism.

Some rules of HNF regulation have been investi-
gated in an expression spectrum analysis in embryoid
bodies obtained from embryonic stem cells with inacti-
vated HNF3a or HNF3f genes [148]. With this system
the participation of HNF3f in the maintenance of
HNF4a and HNF1 expression levels and its necessity
for HNF3a gene expression has been demonstrated.

HNF3a gene inactivation in embryoid bodies does
not affect expression levels of vVHNF1 and HNF3[ and
y but leads to upregulation of HNF4a and HNF1 genes.

Thus, it has been shown that in course of develop-
ment HNF3[ appears to be a potent activator of
HNF4a and HNF1 expression, while HNF3a, possess-
ing much weaker transactivational properties, acts as a
negative regulator of transcription through its competi-
tion for binding sites with HNF3[3. The HNF3B3/HNF3a
ratio in a cell may be increased on addition of insulin
[148].

Available data on the interconnections of different
HNF groups are summarized in Fig. 2.

Unfortunately, little is known about the interaction
of the HNF cascade with non-tissue-specific regulatory
pathways that provide control of cell proliferation and
differentiation. It seems that HNF4, which not only con-
trols liver-specific gene expression but also determines
epithelial morphogenesis, possibly, via E-cadherin acti-
vation [135], could play a key role in the integration of
the ubiquitous and the tissue-specific pathways.

Thus, several HNF families have now been
described that in some degree control the expression of
the majority of the known liver-specific genes. These
families are related to the earlier described broader
superfamilies of transcription factors and are highly
conserved among different species. The factors within
one family recognize the same DNA sequence and often
are able to form heterodimers, modulating their individ-



124

Smad?2
Smad4

-
-~
R

LAZAREVICH

insulin

Fig. 2. Transcriptional hierarchy of hepatocyte nuclear factors. The interconnections possessing the most universal character are denot-
ed by continuous lines, and dotted lines show regulation revealed at certain stages of development.

ual properties. Besides, several forms of the same pro-
tein differing in transactivational abilities might be
expressed within one cell. As far as these forms compete
for the binding sites on a regulated gene, the efficacy of
a transcription depends on which form binds more suc-
cessfully.

The factors related to different families modify each
others effect by acting either synergically or in competi-
tion for overlapping binding sites.

Is seems that a significant portion of the transcrip-
tion factors determining liver-specific gene expression
have now been revealed. Almost all are characterized as
transcription activators. However, this does not exclude
the possible existence of negative regulatory mecha-
nisms. Negative regulation could be fulfilled by the
action of repression factors and forms with lowered
transcriptional activity and by a competition between
the proteins for common or overlapping binding sites or
by variations of chromatin conformation which prohib-
it an activator protein from binding to a recognized
sequence.

A number of the genes regulated by HNFs are sig-
nificantly greater than the number of factors. The decid-
ing mechanism for the fine regulation of expression of a
great number of liver genes at different stages of devel-
opment is apparently due to both the presence of a cer-

tain set of hepatocyte and ubiquitous factors and their
concentration ratio.

TRANSCRIPTION FACTORS PARTICIPATING
IN AFP GENE REGULATION

HNF1. Within the AFP gene promoter two HNF1
binding sites have been revealed, at —64/-49 and
—131/-117 bp [96] (Fig. 3). The distal HNF1 site binds
HNF1 in hepatic cells only and does it more efficiently
than the proximal site [67, 149]. Deletion of this site
inhibits the transcription of the AFP gene [47].

HNF1 binding sites have been found in the pro-
moters of SA (-65/-53 bp) [69], a-albumin (-171/-159
and —101/-89 bp) [9], and group-specific component [55]
genes, which confirms a hypothesis that this group of
factors takes part in regulation of the expression of clus-
tered liver genes. The HNF1 binding site localization is
highly conservative in AFP and SA promoter regions
among mouse, rat, and human [9, 150].

HNF1 and vHNF1 are capable of AFP gene acti-
vation both in vitro and in vivo [149]. In hepatic cells
vHNF1, which appears in the course of embryogenesis
earlier than HNF1, stimulates AFP but not SA promot-
er more efficiently than HNF1. In turn, HNF1 renders a
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Fig. 3. A possible model of AFP gene promoter regulation. TATA is the TATA-box. I) Promoter activation. The factors above the line
indicating AFP promoter activate the transcription. AP-1 can activate the promoter in the absence of GRC (glucocorticoid hor-
mone-receptor complex) and vice versa. 1) Promoter suppression. The factors below the line indicating AFP promoter inhibit the
expression. In the case of a simultaneous presence of AP-1 complex and GRC, their competition takes place on a level of either pro-
tein—protein interaction or DNA binding. Some of the C/EBP heterodimers and shortened C/EBP form LIP can suppress the promoter

at different stages of development.

significant stimulating effect on other albumin gene pro-
moters, e.g., on group-specific component in human
hepatoma HepG?2 cells. In this case VHNF1 acts as a
transdominant inhibitor [55]. These data indicate that
HNF1/vHNF1 balance may considerably influence AFP
and the other albumin gene product ratio (at least in
some systems). In non-hepatic cells a transfection of
HNF1 and vHNF1 expressing vectors induces a drastic
increase of AFP and SA gene expression, and in this case
the HNF1 activation effect is higher [151].

ATBF1. Within the AFP gene enhancer a sequence
has been described that is similar to the HNF1 binding
site; however, HNF1 binding efficacy in this region is
significantly lower than in the promoter elements [149].
One more transcription factor binds this region—
ATBF1 [152]. HNF1 binding sites in AFP and SA pro-
moters are able to bind ATBF1, although much less effi-
ciently. ATBF1 is expressed both in hepatomas and in
cell cultures of non-hepatic origin [152]. In human
hepatoma cells, ATBF1 suppresses the activity of AFP
enhancer and promoter, apparently by competition with
HNF1 for the common binding site [153].

CIEBP. Two C/EBP binding sites have been revealed
within the AFP gene promoter at —77/-68 and —115/-106 bp
(Fig. 3). Some more binding sites are found in enhancer
element EI [96]. The distal promoter site binds C/EBP
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family proteins more efficiently than the proximal, while
binding affinity of these factors to the enhancer sites is
higher than to the promoter’s sites [96, 151].

At least four transcription activators related to the
C/EBP family (C/EBPa, C/EBPP, C/EBPy, and DBP)
and negative regulator LIP can take part in AFP gene
regulation [96, 151]. Although C/EBPa and C/EBP[ can
activate AFP promoter in vitro, no correlation between
AFP promoter activity and an activity of this family of
proteins in the course of development has been dis-
closed. After birth, while AFP synthesis decreases dra-
matically, C/EBPa and C/EBPf concentrations increase
remarkably and LIP/C/EBP[ ratio decreases. In con-
trast to the promoter sites, C/EBP sites localized in the
enhancer in the course of late embryogenesis and after
birth are being activated by C/EBPa. This enhancer
remains active in adult liver and, possibly, influences SA
promoter [151].

NF-1. Within the AFP gene promoter a binding site
for non-tissue-specific factor NF-1 has been localized at
—123/-108 bp that partially overlaps with HNF1 and
C/EBP sites [47, 96] (Fig. 3). At low concentration NF-1
weakly stimulates AFP promoter; in a high concentra-
tion it suppresses the promoter activity, while SA pro-
moter is activated by NF-1 proportionally to the con-
centration of the latter [151].
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FTF. A promoter sequence of —166/—155 bp, which
is a canonical binding motif for nuclear receptors relat-
ed to the Drosophila fushi tarazu family (Ftz-F1), is nec-
essary for binding of a recently identified member of this
family—FTF protein [154] (Fig. 3).

FTF isoforms possessing similar transcriptional
activity bind DNA as monomers and do not require a
ligand binding. FTF is specific for liver of newborn and
adult rats, and lesser amounts are found in embryonic
liver and pancreas. It also appears in some AFP-pro-
ducing hepatomas [154, 155].

FTF apparently binds the promoter cooperatively
with one more factor, LF, the binding site of which par-
tially overlaps with the FTF site: —155/-134 bp [154].
FTF binding sites have been revealed in other liver-spe-
cific gene promoters, including the HNF3( promoter
[155].

nkx-2.8. A sequence at —166/—153 bp, which is con-
servative among mouse, rat, and human [156], is neces-
sary for the stimulation of AFP promoter by the remote
enhancers (Fig. 3). Deletion of this region leads to a 70%
reduction of expression level of a reporter gene [157],
whereas shortening of the distance between the promot-
er and the enhancers or in the absence of the enhancers
this deletion does not effect the expression level [158].

At screening of expression library from human
hepatoma a new factor nkx-2.8 has been cloned that
binds the mentioned site [159]. Apparently, nkx-2.8 pro-
vides a contact of AFP gene promoter with one or few
enhancers interacting with associated with them regula-
tory protein complexes.

nkx-2.8 is expressed only in embryonic liver and
AFP-expressing hepatoma lines [157]. As nkx-2.8
expression is clearly associated with AFP expression, it
is supposed that it may play an important role in the
maintenance of AFP expression in embryonic liver,
while its absence might be a cause of the silence of the
gene [157]. It is also possible that reduction of AFP gene
expression might be due to a competition of nkx-2.8
with other transcription factors for overlapping binding
sites.

SA promoter does not contain an nkx-2.8 binding
site, and it probably interacts with AFP enhancers via
other trans-factors and cis-elements, thus not competing
for interaction with the same sequences within AFP
enhancers [58, 157].

Nuclear receptor response elements. At certain
stages of development some nuclear receptors, especial-
ly glucocorticoid and retinoid acid receptors, can take
part in the modulation of AFP gene expression. At dif-
ferent stages of ontogenesis and carcinogenesis the same
hormone-receptor complex may render either an acti-
vating or repressing influence on the same gene expres-
sion.

Glucocorticoid hormones. The glucocorticoids and
their synthetic analog (dexamethasone) considerably

accelerate reduction of AFP gene expression in rodent
liver immediately after birth. The hormonal regulation,
which does not influence synthesis of SA in liver and of
AFP in kidney [25, 160], appears to be tissue- and stage-
specific in this case. Dexamethasone suppresses AFP
gene expression in rat hepatoma McA-RH 7777 and
induces it in hepatoma McA-RH 8994, which is charac-
terized by relatively low AFP synthesis level [161].

Within the AFP gene regulatory region several
sequences have been described that are recognized by
glucocorticoid hormone-receptor complex (GRC) [47].
Two of them are localized in the promoter region:
—166/-154 bp and —224/-219 bp [47, 96] (Fig. 3), they
determine the sensitivity for dexamethasone in McA-
RH 7777 cells [162]. The promoter GRC binding sites
partially overlap with binding sites of the other tran-
scription factors, e.g., nkx-2.8, FTF, LF, AP-1 [154,
158], which may compete with GRC for a site binding.

Retinoic acid. Retinoic acid regulates AFP gene
expression in embryonic carcinoma and hepatoma cells.
It induces a differentiation of mouse teratocarcinoma F9
cells into visceral endoderm, followed by activation of
AFP and vHNF1 gene expression [82, 163]. In rat
hepatomas McA-RH 7777 and McA-RH 8994 retinoic
acid activates AFP gene expression on the transcription-
al level [164-166], and in McA-RH 8994 cells a simulta-
neous induction of the SA gene has been shown. At the
same time retinoic acid causes downregulation of AFP
and SA genes in some human hepatomas [167] and of
the SA gene in a primary rat hepatocyte culture [168].

The influence of retinoic acid on AFP gene expres-
sion can be carried out both by means of HNF induction
(see above) and through the hormone-receptor complex
binding to the corresponding sites in AFP regulatory
elements. Within the AFP gene regulatory region three
elements determining sensitivity for retinoic acid have
been revealed. One of them is localized in promoter
(-=139/-127 bp) and overlaps with other transcription
factor binding sites [165]. Expression of nuclear receptor
COUP-TF1, which can bind to the same promoter
sequence, blocks the retinoic acid activation of AFP
promoter.

The diversity of AFP gene regulation mechanisms
under glucocorticoid and retinoic acid treatment may be
determined by the presence of several forms of the cor-
responding receptors with different transactivation
properties, by competition for overlapping binding sites,
and by protein—protein interactions with other tran-
scription factors.

The mechanisms of AFP gene regulation by gluco-
corticoid and retinoic receptors are discussed in more
detail in review [169].

Influence of oncoproteins on AFP gene expression.
Within the AFP gene promoter a binding site for tran-
scription complex AP-1 has been localized (-160/-152 bp)
(Fig. 3). This site is bound by products of the oncogene
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families jun and fos [162] both as heterodimers Jun-Fos
and as homodimers Jun-Jun, in the latter case the bind-
ing efficacy and activation properties being considerably
reduced [170].

Protooncogenes participating in cell differentiation
and proliferation processes are expressed in liver at cer-
tain stages of embryonic development. After birth their
synthesis decreases significantly. In in vivo hepatic pro-
liferation in adult regenerating liver the expression level
of c¢-jun, c-fos, and c-myc oncogenes increases consider-
ably, high levels of expression being detected in some
hepatoma cell lines [171]. The kinetics of nuclear onco-
gene activation in normal hepatocyte cultures under
EGF induction correlates with the AFP gene activation,
and AFP mRNA appears several hours later than onco-
gene mRNAs. On the basis of these observations, the
hypothesis of the possible participation of the oncopro-
teins in AFP gene regulation has been suggested [171,
172]. As in some hepatoma cell lines with a high level of
AFP synthesis and in non-producing AFP cultures the
nuclear oncogene expression levels do not differ, it is
supposed that at least in transformed hepatocytes the
nuclear oncogenes do not render a direct activation
effect on AFP gene expression [171].

In AFP gene promoter, the AP-1 binding site par-
tially overlaps with the GRC binding site (Fig. 3). Also,
in various cell lines a functional antagonism between
GRC and AP-1 has been shown.

In monkey kidney CV-1 and mouse teratocarcino-
ma F9 cells the AFP promoter can be activated either by
transfection with c¢-jun and c-fos oncogenes or with glu-
cocorticoid receptor in the absence of c-jun/c-fos prod-
ucts. A simultaneous expression of the nuclear onco-
genes and glucocorticoid receptor leads to AFP gene
expression downregulation [162]. In human hepatoma
HuH-7 cells transfection of c-jun and c-fos oncogenes
suppresses AFP promoter activity and decreases the
activation effect that was observed under dexametha-
sone treatment of non-transfected cells [170].

The functional antagonism between AP-1 and GRC
may come either from partial overlapping of the corre-
sponding binding sites in the AFP promoter region, or
from protein—protein interactions [162, 170]. Functional
antagonism takes place in the regulation of some other
genes [169]. A reciprocal suppression of transcriptional
activity is also described for nuclear oncogenes and
retinoic acid receptors [173].

The AP-1 complex does not influence the activity of
the SA gene promoter and enhancers [170], this suggest-
ing a possible contribution of these factors in the differ-
ential regulation of the AFP and SA genes in embryonic
and postnatal stages of ontogenesis.

p53. Recently a p53-dependent mechanism of AFP
gene repression that is due to competition of this protein
with activation factor HNF3 for overlapping binding
sites in the silencer region of AFP gene has been sug-
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gested [174]. The supposed mechanism probably takes
place in regulation of AFP gene expression in some
stages of development; however, it apparently is not uni-
versal, since in primary mouse hepatocyte culture an
induction of AFP gene expression is fulfilled independ-
ently from p53 activity and in rat hepatoma clones dif-
fering in AFP expression level (see below) a correlation
of this property with p53 activity has not been observed
(Kudryavtseva and Lazarevich, unpublished data).

Participation of factors Afir1 and Afr2 in AFP gene
expression. When comparing murine lines differing in
AFP expression levels in adult liver both in norm and
during regeneration, two unlinked trans-acting loci,
Afrl and Afr2, were revealed [40, 41]. Afrl controls (at
least in part) the low level of AFP gene expression in
adult liver, while Afr2 determines the increase of the
expression during regeneration [41]. The effect of both
genes is pleiotropic and controls at least one more liver
gene—H19 [175].

The Afrl gene is mapped to chromosome 15, 2-3
centimorgans proximal from the c-myc gene [176]. Two
alleles have been revealed: dominant 4/r/* and recessive
Afr1®, providing 15-20-fold increase of AFP gene
expression level in adult liver [40, 41]. The influence of
the Afri-locus on the AFP and H19 genes is specific for
liver and is not connected with their repression in gut
[175, 177]. SA gene expression does not depend on Afr/
phenotype [42].

For the Afr2 gene, mapped to human chromosome
11 [178], the dominant allele is 4/r2°, which determines
a tenfold weaker induction of the expression at regener-
ation in adult liver than Afr2* allele, present in the
majority of mouse lines [41].

The Afrl and Afr2 targets appear to be cis-elements
localized within the silencer region, which determines
AFP mRNA level decrease during the first weeks of
mouse life [42, 179, 180].

Some data indicate that the Afr/ gene product may
take part in a posttranscriptional regulation interacting
with the 5- and 3-end untranslatable regions of the
AFP structural gene that control the mRNA stability
[42]. However, the expression of mouse histocompatibil-
ity class I H-2P gene under control of the AFP EI
enhancer, the promoter, and the silencer in the corre-
sponding tissues is suppressed after birth and activated
during regeneration in parallel with the endogenous
AFP gene, indicating that the regulation is not carried
out through the structural gene sequences [179].

Apparently, the Afrl product acts as a factor of
negative regulation immediately after birth. The Afr/
gene product binds DNA in the silencer region and
probably interacts either directly or indirectly with one
of the basal transcription factors, a component of the
preinitiation RNA-polymerase II complex. This interac-
tion may alter some of the RNA-polymerase II activi-
ties. As the transcription rates of the AFP and HI9



128 LAZAREVICH

genes in transgenic mice do not depend on Afr/ pheno-
type, the repression of the transcription is probably per-
formed not at an initiation stage but influences the elon-
gation or mRNA 3-end formation [42]. This might
affect AFP transcript stability. A basal factor of tran-
scription that could serve as a link between transcrip-
tional and post-transcriptional mechanisms is of a spe-
cial interest in this scheme [179].

The proposed mechanism does not contradict a
suggestion about post-transcriptional regulation of AFP
expression by Afrl factor but, on the contrary, supple-
ments it. Probably in this case there is no clear border
between the transcriptional and the post-transcriptional
regulation levels and, apparently, some non-character-
ized factors exist that couple it into a united mechanism.

The AFP gene expression level rise during liver
regeneration, which is probably connected to an action
of the positive regulator Afr2. Cis-elements necessary for
this regulation are localized within the region
—1010/-838 bp [180].

Thus, the proteins coded by Afr2 and Afr! bind dif-
ferent sequences and act independently [180]. The
cloning of Afrl and Afr2 will help considerably to clari-
fy the mechanisms of AFP gene repression in adult liver.

A set of results obtained in the author’s laboratory
within recent years gives strong evidence for the exis-
tence of some additional mechanisms of AFP gene neg-
ative regulation. A collection of rat hepatoma McA-RH
77717 differing in AFP synthesis level which was obtained
by T. L. Eraiser [181] (Laboratory of Immunochemistry,
Institute of Carcinogenesis, Cancer Research Center,
Russian Academy of Medical Sciences) served as a
model for studies of AFP gene regulation mechanisms.

AFP*  AFP- AFP~ x AFP* AFP~ x AFP-
I | ] 11 11 |
2 1
AFP
L L1 A L e
GAPDH

Fig. 4. A somatic hybridization of AFP-producing (AFP™)
and AFP-non-producing (AFP") clones of rat hepatoma.
Northern-blot hybridization of total cellular RNA from the
obtained hybrids (AFP* x AFP~ and AFP~ x AFP") and the
original clones with AFP and GAPDH probes. The sizes of
the revealed transcripts in kb are indicated on the right.

AFP expression levels in these clones differ by ~1000-
fold and are controlled on the transcriptional level.

With this model we have demonstrated a correla-
tion of AFP, SA, HNF4, and HNF1 gene expression.

On the transfection of AFP-non-producing clones
with HNF4 expression vector HNF1 synthesis activates
in all of the cells and SA mRNA level increases signifi-
cantly. No considerable increase in AFP synthesis in the
HNF4 transfected cells occurs (Lazarevich et al., in
preparation). This implies that either HNF4 is necessary
but insufficient for AFP gene expression activation in
the tumor cells or HNF4 does not participate in AFP
gene regulation but there is some common regulatory
factor that participates in the regulation of these genes.

The increase in HNF1 level in a cell is sufficient for
SA but not for AFP gene activation. It appears to be
HNPF1 that determines the correlation of the levels of SA
and AFP the in the described system.

In the somatic cell hybrids of AFP-producing and
AFP-non-producing clones AFP gene expression is sup-
pressed completely (Fig. 4) (Kustova and Lazarevich,
unpublished data). At the same time, in the hybrid cells
HNF1 protein appears, which has not been identified in
AFP-non-producing clones; thus, AFP gene expression
decrease is not connected with the absence of HNFI,
which is known to be a potential AFP promoter regula-
tor. These data support the notion that some factor(s)
exists in the AFP-non-producing clones that inhibits
AFP gene expression. As this factor(s) has not been
identified yet, the described system could appear to be a
valuable model for its identification. It seems that only
in the case if the negative regulators are absent in a cell,
the functioning promoter activity is determined by a set
of other transcription factors and a ratio of their forms
with different activation properties.

A POSSIBLE MODEL
OF AFP GENE REGULATION

On the basis of the described data, the hypothesis
has been suggested that the AFP promoter is activated
by a complex of HNF1/FTF transcription factors [154].
The authors presume that FTF interacts with HNF1 via
LF factor, so far as the interaction does not occur with-
out formation of the FTF/LF complex. The HNF1/FTF
complex may compete with GRC and NF-1 for the
binding sites.

According to this conception AFP promoter activi-
ty considerably depends on HNF1/NF-1 molar ratio in
the nucleus, which varies in the different stages of hepa-
tocyte development [151, 154]. HNF1/NF-1 balance
depends on an expression spectrum of other specific and
common transcription factors and, possibly, serves as a
promoter activity modulator on the different stages of
development [154]. The AFP gene regulation might be
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realized through formation of HNF1 dimers with vari-
ous transcriptional activity and, especially due to ratio
modulation of HNF1 and vHNF1, which possess differ-
ent transcriptional properties. This ratio may play a cru-
cial role in coordinated regulation of the albumin cluster
genes in the course of development.

The importance of HNF1/NF-1 balance and their
competition is confirmed in vivo for the human AFP
gene promoter. A mutation at —119 bp affecting NF-1
binding site determines a hereditary high AFP synthesis
level in adults [181].

In the promoter region a competition exists
between AP-1, HNF1/FTF, GRC transcription com-
plexes and retinoic hormone-receptor complex.
Depending on the presence of other transcription fac-
tors, GRC, retinoic hormone-receptor complex and AP-
1 may function both as positive and negative transcrip-
tion regulators. Furthermore, GRC binding to the pro-
moter leads to a chromatin structure modification which
influences the binding of other transcription factors,
e.g., NF-1.

Apparently, C/EBP family proteins do not compete
for binding sites with other factors; however, they may
modulate promoter activity due to formation of homo-
and heterodimers with different transcriptional proper-
ties.

129

C/EBP dimers bind EI enhancer more efficiently
than AFP promoter [96]. This intergenic enhancer is
capable of both AFP and SA promoter activation,
which is localized at a distance of 27 kb and contains a
C/EBPa binding site [151, 154]. C/EBP family proteins
may be an important chain in tandem SA and AFP reg-
ulation in the course of development, especially taking
into account that at early stages of embryogenesis the
SA enhancer is not functional, while the intergenic
enhancer is extremely active. EI activity is preserved in
adult liver also, whereas AFP expression is suppressed.
In some cell types this activity correlates more strictly
with SA expression than with that of AFP [154]. SA
upregulation after birth is accompanied by C/EBP level
increase [154].

Thus, to date a considerable number of transcrip-
tion factors that can modulate the expression of AFP
and other albumin genes in different systems has been
revealed (Fig. 5). It seems that the most suitable candi-
date for the role of the key AFP gene transcription acti-
vator could be a factor: 1) whose binding sites could be
revealed in the most important elements of the AFP
gene regulatory region; 2) whose expression tissue-speci-
ficity would maximally cover the spectrum of AFP gene
expression; 3) which would be already expressed in the
tissues when AFP mRNA was detected there; 4) whose

PCF FTF

DBP C/EBP HNF3

HNF1/

VHNF P33
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Fig. 5. Transcription factors participating in the regulation of albumin gene expression (RA, retinoic acid; GC, group specific component).
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expression dynamics during development would be sim-
ilar to that of the AFP gene; 5) which would be able to
reduce other albumin gene expression specific for the
differentiated states of hepatocytes; 6) whose expression
levels would be considerably increased during hepato-
carcinogenesis.

Even taking into account that the criteria provided
above describe an ideal situation not considering some
aspects (e.g., the difference of the regulatory mecha-
nisms at specific stages of development; the complicated
and multi-component nature of those mechanisms; the
variety of forms of some regulatory factors), it is easy to
note that VHNF more than other characterized AFP
gene activators corresponds to the above criteria and is
probably the most important AFP gene regulator in the
course of development.

The highly specific AFP factor nkx-2.8 is able to
significantly activate the expression of this gene provid-
ing an interaction of the promoter with distant
enhancers. Due to clear correlation of nkx-2.8 and AFP
expression levels both in the course of development and
in tumor cells, this factor also seems to be one of the key
AFP transcription activators.

Thus, AFP gene regulation is governed mainly on
the transcriptional level. In this process a wide spectrum
of both tissue-specific and ubiquitous transcription fac-
tors takes part, the expression of which is precisely reg-
ulated and is strictly dependent on the developmental
stage. The factors may compete with each other for
binding to overlapping DNA sites, enter into
protein—protein interactions, or form complexes to bind
DNA. The activation properties of the nuclear factors
may be modulated by homo- and heterodimer forma-
tion.

At the same time, it seems that the mechanisms
studied so far are not able to explain the highly tissue-
and stage-specific AFP gene suppression that, at our
opinion, should be accomplished by means of not yet
identified negative transcription regulators, the identifi-
cation of which seems to be one of the main promises for
opening in this field.

One more of the most important directions of stud-
ies of AFP gene transcription mechanisms seems to be
the search for the factors by means of which its regula-
tion by extracellular matrix components is realized [183]
and its zonal expression is controlled.
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