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Abstract—Dedifferentiation and epithelial—-mesenchymal transition are important steps in epithelial tumor progression. A
central role in the control of functional and morphological properties of different cell types is attributed to tissue-specific
transcription factors which form regulatory cascades that define specification and differentiation of epithelial cells during
embryonic development. The main principles of the action of such regulatory systems are reviewed on an example of a net-
work of hepatocyte nuclear factors (HNFs) which play a key role in establishment and maintenance of hepatocytes—the
major functional type of liver cells. HNFs, described as proteins binding to promoters of most hepatospecific genes, not only
control expression of functional liver genes, but are also involved in regulation of proliferation, morphogenesis, and detox-
ification processes. One of the central components of the hepatospecific regulatory network is nuclear receptor HNF4a..
Derangement of the expression of this gene is associated with progression of rodent and human hepatocellular carcinomas
(HCCGs) and contributes to increase of proliferation, loss of epithelial morphology, and dedifferentiation. Dysfunction of
HNF4a0 during HCC progression can be either caused by structural changes of this gene or occurs due to modification of
up-stream regulatory signaling pathways. Investigations preformed on a model system of the mouse one-step HCC progres-
sion have shown that the restoration of HNF4a function in dedifferentiated cells causes partial reversion of malignant phe-
notype both in vitro and in vivo. Derangement of HNFs function was also described in other tumors of epithelial origin. We
suppose that tissue-specific factors that underlie the key steps in differentiation programs of certain tissues and are able to
receive or modulate signals from the cell environment might be considered as promising candidates for the role of tumor

suppressors in the tissue types where they normally play the most significant role.
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One of the most important characteristics of malig-
nant growth is tumor progression—gradual change of
morphological, biochemical, functional, and proliferative
properties of transformed cells due to selection and accu-
mulation of genetic alterations which contribute to the
development of more aggressive tumor phenotype.

Abbreviations: AFP) a-fetoprotein; CDK) cyclin-dependent
kinase; ECM) extracellular matrix; EGF) epidermal growth
factor; EHS-matrix) three-dimensional matrix produced by
cells of the Engelbreth—Holm—Swarm mouse sarcoma; EMT)
epithelial-mesenchymal transition; FGF) fibroblast growth
factor; HCC) hepatocellular carcinoma; HGF/SF) hepatocyte
growth factor; HNF) hepatocyte nuclear factor; IGF) insulin-
like growth factor; PI[4,5]P,) phosphatidylinositol 4,5-diphos-
phate; TGFp) transforming growth factor 3.

* To whom correspondence should be addressed.

The key steps of carcinogenesis include failure of
proliferation control and increase of cell replicative
potential, resistance to apoptosis, stimulation of angio-
genesis, alteration of epithelial structure (destruction of
intercellular contacts and contacts with extracellular
matrix (ECM) and the loss of epithelial polarity) and
increase of cell motility, the acquirement of invasion and
metastatic capability, dedifferentiation, and genomic
instability [1-3]. At the present time the most investigated
are alterations that are common for different types of
malignancies (they usually affect mechanisms which con-
trol proliferation, apoptosis, and genetic stability), while
tissue-specific changes, especially disturbance of normal
morphology and dedifferentiation, are poorly understood.

The most striking characteristic of malignancy of
epithelial cancers is the ability for invasion and metas-
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tases, which allows cells to leave the primary tumor and
disseminate into new territories with unlimited amount of
space and nutrient substances. Distant metastases are the
main factor responsible for mortality caused by oncolog-
ical diseases. To acquire the ability to form metastasis, a
cell has to get beyond the control of normal microenvi-
ronment and acquire additional motility. The alteration
of morphological characteristics and increase of migra-
tion properties of transformed cells cause the loss of
epithelial morphology and can be qualified as epithe-
lial-mesenchymal transition (EMT).

EMT was first described as morphological rearrange-
ment that underlies key stages of specification and devel-
opment of embryonic tissues [4, 5]. Later it appeared that
EMT plays an important role in epithelial tumor progres-
sion towards dedifferentiated, more malignant phenotype.

The basic criteria of EMT are the loss of epithelial
cell polarity, the separation into individual cells, and sub-
sequent dispersion after the acquisition of cell motility.
These processes are associated with disassembly of tight
junctions, adherent junctions, and desmosomes and reor-
ganization of complexes that are normally responsible for
cell attachment to the substrate. The loss of cell polarity
results in cytoskeletal changes. One of the EMT marker
properties is the shift from cytokeratin intermediate fila-
ments to vimentin. EMT is accompanied by alteration of
the gene transcription profiles including components of
cytoskeleton and ECM, as well as of proteolytic enzymes
involved in matrix degradation [4].

The EMT processes at early stages of development
and in carcinogenesis are initiated by similar effector
mechanisms [4-6]. EMT is induced by signals from the
cell environment including, first of all, soluble growth
factors (epidermal growth factor (EGF), hepatocyte
growth factor (HGF/SF), fibroblast growth factor
(FGF), insulin-like growth factors (IGF), as well as
transforming growth factors (TGF) ) and matrix com-
ponents (fibronectin, laminin 5, collagen). Interaction of
growth factors with specific membrane receptors activates
intracellular signaling cascades that induce changes of
intracellular contacts and cytoskeleton rearrangement.

One of the most general EMT mechanisms which
has been described for most types of epithelial cells is
downregulation of expression of E-cadherin, a trans-
membrane glycoprotein responsible for homotypic adhe-
sion in epithelial cells. The E-cadherin insufficiency
results in release and translocation into the nucleus of its
molecular partner (-catenin that activates transcription
of several genes involved in control of cell proliferation
and adhesion. Decrease in E-cadherin production is
described in many types of carcinomas; it is a factor of
poor prognosis and occurs mainly at the transcriptional
level [5]. The most important E-cadherin repressors are
transcription factors Snail and Slug regulated by different
signal cascades (TGFpB, FGFE and Wnt) during EMT [7,
8].
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The dissociation of intercellular contacts is not suffi-
cient for cells to acquire motility and ability to penetrate
into new environments. An important role in this process
belongs to integrins, which realize cell interaction with
extracellular matrix (ECM), and to proteases responsible
for rearrangement or degradation of matrix components.
Changes in intracellular ratio of integrin subunits and
their affinity can not only confer new substrate specifici-
ty to the cell, but also might modulate the activity of pro-
teolytic enzymes, control cytoskeleton organization, and
influence cell survival [9].

Changes in local microenvironment and the loss of
epithelial morphology may contribute to decrease of dif-
ferentiation level; failure of specialized tissue functions
and deregulation of tissue-specific gene expression are
characteristic features of tumor progression [10].
However, the complete loss of tissue-specific properties
never takes place and epithelial tumors that undergo de-
differentiation retain at least some features of the original
tissue and the capability of redifferentiation [11]. Besides,
restoration of synthesis of embryo-specific proteins dis-
tinctive for a certain type of immature cells may take
place during dedifferentiation. A classical example of
such activation is re-expression of a-fetoprotein (AFP),
specific to embryonic liver, which is observed in the case
of hepatocarcinogenesis and is widely used in diagnosis of
this kind of tumor [12].

Cell differentiation is defined by architecture of the
organ and activity of tissue-specific functional genes.
Since these parameters are individual for each tissue and
each cell-type forming this tissue, the mechanisms of pro-
gression should be considered on the basis of structural
and functional properties of the organ where the tumor
arose [11, 13]. To understand what mechanisms are
responsible for loss of differentiation during tumor pro-
gression, it is important to realize the consequence of
individual organs and tissues specification during devel-
opment and understand the mechanisms of maintenance
and fine adjustment of the normal cell functional status.
As it is clearly seen on the example of liver and pancreas
development [14, 15], the key role in this process belongs
to tissue-specific transcription factors, their consecutive
switching on and off defines the differentiation fate of
each cell type at all stages of development of the organism.

One of the best investigated tissue-specific systems of
transcriptional regulation is the network of hepatocyte
nuclear factors (HNFs) that were described as proteins
which bind to promoters of most hepatospecific genes
[16]. Although activity of these factors was later revealed
in other organs, just in liver expression pattern of all pro-
teins of this group cross and specifically in this organ
maximal transcription levels of encoding genes are
observed.

In this review, we will consider the role of HNFs in
differentiation of liver and some other organs and will try
to follow some general regularities that define the contri-
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bution of tissue-specific transcription factors to progres-
sion of epithelial tumors.

HEPATOCYTE NUCLEAR FACTORS

At the present time HNFs include five unrelated
families of transcription factors (HNF1, C/EBP, FoxA,
HNF4, and HNF6) that form a common regulatory net-
work. There are hierarchic regulatory interrelations
between HNFs, which are significantly modulated during
development [17].

The combined activity of the HNF network finely
regulated both during embryogenesis and also in the
course of normal functioning or in pathological states in
adult liver, defines the tissue-specific transcription profile
of hepatocytes—the main functional cell type of liver. In
addition, certain factors play an important role in differ-
entiation of distinct types of epithelial cells. Below we

Table 1. Hepatocyte nuclear factors
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provide brief characteristics of all families, which are
considered in more detail in reviews [13, 18-22]. Some
basic features of HNFs expression are listed in Table 1.

HNF1. Proteins of the HNFI1 family according to
the structure of the DNA-binding domain belong to the
superfamily of homeoproteins and contain the POU-like
domain responsible for enhancing specificity of binding
[16]. Members of this family HNFlo and HNFI1p inter-
act with DNA in the form of homo- or heterodimers with
different transactivation properties.

Sites for binding of the HNF1 family proteins are
identified in most hepatospecific promoters [23], e.g.
albumin, AFP, plasminogen, and ol-antitrypsin. HNF1
target genes encode proteins involved in intercellular
adhesion, metabolism of lipids, glucose, and amino acids,
transport of organic anions, and detoxification processes
[24].

Expression of HNF1[ starts at the outset of embry-
onic development and is crucial for the visceral endoderm

Embryonic Tissue-specific Specificity of expression
Factor (synonyms) expression (days transcriptional in adult organism
of gestation) regulators

HNFla 10.5 HNF4, HNF3, HNF1 (-) | liver, intestine, pancreas, kidney
(HNF1, LFB1, TCF1)
HNF1p 4.5 COUP-TFI and II, liver, kidney, pancreas, thyroid, lung, ovary, testis,
(vHNF1, LFB3, TCF2) HNF3y, HNF6 (embr.) prostate
FoxAl 7.5 HNEF3p liver, lung, intestine, pancreas, stomach, prostate,
(HNF3a, TCF3A) kidney
FoxA2 6.5 HNF3, C/EBP, HNFG6, liver, intestine, lung, stomach, pancreas
(HNF3p, TCF3B) FTE, GATA®6
FoxA3 8.5 HNFla/HNFI1B liver, stomach, lung, intestine, testis
(HNF3y, TCF3G)
HNF4oa (NR2A1) 4.5 HNF1, HNF3, C/EBP, liver, intestine, pancreas, kidney

HNF6, HNF4,

GATAG (embr.), FTE, pancreas, kidney, intestine, testis

COUP-TF (-)
HNF4y (NR2A2) — — liver, brain, pancreas, testis
HNF6 (OC-1) 8 HNF4, C/EBPa (—), liver, brain, stomach, intestine

HNFI1p (embr.)
0C-2 8.5 — brain, stomach, intestine, liver (embr.), pancreas

(embr.)
0OC-3 9 HNF6 liver, adipose, intestine, pancreas, lung, skin, skeletal
muscle, mammary gland, prostate, placenta, hemato-

C/EBPa 13 C/EBP poietic cells
C/EBPp 12 Pdx1 ubiquitous; prevalent in liver, lung, adipose, intestine,
(LAP, NF-IL6, TCF5) spleen, kidney

Note: —, no data; (—), negative regulation; (embr.), only at embryonic stages of development.
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formation [25, 26]. This factor is essential for formation
of intrahepatic bile ducts and gallbladder [27], kidney
tubules [25], specification of pancreatic primordium, and
further differentiation of various cell types of this organ
[28].

Embryonal expression of HNF1a starts later and its
level is initially below than that of HNFIB [29]. After
birth in all organs except kidneys, this balance changes in
favor of HNF1a. Expression of HNF1a is not crucial for
normal embryonic development, but its inactivation
causes growth retardation and progressive wasting syn-
drome due to the disturbance of the liver, kidney, and
pancreas functions after birth [30, 31]. This factor con-
trols expression of a variety of tissue-specific genes during
differentiation of intestine [32].

Thus, functions of HNF1 family proteins are crucial
for different stages of ontogenesis: HNFIJ plays an
important role in differentiation of visceral endoderm
and development of liver, kidneys, and pancreas during
embryogenesis, while HNF1o is essential for mainte-
nance of differentiated state of these organs after birth.

FoxA. The FoxA (HNF3) family consists of three
proteins (FoxA 1, 2, and 3) that contain “winged helix”
DNA-binding domain and interact with DNA as
monomers [33]. The essential structural similarity of
DNA-binding domain with DNA-packing histones H1
and H5 defines the ability of FoxA factors to bind to spe-
cific sites in inactive chromatin regions and initiate the
alteration of chromosomal organization which stimulates
binding of other factors and activation of gene transcrip-
tion [34, 35]. This property is of decisive importance at
early stages of liver specification when inductive signals
from pericardial mesoderm cause alteration of the tran-
scription program in a part of the embryonal endoderm
cells that will later give rise to liver and pancreas [36].

Apparently, functions of FoxA proteins are partially
overlapped, and inactivation of one member of the family
can be compensated in part at the expense of others. The
most crucial is the failure of FoxA2 function, which is
indispensable already at the outset of embryogenesis for
correct gastrulation and formation of notochord, neural
tube, and primitive gut [37]. Cooperative action of FoxA 1
and 2 defines development of liver, kidney, lung, and
prostate. Inactivation of these genes makes endodermal
cells of the primary gut insensitive to environmental stim-
uli that normally induce organ specification and activation
of tissue-specific genes. In an adult organism FoxA family
factors regulate expression of serum proteins (albumin,
transthyretin, o 1-antitrypsin, etc.) and enzymes that con-
trol glucose metabolism and glycogen accumulation [37].

HNF4. Two members of this family have been iden-
tified in mammals, HNF4o (NR2A1) [38] and HNF4y
(NR2A2) (the latter is not expressed in liver and is still
poorly studied) [39]. According to their structure, these
factors belong to subfamily NR2 of the nuclear receptor
superfamily and are most related to retinoid X receptor.
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Like other proteins of this type, they contain two “zinc
finger” DNA-binding domains and a C-terminal region
responsible for dimerization and binding with presump-
tive ligand [40]. Supposed HNF4a, ligands—Acyl-CoA
thioesters of fatty acids—are able to interact with HNF4q,
ligand-binding domain and alter its ability for dimeriza-
tion and DNA binding in vitro [41]. At the same time, no
alterations of HNF4a conformation and its ability to
bind co-activators, typical of the ligand—receptor inter-
action upon action of these substances in vivo, were
shown [42]. HNF4a interacts with DNA as a homodimer.
Other nuclear receptors do not form dimers with HNF4a
[40], but they can be involved in regulation of controlled
genes by competition for common binding sites.

Nine isoforms of HNF4a originating from alterna-
tive splicing are described. Isoforms al-o6 transcribed
from the main promoter P1 are predominant in adult liver
and differentiated hepatomas [43, 44]. Transcription of
a7-a9 isoforms, which differ from other variants by N-
terminal sequence, is regulated by an alternative promot-
er P2 that is active in stem cells, embryonic liver, -cells
of pancreas, and in cultures of dedifferentiated
hepatomas [43-45]. “Adult” (al-a6, referred below as
HNF4al) and “embryonic” (a7-a9, referred below as
HNF4a7) isoforms have different transactivation proper-
ties, namely, form a7 more efficiently activates promoters
of early hepatocyte genes (such as AFP), whereas isoform
ol have a more significant impact on the genes of the
main hepatic differentiation markers [46].

The HNF4a inactivation in mouse embryos results
in impaired gastrulation associated with abnormal devel-
opment of visceral endoderm [47]. HNF4q is not crucial
for formation of liver primordium but it is essential for
hepatocyte differentiation and epithelial morphogenesis
during development [48, 49]. HNF4a regulates expres-
sion of a broad spectrum of hepatospecific genes involved
in metabolism of amino acids, lipids, carbohydrates, cho-
lesterol, and xenobiotics, as well as in transport of ions,
lipids, and components of the blood coagulation system
and of system of proteolysis regulation [40, 50]. HNF4a
is involved in proliferation control and maintenance of
epithelial morphology in some cell types. In addition,
HNF4a is involved in differentiation of pancreatic cells
[51, 52], crypt formation, maturation of mucin-produc-
ing goblet cells, and regulation of expression of a number
of tissue-specific genes during embryonic colon develop-
ment and enterocyte differentiation [53, 54]. In B-cells of
pancreas, HNF4a regulates genes involved in prolifera-
tion control [52], glucose metabolism, and insulin secre-
tion [55]. Differential expression of HNF4o in kidney
epithelium (cells of proximal kidney tubules) and its
involvement in regulation of tissue-specific genes suggests
the requirement of HNF4a for the differentiation of this
organ [56, 57].

HNF6. Factors of the HNF6 family also can interact
with FoxA binding sites in promoters of several genes
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[58]. HNF6 (OC-1), a nuclear protein interacting with
DNA as monomer, became the first characterized mem-
ber of a new class of transcription regulators called ONE-
CUT that contain a homeobox and one DNA-binding
domain of the CUT type. Besides HNF6, the family
includes OC-2 and OC-3 [59, 60].

Factors of HNF6 family are involved in early stages
of liver and pancreas development. HNF6 is necessary for
initiation of expression of the earliest marker of pancreat-
ic cells, the pancreatic and duodenal homeobox 1 (Pdx1).
HNF6 expression in embryonic endoderm depends on
activity of HNFIP, so the signal cascade HNFIp-
HNF6—Pdx1 underlies the early specification of pancre-
atic cell progenitors [61]. At later stages of development,
HNF6 controls differentiation of endocrine and duct
cells of the pancreas [62]. In embryonic liver HNF6 reg-
ulates transcription of HNF1f; this regulatory cascade
defines differentiation of cholangiocytes that form intra-
hepatic bile ducts [63]. In hepatocytes, HNF6 influences
the main metabolic processes (for example, by regulation
of gluconeogenesis) and, probably, cell proliferation (due
to regulation of TGFa and cell cycle regulatory genes)
[64], adhesion, and migration [65].

C/EBP. Six C/EBP proteins have been character-
ized. They contain a main DNA-binding bZIP domain,
N-terminal transactivation domain, and a helical struc-
ture of “leucine zipper” type that provides dimerization
[66]. These factors have a similar structure, form homo-
and heterodimers, and bind to a common DNA
sequence. For C/EBPo and P shortened forms are
described which are deprived of the transactivation
domain and are negative regulators of transcription.
Thus, due to heterodimerization, activation properties of
C/EBP factors may undergo significant modulation in
different type cells.

Different combinations of the C/EBP family pro-
teins play an important role in organogenesis and differ-
entiation of many types of epithelial cells. In hepatocytes
C/EBPa, C/EBPB, and C/EBPS are expressed. They
regulate processes of energy metabolism, gluconeogene-
sis, inflammatory reaction, and xenobiotic, urea, and
bilirubin detoxification [66]. C/EBPa also plays an
important role in differentiation of adipose tissue, lung,
skin, and hematopoietic cells [67, 68]. C/EBP is crucial
for functional differentiation of mammary gland cells,
macrophages, and ovarian follicles [69, 70].

Proteins of the C/EBP family take part in control of
proliferation and apoptosis in different tissues [70]. The
ratio of the C/EBPa and B expression levels is associated
with the cell proliferative status. In quiescent hepato-
cytes, constant balance of C/EBPa and f3 is maintained.
Liver tissue damage accompanied by regeneration is
characterized by a rapid fall of the C/EBPa level and
activation of C/EBPp; in this case total intracellular
amount of C/EBP does not change [71]. Inactivation of
C/EBP in mice significantly decreases proliferation rate
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during liver regeneration [72]; in C/EBPa~/~ mice, on
the contrary, liver hyperplasia is observed [73].

Several possible mechanisms of action of C/EBPa
have been proposed including stabilization of the cyclin-
dependent kinase (CDK) 2 inhibitor p21Wafl/Cipl,
interaction with pRB-like factors, block of the E2F factor
activities and inhibition of c-myc transcription, interac-
tion with the chromatin-remodeling complex SWI/SNEF,
with Max transcription factor, and binding to complexes
CDK2—cyclin E and CDK4—cyclin D and inhibition of
their activity [74, 75]. Most likely, due to the ability of
C/EBPa. to interact with many regulatory proteins, the
mechanism of its involvement in mitotic arrest induction
depends on the particular cell context. So, the coordinat-
ed regulation of differentiation and proliferation process-
es in different cell types can be carried out via modulation
of activity of the C/EBP family factors.

Thus, the hepatocyte nuclear factors play an impor-
tant role in formation and differentiation of a number of
epithelial tissues. As is seen in Table 1, expression of all
known HNFs can be observed only in liver at different
stages of ontogenesis; the direction and level of liver dif-
ferentiation are unambiguously formed by their consecu-
tive activation and cooperative action.

Consecutive activation of hepatocyte nuclear factors
and strict specificity of their expression define key steps of
liver development during embryogenesis [14, 76, 77].
Liver bud is formed by a part of the foregut ventral endo-
derm cells in response to signals from pericardial meso-
derm. The competence of certain cells for receiving such
inductive signals is provided by activation of FoxA2 that
changes nucleosomal organization and facilitates binding
to regulatory regions of other transcription factors.

Later hepatoblasts that form liver primordium are
gradually differentiated into two types of cells—hepato-
cytes, the major functional liver cells, and cholangiocytes
which later line bile ducts. Gradually there takes place a
formation of a complex organ structure resulting in gen-
eration of liver trabeculae, sinusoids, bile ducts, and the
whole liver blood supply complex. Under formation of
liver trabeculae, hepatocytes acquire polarity and form
tight and gap junctions. These processes are accompanied
by further complication of the HNFs regulatory network.
HNF4a plays the crucial role in hepatocyte differentia-
tion and morphogenesis of embryonic liver. The tissue-
specific transcription profile of mature hepatocytes is
largely defined by activity of HNFla, HNF4a, and
C/EBPa factors. Differentiation of cholangiocytes is
controlled by the HNF6 = HNF1§ signaling cascade.

There are complex regulatory relationships between
HNFs, which makes it possible to speak about the exis-
tence of a complex tightly controlled regulatory network
[16, 18-21]. The transcriptional hierarchy between its
individual components is actively studied but is not com-
pletely solved yet. Besides HNFs, at different stages of
ontogenesis additional transcription factors (GATA4 and
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6, FTF, COUP-TFI and II, and some others), contribut-
ing to stage-specificity of functional gene expression,
become involved in the hepatospecific regulatory net-
work. Depending on the stage of development both the
spectrum of HNFs expressed in liver and the hierarchy of
their regulatory interrelationships changes [17]. These
differences are defined both by the spectrum of HNFs
expressed at a certain moment in a cell and by activity of
others, including not tissue-specific signaling pathways,
expression levels of cofactors and antagonists, and by
post-translational protein modifications. The additional
complexity of the regulatory system refers to autoregula-
tory mechanisms, reciprocal regulation of HNFs expres-
sion, the possibility of heterodimerization between pro-
teins of the same family with different transactivation
potential, and compensation of dysfunction of one fami-
ly member at the expense of activity of related factors.

ROLE OF HNFs IN DIFFERENTIATION
OF OTHER ORGANS

A similar situation is also observed in other organs
that express the described proteins. Tissue specificity of
expression in this case is modulated by combined action
of expressed HNFs and other tissue-specific regulators.

Pancreas is the organ “closest” to liver both by the
origin during embryogenesis and by the set of expressed
HNFs, but in pancreas, instead of “adult” isoforms
HNF4oal, the “embryonic” HNF4a7 isoforms con-
trolled by the alternative promoter P2 are expressed [78].
The pancreas consists of two functional compartments—
endocrine composed of four types of hormone-secreting
cells that are specialized on production of insulin,
glucagon, somatostatin, or pancreatic polypeptides and
exocrine that defines secretion of digestive enzymes and
consists of acinar and duct cells [79]. Pancreas is formed
by dorsal and ventral buds of the primitive gut endoderm
and undergoes a series of complex morphological transi-
tions in the course of organogenesis. Specification of the
pancreatic progenitor cells and differentiation of all types
of pancreas cells are defined by the consequence of acti-
vation of pancreas-specific factors and HNFs [79-82],
which can be thus considered in this case as a part of gen-
eral tissue-specific regulatory network.

Early steps of pancreas development are defined by
activity of homeoproteins Pdx1, Ptflo, Hlxb9, Isll, and
Hex, while further specification of different cell types is
associated with neurogenin-3, factors Pax4, Pax6,
NeuroD/B2, and Nkx2.2 activity [80, 81]. HNFs not only
cooperate with these proteins in regulation of pancreas-
specific genes, but directly control expression of a num-
ber of pancreatic transcription factors Pdx1, Pax4, neuro-
genin-3, Nkx2.2, etc. Thus, for example, HNFI1j,
HNF6, and FoxA2 are involved in transcriptional regula-
tion of Pdx1 gene, which encodes the key factor respon-
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sible for pancreas formation, differentiation of various
pancreatic lineages, and functional activity of insulin-
producing B-cells [82]. Among HNFs the most crucial
role in pancreatic morphogenesis belongs to HNF1f3 that
is essential both for its formation and specification of dif-
ferent cell types [28].

HNPF expression is necessary for normal functioning
of mature pancreatic (-cells, in particular, for regulation
of insulin secretion. The HNF1 family factors are able to
bind directly to the insulin gene promoter, whereas
HNF4a, FoxA2, and HNF6 most likely regulate insulin
expression via modulation of HNFI1, Pdxl, or
NeuroD/B2 activities [28, 31, 61, 81]. C/EBPp, on the
contrary, is a negative regulator of insulin gene transcrip-
tion. FoxA factors control activity of the pancreatic o-
amylase—a marker of exocrine cells [83]—and regulate
both differentiation and glucagon expression in o.-cells
[37].

Besides regulation of tissue-specific genes, HNFs
influence cell morphology. Expression of dominant-neg-
ative HNFla form in B-cells not only results in distur-
bance of insulin secretion, but causes dissociation of
adhesion contacts due to inhibition of E-cadherin tran-
scription [84]. Lowering of the HNFs transcription target
Pdx1 expression is essential for activation of cytokeratin
19 gene, which is specific for the pancreatic duct cells
[85].

The pancreas-specific network of transcription fac-
tors is the best-studied but not unique system, where par-
ticular HNFs appear to be the key elements. Thus, pro-
teins of the FoxA family hold one of the central places in
formation of the regulatory network that defines embry-
onic morphogenesis, proliferation, and differentiation of
respiratory epithelium [86]. Later stages of lung differen-
tiation require participation of the C/EBP family factors
[68]. In the near future the detailed characterization of
signal cascades that specify normal development and dif-
ferentiation of distinct epithelial cell types will probably
facilitate identification of key elements in these regulato-
ry systems. It is likely these will be factors located at the
crossroads of signaling cascades controlling proliferation,
morphogenesis, and expression of tissue-specific func-
tional genes.

IMPAIRMENT OF HNFs FUNCTION
IN GENETIC DISEASES

Additional evidence of the importance of normal
HNFs function for homeostasis of liver and some other
organs are data concerning the role of these factors in
pathogenesis of some genetic diseases. Mutations of
HNFs binding sites in promoter regions of genes regulat-
ed by these factors result in development of chronic dis-
eases of the respiratory tract and liver (the deficiency of
o l-antitrypsin), phenylketonuria (absence of phenylala-
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nine hydroxylase), hemophilia B (absence of coagulation
factor IX), and the susceptibility to alcohol-induced liver
damage (defects of cytochrome P450 function) [87].

Mutations altering the expression or functional activ-
ity of HNFs per se are responsible for several forms of
insulin-independent maturity onset diabetes of the young
(MODY). This type of diabetes is characterized by hyper-
glycemia caused by derangement in insulin secretion and
action. As mentioned above, a crucial role in normal func-
tioning of adult hepatocytes and pancreatic B-cells
belongs to HNFla, HNF1f3, and HNF4a involved in the
control of normal glucose homeostasis. Mutations in pro-
moter or coding regions of HNF4a, HNFla, and HNFIf
genes are the immediate cause of the development of
MODY1, MODY3, and MODYS5 forms, respectively, that
are characterized by distortion of glucose-stimulating
insulin secretion, early onset of disease, and autosomal
dominant inheritance [81, 88]. Mutations of the HNFIf
gene are also associated with a number of diseases associ-
ated with defects of kidney development [88, 89].

TISSUE-SPECIFIC FACTORS
AND TRANSDIFFERENTIATION

The precise regulation of the tissue-specific tran-
scription network activity is of principal significance for
realization and maintenance of various differentiation
programs. More data are appearing showing that deregu-
lation of one or several master-genes is able to change
completely the fate of a cell. Thus, ectopic expression of
Pdx1 is sufficient for induction of pancreatic transdiffer-
entiation and activation of insulin production in liver or
HepG2 hepatoma cells [90-92]. In parallel, Pdx1 induces
hepatocyte dedifferentiation, i.e. inhibits transcription of
the adult liver-specific genes and of transcription factor
C/EBPp, and also activates expression of the onco-fetal
protein AFP. Inhibition of C/EBPJ activity is essential
for Pdx1-dependent transdifferentiation in this system
[90].

Activation of C/EBPJ expression in the culture of
exocrine pancreatic cells AR42J-B13, on the contrary,
induces transdifferentiation towards the hepatocyte phe-
notype, which is characterized by repression of pancreas-
specific genes, nuclear translocation of HNF4a, and
induction of the hepatocyte differentiation markers [93].
However, the Pdxl-independent inhibition of C/EBPJ
activity is not enough to induce pancreatic differentiation
of liver cells [90].

Apparently, transdifferentiation upon the change in
activity of one of the key tissue-specific transcription fac-
tors is possible not only for such ontogenetically related
cell types as hepatocytes and exocrine cells of the pan-
creas. Transdifferentiation of the hepatocyte progenitor
cells to those synthesizing prolactin, growth hormone,
and thyroid-stimulating hormone 3 was described in the
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case of adenovirus-mediated expression in mouse liver of
hypophysial (pituitary) transcription factor 1 (Pit-1) that
defines differentiation of several types of pituitary cells
[94].

IMPAIRMENT OF HNF FUNCTION
IN HEPATIC CARCINOGENESIS

Investigations of the structure and dynamic hierar-
chy of tissue-specific regulatory networks in various types
of epithelial cells present a vast field for studies. However,
most likely, in each such regulatory cascade at a certain
step of development there are one or very few key compo-
nents whose damage causes an irreversible failure of the
whole differentiation program. It is reasonable to suppose
that such elements are factors able to integrate signals
from the cell environment and to transform them into
alterations of metabolic, proliferative, and morphological
properties of cells. Recent studies have shown that for
mature hepatocytes HNF4a is the central regulator of a
variety of processes that control cellular homeostasis.

Dedifferentiation observed during progression of
epithelial tumors can be caused by disturbed normal func-
tioning of tissue-specific regulatory cascades controlled by
transcription factors. Since HNFs are the central compo-
nents of tissue-specific regulation in a number of organs
and tissues, deregulation of this network may be an impor-
tant step in progression of corresponding tumor types.

Hepatocellular carcinoma (HCC) is the most fre-
quent malignant tumor of liver and one of the most wide-
spread forms of cancer in the world [95]. The main risk
factors for the development of HCCs are chronic infec-
tions with hepatitis B and C viruses as well as the pro-
longed exposure to carcinogens. By now numerous signal
pathways important for control of liver functions and
hepatocyte proliferation are described, but the molecular
basis of HCC progression are still obscured [96, 97].

We have studied some mechanisms of development
of liver tumor malignant phenotype on the experimental
model of one-step progression of mouse HCC consisting
of slowly growing differentiated tumor, obtained during
chemical carcinogenesis induction by diethyl nitrosamine
and phenobarbital (sgHCC), and of the fast growing de-
differentiated variant (fgHCC) that was derived from
sgHCC in vivo during subcutaneous transplantation [98].
The interval between transplantations in vivo was 5-7
months for sgHCC and was shortened to two weeks for
fgHCC.

Progression from sgHCC to fgHCC was character-
ized by significant morphological changes like the loss of
cell polarity, weakening of intercellular contacts, and
association with ECM [99] that allowed qualifying the
above-mentioned changes as EMT. These events were
accompanied by changes in expression of some genes
encoding components of intercellular contacts and adhe-
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sion molecules—overexpression of integrin o3 subunit
characteristic mainly of immature and transformed hepa-
tocytes, inhibition of expression of the major component
of gap junctions in liver, connexin-32, and E-cadherin,
which occurred in parallel with a significant increase in
the level of its transcriptional repressor Snail [8]. Also, in
the course of progression fgHCC cells acquired ability to
form metastases and grow in vitro. The fgHCC cell cul-
ture was characterized by the loss of epithelial morpholo-
gy, weakening of intercellular contacts, and tendency
toward three-dimensional growth [99].

In addition to the loss of epithelial features during
progression in fgHCC coordinated repression of a broad
spectrum of hepatospecific genes [100], corresponding to
simplification of carcinoma-specific antigenicity, also
occurred [11]. However, the dedifferentiated variant
retained expression of a number of hepatospecific genes,
which is indicative of hepatic origin of the tumor.

Since the described HCC progression occurred very
fast but affected a broad spectrum of cell properties, we
have supposed that this process may be associated with
dysfunction of one or few master-genes that define hepa-
tocyte differentiation. It appeared that in the course of
progression from sgHCC to fgHCC, a coordinated
decrease of expression levels of entire block of transcrip-
tion factors influencing the establishment and mainte-
nance of hepatic phenotype (HNF4a, HNFla, HNFI1j,
FoxA3, HNF6, C/EBPa., and FTF) occurred [100]. Thus
the observed changes could be associated with the distur-
bance of differentiation control caused by repression of
hepatocyte transcription factors with interrelated regula-
tion.

We consider that the most probable reason for at least
some phenotypic changes during progression is the distur-
bance of HNF4a function, reduced expression of which
compared to normal liver was earlier described in mouse
[101] and rat [102] HCCs and in dedifferentiated
hepatoma cultures [103]. Also, HNF4q is the only hepa-
tocyte nuclear factor for which morphogenic activity has
been demonstrated in vitro [103]. Investigations on mouse
embryos deficient in HNF4a expression in the liver have
shown that this factor is indispensable for the formation of
hepatic epithelium in embryonic development [49].
Moreover, it was found that the exogenous expression of
HNF4a in NIH 3T3 mouse fibroblasts is sufficient to
induce mesenchymal—epithelial transition characterized
by acquiring polygonal cell shape and membrane localiza-
tion of E-cadherin and the tight junction marker ZO-1.

Exogenous expression of HNF4al in fgHCC cell
culture resulted in significant changes of cell morphology,
namely, cells began to form epithelial islets with tight
junctions marked by membrane localization of ZO-1 pro-
tein [100]. Restoration of epithelial morphology due to
HNF4a re-expression was characterized by normaliza-
tion of cell contacts with ECM, i.e. localization of matrix
components characteristic of epithelial cell cultures was
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restored: fibrils of entactin, fibronectin, laminin, and type
IV collagen were located along intercellular contacts.
Thus, the HNF4a expressing cells created a better
formed basal membrane compared to that in the parental
cell culture.

Also, HNF4a.1 re-expression caused induction of a
number of hepatospecific genes encoding transcription
factors, metabolic enzymes, and molecules of intercellu-
lar adhesion. In particular, clear HNF4a-dependent acti-
vation of hepatospecific regulators HNFla, FTF, HNF6,
HNF4a7, and FoxA3 was revealed, along with restora-
tion of transcription of the major component of liver gap
junctions—connexin 32.

HNF4a.1 expression decreased the proliferation rate
of dedifferentiated HCC cells in vitro and significantly
retarded tumor growth after subcutaneous transplanta-
tion. Moreover, unlike the control line, in animals with
HNF4a1 expressing cell transplants no tumor cell metas-
tases into lungs were observed.

Thus, restoration of HNF4al function in the dedif-
ferentiated HCC cell culture resulted in reversion of the
highly malignant tumor cell phenotype, which was
revealed in partial restoration of epithelial morphology,
redifferentiation, and suppression of proliferation. These
data are indicative of the key role of HNF4o in coordina-
tion of processes associated with HCC progression.

General character of the revealed regularities was
confirmed in analysis of the gene expression levels in a
panel of chemically induced transplanted mouse HCCs of
independent origin with different level of differentiation
and growth rate as well as in clinical specimens of human
HCCs (Fleishman et al., in preparation). Among 50 genes
encoding HNFs, markers of hepatocyte differentiation,
adhesion molecules, growth factors, candidate oncogenes
and anti-oncogenes for this tumor type, the clearest asso-
ciation with differentiation status and reverse correlation
with growth rate were revealed for HNF4o.1. Similar con-
sistent patterns of expression are revealed for transcription
factors that are direct or mediated targets for HNF4a
(HNFla, HNFIB, FoxA3, etc.). In differentiated
tumors, induction of expression of HNF4a “embryonic”
isoforms compared to normal liver was observed, which is
indicative of partial activation of dedifferentiation pro-
grams at this stage of carcinogenesis. In the most malig-
nant HCC variants, the coordinated inhibition of the
adult and embryonic HNF4a isoform transcription was
observed. Among human HCCs not associated with hep-
atitis virus infection, the frequency of HNF4oal downreg-
ulation in tumor compared to the specimens of surround-
ing non-tumor tissue was about 70%.

These results point to the existence of a clear rela-
tionship between differentiation status of the tumor, its
morphological characteristics, growth rate, and expres-
sion pattern of tissue-specific transcription regulators.
Our investigations have shown that HNF4a.1 repression is
a frequent event in hepatocarcinogenesis and confers a
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number of selective advantages to tumor cells. Together
with earlier results, these data are indicative of an impor-
tant role of HNF4q, inactivation in progression of liver
tumors.

The loss of functional activity of HNF4a1 and its
transcription target HNF1a has also been described in
human renal cell carcinomas [104, 105]. Thus, these fac-
tors can be considered as potential tumor suppressors in
liver and kidney cells, i.e. in organs where HNF4a1/
HNFla signalization plays the most essential role in
embryonic development and tissue-specific differentia-
tion. This observation is probably also valid for other
HNFs as will be illustrated below.

MECHANISMS OF THE EFFECT OF HNF4o ON
BIOLOGICAL PROPERTIES OF TUMOR CELLS

How can the dysfunction of tissue-specific transcrip-
tion factor contribute to the development of the epithelial
cell malignant phenotype? New targets of HNF4o and
other tissue-specific transcription factors, recently
revealed in various model systems, significantly expanded
the knowledge about the involvement of the HNF regula-
tory network in control of differentiation, proliferation,
and maintenance of epithelial morphology.

Obviously, the most evident is correlation between
HNPF functional activity and the maintenance of differ-
entiation markers expression in tumor cells. As men-
tioned above, HNF4a controls expression of a broad
spectrum of serum proteins and enzymes synthesized in
liver [40], both directly and by regulation of activity of
other transcription factors like HNFla [106].
Importantly, HNF4a is involved in regulation of genes
responsible for detoxification and metabolism of drugs,
particularly cytochromes P450 [107]. It can be supposed
that loss of HNF4oa function during HCC progression
may decrease tumor sensitivity to therapeutic treatment.

An important characteristic of HNF4a as a probable
tumor suppressor is its antiproliferative function.
Exogenous expression of HNF4a.1 decreases the growth
rate of fast growing dedifferentiated mouse HCCs both in
vitro and in vivo [100]. These data were also confirmed for
other cell types. Antiproliferative activity of HNF4a is
described in HEK293 embryonic kidney [57], F9 mouse
embryonic carcinoma, and RLE rat lung endothelium
[108] cells. Transduction of HNF4a expressing con-
structs into INS-1 rat insulinoma cells resulted not only
in morphological alterations and activation of expression
of several genes characteristic of differentiated a-cells of
pancreas, but also in decrease of the cell growth rate due
both to retardation of proliferation and induction of
apoptosis [109].

In F9 mouse embryonic carcinoma and RLE rat lung
endothelium [108], as well as in HuH7 [110] and HepG2
[111] human hepatoma cells, exogenous HNF4q, acti-
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vates expression of the p21/Waf1 gene, a main inhibitor of
CDK-2-dependent transition from G1 to S phase of the
cell cycle. These findings indicate that in rodent and
human cells HNF4a is able to inhibit proliferation due to
p21 gene activation. Experiments with reporter con-
structs, in which the luciferase gene was driven by p21
promoter, had shown that HNF4a is able to directly acti-
vate the promoter of this gene [108].

The mechanism of p21 activation by HNF4a is sup-
posed to be pS53-independent [108, 111]. Exogenous
expression of HNF4a in HCT116 human colorectal car-
cinoma cells results in hyperexpression of p21, while
HNF4a inactivation by small interfering RNA in HepG?2
human hepatoma cells decreases p21 expression [111].
HNF4a binding sites were detected in the p21 regulatory
region, but it was supposed that regulation of the p21 gene
activity is due to the interaction of HNF4o with another
transcription factor, Spl. It is likely that besides direct
activation of p21 promoter, formation of this complex
prevents c-myc-dependent repression of the p27 gene: c-
myc is also able to bind Spl, and, unlike HNF4a, to
block the transcription. So, competition between these
two factors for interaction with p21 promoter-bound Spl
is the additional the mechanism of HNF4a-dependent
proliferation control [111].

The decrease in the tumor cell growth rate caused by
HNF4a can be also mediated by additional mechanisms.
In Caco-2 colorectal carcinoma cells RSK4 (ribosomal S6
kinase 4) and PAKS (p21-activated kinase 7) genes were
identified as direct targets for HNF4o [112]. Members of
the RSK family are intracellular mediators of MAP-
kinase cascades, which control cell division, survival, and
differentiation due to phosphorylation of various intracel-
lular proteins and transcription factors. Unlike the other
proteins of this family, RSK4 is a presumable inhibitor of
signal cascades induced by receptor tyrosine kinases in
response to growth factors. PAK kinases are involved in
signal transduction from the MAP-kinase cascade, and
also participate in the regulation of cell motility due to
stabilization of microtubules and disassembly of actin
stress fibers and focal adhesions. It is supposed that PAKS
is able to migrate between the nucleus and mitochondria,
promoting cell survival under stress conditions. In kidney
and brain of rats with experimentally induced diabetes,
the coordinated inhibition of HNF4o, RSK4, and PAKS
is observed. These results with HNF4a, point again to the
probable significance of this protein in control of prolif-
eration and, possibly, of apoptosis, as well as in regulation
of cell motility [112].

So, being a key factor of differentiation of several
types of epithelial tissues, HNF4q is involved in the con-
trol of cell proliferation. Its antiproliferative function was
noted particularly in the cell types where HNF4a is
involved in regulation of tissue-specific gene expression.

The significance of HNF4a, for maintenance of the
epithelial cell morphology is defined by its involvement in
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regulation of genes whose products form tight, gap, and
adhesion junctions and participate in interaction with
extracellular matrix.

Exogenous HNF4a expression in cells of H5 dedif-
ferentiated rat hepatoma causes re-expression of the
adhesion molecule E-cadherin [104]. HNF4q inactiva-
tion in mouse embryonic liver causes disturbance of mor-
phogenesis due to alteration of membrane localization of
E-cadherin, adhesion molecule CEACAMI1, and the
tight junction protein ZO-1, as well as transcriptional
repression of genes encoding the gap junction proteins
(connexin 32 and 26) [49].

Curiously, in Caco-2 colorectal carcinoma entero-
cytes, an influence of E-cadherin membrane localization
on HNF4a transcription activity was noted (see below),
which is indicative of the existence of a feedback loop
between cell adhesion and expression of tissue-specific
regulatory factors [113]. However, in some model sys-
tems, particularly during one-step progression of mouse
HCC, HNF4a re-expression is not sufficient for restora-
tion of E-cadherin synthesis and/or membrane localiza-
tion, and the restoration of cell adhesion is probably due
to different proteins of this family.

Analysis of transcription changes caused by HNF4q,
inactivation in mouse embryonic liver has shown that
this factor defines the expression of 27 genes encoding a
broad spectrum of adhesion proteins: components of
tight, adhesion, and gap junctions, desmosomes, and
other proteins involved in intercellular interactions and
interactions with ECM, and in regulation of cytoskeleton
and also targets of the MAP-kinase and Rho signaling
pathways. Regulatory sequences of most of these genes
contain HNF4a binding sites; for eight of them (E-cad-
herin, connexin 32, occludin, claudin 1, Jam-A, epi-
plaquin 1, galectin 9, and Crb3) in vivo HNF4a binding
with corresponding regulatory regions was already shown
[50].

It is necessary to note that the HNF4a-dependent
regulation of a major protein of the liver gap junctions
(connexin 32) can be carried out not only due to HNF4a
direct binding to the promoter of this gene, but can also
be mediated via activation of another transcription factor,
HNF1a, which is also able to activate this promoter [114,
115]. One more HNF1a target is the tight junction com-
ponent claudin-2 gene. The effect of HNF1a on this gene
promoter is tissue-specific: it increases the level of
claudin-2 transcription in Caco-2 colorectal carcinoma
cells and is necessary for the expression of this gene in
liver; claudin-2 activation in kidney epithelium is
HNFla-independent [116]. It is interesting that the
decrease of claudin-2 transcription was also registered in
embryonal intestinal cells upon HNF4a inactivation
[53].

In F9 mouse embryonic carcinoma cells exogenous
expression of HNF4a results in cell polarization associat-
ed with localization of the tight junction proteins
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occludin, claudin-6, claudin-7, and ZO-1 on the apical
part of the lateral membrane, while the expression of
occludin, claudin-6, and claudin-7 genes was shown to be
HNF4a-dependent [117]. Later it was demonstrated on
the same model that HNF4a, induced expression of the
tight junction protein JAM-A (receptor of F11), and it
was confirmed that the HNF4o expression promotes
localization of the tight junction proteins on the apical
part of the membrane and so provides for the cells acquir-
ing a more differentiated phenotype [118]. Also, in F9
embryonic carcinoma cells exogenous expression of
HNF4a induces formation of microvilli, specialized pro-
trusions of plasma membrane localized on apical surfaces
of epithelial cells. These data is consistent with observa-
tion concerning the absence of microvilli on the surface
of hepatocytes forming bile canaliculi in the liver of
HNF40~~ mice [49]. Evidently, at least in some types of
epithelial cells formation of microvilli is defined by the
HNF4o-dependent expression of the gene of ezrin/
radixin/moesin-binding phosphoprotein 50 [119].

In HEK293 human embryonic kidney cells, expres-
sion of HNF4a, on the contrary, results in loss of epithe-
lial morphology and weakening intercellular contacts. In
HEK293 cells a number of HNF4a-responsive genes
were detected that encode adhesion molecules
plakophilin 2, desmocollin 2, type XXI collagen, chon-
droitin sulfate proteoglycan 2, as well as a number of
cytoskeleton proteins, but mechanisms of morphological
changes induced by this transcription factor are still
unclear [57].

Thus, data obtained on different model systems
clearly demonstrate the important role of HNF4a in reg-
ulation of expression of cell adhesion molecules, ECM
components, and cytoskeleton proteins that define the
basic morphological characteristics of epithelial cells.

A number of recent investigations show that the
number of genes directly or indirectly regulated by
HNF4a significantly exceeds the number of targets of
other tissue-specific regulatory factors [120]. This is an
additional argument indicating that HNF4a occupies a
principally important place in coordination of various
processes that control homeostasis of hepatocytes and
some other types of epithelial cells. It can be expected
that detailed analysis of regulatory mechanisms and bio-
logical functions of new HNF4a targets will make possi-
ble more complete understanding of the role of this factor
in normal development and in malignancy.

WHAT MECHANISMS CAN DETERMINE
THE IMPAIRMENT OF HNFs FUNCTION
IN HEPATOCARCINOGENESIS?

As mentioned above, there is a complex system of

mutual regulation between HNFs (and, probably,
between components of other tissue-specific networks),
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which undergoes significant modification depending on
the stage of development and tissue-specific context.
Table 1 shows the combined data concerning transcrip-
tional regulators of each HNF obtained during investiga-
tion of various experimental systems and stages of onto-
genesis as described in the literature. Sometimes these
data are controversial and are indicative of the regulation
possibilities rather than of exact hierarchic relationships
for a concrete cell context. The central place of HNF4a,
in the control of hepatocyte differentiation is probably
defined not only by the broad spectrum of its targets, but
also by a variety of factors influencing its expression
and/or transcriptional activity.

As also mentioned above, transcription of HNF4q,
gene is driven from two independently regulated promot-
ers [43]. In P1 promoter, regulating expression of “adult”
isoforms, binding sites for factors of HNFI1, FoxA,
HNF6, and GATAG6 families were revealed [17, 121]. The
existence of two major alternative mechanisms of activa-
tion of HNF4al expression is supposed, namely, the
cooperative action of HNF1p and GATAG factors at early
stages of ontogenesis or synergistic activation by HNF1o
and HNF6 factors in differentiated cells [121]. The regu-
lation of P1 activity may also involve FTF and COUP-
TFII, the latter being a negative regulator [121, 122]. The
enhancer in which binding sites for C/EBP, HNF4,
FoxA, and HNF1 are mapped along with those for
nuclear receptors is necessary to provide the maximal
level of HNF4a.1 expression in differentiated cells [123].

The alternative promoter P2 is located 45.6 kb
upstream from P1. It can be activated by HNFla,
HNF1p, HNF6, and by pancreatic regulatory factor
Pdx1, which is likely critical for the expression of
“embryonic” isoforms in the pancreas. Inhibition of P2
activity in differentiated hepatocytes is probably due to
repressor activity of HNF4al [17, 45, 124].

Our experiments on the dedifferentiated mouse
HCC have shown that exogenous expression of none of
the HNFs, which, according to the literature, can activate
HNF4a transcription, is sufficient to restore its expres-
sion in that system (Lazarevich, unpublished). This
observation does not deny a possible role of these factors
in tumor progression, but support the idea that the
derangement of expression of any HNF cannot be con-
sidered as the primary cause of HNF4a repression in the
studied system.

ECM and growth factors are probably the most sig-
nificant elements of the microenvironment capable of
influencing hepatocyte differentiation and maintenance
of epithelial morphology [13]. A growing number of
recently obtained data indicates that these factors to a
considerable extent control the activity of HNF regulato-
ry network in normal and tumor cells.

Disruption of liver architecture during isolation of
primary hepatocyte cultures is accompanied by destruc-
tion of intercellular contacts and cell—-matrix interaction,
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and causes massive changes in the cell transcription pro-
gram. Even in the presence of growth factors, required for
this cell type, in primary hepatocytes the loss of polarity is
observed along with alteration of cell morphology and
rapid repression of numerous tissue-specific genes. This
dedifferentiation can be reversed at least in part by cultiva-
tion of hepatocytes in the three-dimensional matrix pro-
duced by cells of the Engelbreth—Holm—Swarm mouse
sarcoma (EHS) [125]. This matrix contains laminin, type
IV collagen, heparan sulfate proteoglycan, entactin, and
some growth factors. During reversible dedifferentiation
in culture, transcription levels of key factors responsible
for the transcription program of mature hepatocytes
(C/EBPa, HNF4a, and its direct target HNF1) decrease,
whereas cultivation in the EHS matrix restores HNF4a,
and HNFla transcription and enhances the C/EBPa
DNA-binding activity [126-128]. Thus, it can be supposed
that HNF4oa and C/EBPo mediate matrix-dependent
redifferentiation of primary hepatocytes.

C/EBPa is perhaps not the key link in this process
because its absence does not influence the ECM-depend-
ent induction of albumin gene expression in primary
hepatocytes isolated from C/EBPa ™~ mice [129].
Simultaneously, HNF4a inactivation in primary rat
hepatocytes by interfering RNA prevents the EHS-
induced upregulation of the hepatocyte differentiation
markers but has no effect on the organization of the actin
cytoskeleton [128]. Adenovirus-mediated exogenous
expression of HNF4a in these cells contributes to the
long-term maintenance of morphological and functional
hepatocyte differentiation [130].

Early steps of liver specification and induction of
hepatospecific gene expression are defined by the activity
of FoxA family factors [15]. In some model systems the
influence of ECM on the activity of this family members
and albumin gene transcription was described [131].
However, FoxAl expression in primary hepatocytes
increases during differentiation, whereas cultivation in
EHS gel is accompanied by decrease of FoxA DNA-bind-
ing activity [126, 132]. Thus, it is unlikely that induction
of the hepatic differentiation program in this system is
governed by the activity of FoxA family factors. This is
consistent with data indicating that the impact of FoxA
factors in the control of differentiation in mature hepato-
cytes markedly decreases compared to early steps of
embryogenesis [133].

Similar mechanisms were described on another
experimental model in which “small hepatocytes” (prob-
ably oval liver cells or their derivatives) under ECM influ-
ence undergo differentiation, accompanied by acquiring
of mature hepatocyte-specific morphological features
and induction of functional gene transcription [134].
These alterations are accompanied by activation of
HNF4a, HNF6, C/EBPa, and C/EBP transcription. It
is important to note that neither individual growth factors
nor distinct matrix components of the EHS gel are able to
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induce the described morphological and functional dif-
ferentiation.

Analysis of gene expression profiles in hepatocytes,
cultivated in EHS gel or without it, made it possible to
reveal the significant ECM-mediated induction of phos-
phatidylinositol 4,5-diphosphate (PI[4,5]P,) phos-
phatase. This decreases PI(4,5)P, level, which affects
actin organization via alteration of different actin-regu-
lating protein activities and actin polymerization in
response to extracellular stimuli. Actin depolymerization
observed in EHS gel can be reversed using inhibitors by
increasing intracellular level of PI(4,5)P, and is accom-
panied by lowering expression of HNF4o and markers of
hepatocyte differentiation [135].

In Caco-2 enterocytes cell culture, the dependence
of HNF4q intracellular distribution and transcription
activity upon enhancement or weakening of E-cadherin-
mediated intercellular adhesion was described [113].

All these data point to HNF4a as the central ele-
ment that determines the dependence of the transcription
program of normal hepatocytes on such elements of
microenvironment as ECM, intercellular contacts, and
growth factors produced by different cell types.

From the first stages of embryonic development
cytokines and growth factors produced by mesenchymal
cells play an essential role in activation of tissue-specific
differentiation programs [15]. These factors are able both
to regulate directly intracellular HNFs levels and modu-
late their activities depending on the position of the cell in
the total architecture of the organ [136]. Further realiza-
tion of the hepatocyte transcription program, mainte-
nance of their functional and structural differentiation,
and proliferation control are also mediated by the action
of different factors produced by stromal cells. During the
progression of malignant phenotype, tumor cells acquire
the capability of autocrine secretion of growth factors that
not only activate proliferation but provide those cells
additional independence from microenvironment [137].

Growth factors are capable of modulating HNF
expression in cooperation with ECM alterations. Thus,
the expression of HNF4a in the cultures of fetal mouse
hepatocytes can be induced by ECM and the interleukin-
6-related factor oncostatin M [138]. This differentiation
effect can be suppressed by tumor necrosis factor o
[139].

The transforming growth factor f (TGFp) plays a
dual role in the control of proliferation and differentia-
tion of liver and other epithelial tissues. In normal hepa-
tocytes, it inhibits proliferation and contributes to cell
differentiation. In transformed cells, activation of TGFj3-
induced signaling cascades is able to induce EMT
through regulation of genes encoding ECM components,
integrins, and metalloproteinases. Recent data show that
the TGFp signaling substantially affects the HNF4a-
dependent differentiation of hepatocytes. HNF4a was
shown to directly interact with transcription factors

LAZAREVICH, FLEISHMAN

Smad3 and Smad4 being the key effectors of TGFf-
dependent signalization [140].

In immortalized mouse hepatocytes which express
constitutively active c-Met (MMH), TGFp induces EMT
and dedifferentiation accompanied by suppression of
HNFla and HNF4a transcription [141]. Inhibition of
HNF4a expression is also described upon the TGFf-
induced EMT in cultures of fetal rat hepatocytes [142]
and in MMH hepatocytes transformed by activated Ha-
Ras oncogene [137]. In all these cases, the authors report-
ed overexpression of the Snail gene. It was shown that
Snail overexpression in MMH cells is sufficient for EMT
induction, inhibition of expression of a number of epithe-
lial adhesion proteins, activation of matrix metallopro-
teinase 2, and inhibition of HNF4a transcription due to
the direct binding of Snail to the HNF4a1 promoter
[143]. Thus, at least some of the effects caused by activa-
tion of the TGFp signaling in this system are determined
by the Snail-dependent inhibition of the HNF4al gene
activity.

It was shown in another study that the TGFp treat-
ment of primary rat hepatocytes causes, along with dedif-
ferentiation, inhibition of HNF4a transcription due to
activation of transcription factor WT'1 [144]. Additional
putative mechanism of TGFf impact on HNF4a tran-
scriptional activity is the TGFB-dependent proteosomal
degradation of this protein described in HepG2 human
hepatoma cells [145].

Alterations of HNF4a transcription can be observed
upon activation of MAP-kinase signalization. Treatment
of HepG2 human hepatoma cells with the protein kinase
C activator phorbol-12-myristate-13-acetate activates
the Ras-Raf~-MEK-Erk signaling cascade, which inhibits
HNF4a transcription. This effect is mediated by inhibi-
tion of the C/EBPa expression and breaking the interac-
tion between HNF4a.1 promoter and enhancer regulato-
ry regions [146].

Certainly HNF4a activity is regulated not only at the
level of transcription. The activity of this factor depends
on its interaction with different cofactors, differentially
expressed in various cell types, on acetylation and phos-
phorylation carried out by various kinases, as well as on
the rate of protein degradation [21, 40]. It is also sup-
posed that the HNF4o transcriptional activity can be
modulated by presumable ligands, but up to now there is
no clear indication of ligand-dependent regulation of
HNF4a function in vivo. Most likely, mechanisms of
HNF4a inactivation and its consequences can vary in
different cell types depending on the presence of different
transcription factors and activity of various signal cas-
cades. Probably these differences also affect the range of
the HNF4a target genes in each particular system.

The data described above obtained on different
model systems including normal and tumor cell cultures,
in which many of regulatory relationships realized in vivo
are distorted, do not yet allow reconstruction of a general
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controlling mechanism of HNF4o-dependent transcrip-
tion. However, presented examples clearly indicate the
important role of the cellular microenvironment in regu-
lation of activity of tissue-specific factors controlling dif-
ferentiation of normal and tumor hepatocytes.
Apparently, similar regulatory mechanisms can be real-
ized in other types of epithelial cells. For example, factors
of C/EBP family playing an important role in mammary
gland epithelium differentiation are clearly involved in
the ECM-induced tissue-specific activation of asl- and
B-casein genes [147, 148]. An additional exemplification
of the suggested thesis is the Snail-dependent repression
of HNF1, essential for differentiation of kidney epithe-
lium, which, in turn, defines the disturbance of epithelial
homeostasis and inhibition of expression of specific for
this cell type cadherin-16 [149].

HNFs DYSFUNCTION IN OTHER TYPES
OF EPITHELIAL TUMORS

Recently reported data concerning HNFs dysfunc-
tion in other types of epithelial tumors are summarized
in Table 2. One can see that mutations, deletions, and
reduced expression of transcription factors are observed
mainly in tumors originated from tissues which differen-
tiation critically depends on particularly these transcrip-
tion factors. For example the decrease in expression of
the antiproliferative protein C/EBPa was observed dur-
ing carcinogenesis of mammary gland, skin, and lung
[74, 75]. In lung cancer, the direct correlation between
the differentiation state and expression of this gene was
shown. Moreover, the possibility of partial reversion of
malignant phenotype upon restoration of C/EBPa
expression is described [150]. Apparently, the impact of
C/EBPa inactivation in this type of tumors is not limit-
ed by the direct antiproliferative activity of the factor.
One of the consequences of derangement of the normal
function of the gene is inhibition of transcription of
FoxA2 gene, which was shown to be direct transcription-
al target of C/EBPa in this cell type. Restoration of
FoxA2 expression in tumor cells causes proliferation
arrest and induction of apoptosis [151]. As noted above,
both FoxA2 and C/EBPa are crucial for specification
and differentiation of respiratory epithelium during
embryonic development [152]. A similar situation is
described for the HNF1 family factors that are essential
for kidney morphogenesis and differentiation, regulate a
number of tissue-specific genes, and are frequently inac-
tivated in renal carcinogenesis and a number of other
kidney pathologies [153].

Another variant of functional impairment of tran-
scription factors—overexpression in the tissues where
their level is normally low—may result in alteration of
activity of the array of genes involved in the control of
proliferation and morphogenesis. Particularly such situa-
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tion was described in estrogen-dependent luminal type A
breast cancer and in FoxA1 hyperexpressing prostate can-
cer [154, 155]. As discussed above, FoxA transcription
factors are able to modulate conformation of chromatin
regions making them accessible for other regulatory pro-
teins with closely located binding sites. In hormone-
dependent tumor cells, FoxA factors facilitate interaction
of nuclear receptors with corresponding binding sites fre-
quently located close to the sequences recognized by
FoxA [156]. For example, this mechanism is realized
upon FoxAl-dependent activation of the promoter of
cyclin D1 oncogene in breast tumors expressing estrogen
receptor, which results in accelerated proliferation [157].
In prostate cells, FoxAl is necessary for androgen-
dependent activation of a number of tissue-specific genes
such as that of prostate-specific antigen [158]. FoxAl and
2 are differentially expressed in different types of prostate
tumors, and in this case FoxA2 that is detected mainly in
malignant tumors evidently can activate androgen-
responsive genes in receptor- and ligand-independent
manner [155]. These observations not only suppose the
prognostic significance of HNFs overexpression in some
types of tumors but also allow considering them as prom-
ising targets for antitumor therapy.

In the last few years, considerable progress in under-
standing the regulatory events that govern specification
and differentiation of epithelial tissues and organs during
development has been achieved. Factors which play criti-
cal roles in these processes together with the consequence
of their activation and hierarchic relationships within tis-
sue-specific transcription networks are actively investi-
gated. In one of the most explored networks of transcrip-
tion regulation, HNF regulatory cascade that specifies
differentiation of hepatocytes, the central role is played
by nuclear receptor HNF4q that controls processes of
differentiation, proliferation, and morphogenesis. This
factor is able to modulate the transcription program of
cells both directly and also through activation of other tis-
sue-specific transcription factors. At the same time,
expression of HNF4a gene is to a great extend controlled
by the local microenvironment. It can be supposed that
HNF4a plays the role of specific sensor that receives sig-
nals from the outside of the cell (growth factors and alter-
ations of tissue architecture) and transforms them into
alterations of the transcription program.

Inhibition of HNF4o expression in tumor cells
results in acceleration of cell proliferation, loss of epithe-
lial morphology, dedifferentiation, and finally, in acquir-
ing the ability for invasion and metastasis. It is not sur-
prising that the inactivation of HNF4a, conferring a
number of selective advantages to the tumor cell, is fre-
quent event during HCC progression and correlates with
more malignant tumor phenotype. The reason for the loss
of HNF4a function during HCC progression might be
not only the aberrations of the gene structure but also
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Table 2. Impairment of HNFs function in epithelial tumors

Transcription Tumor type Detected alterations Possibility Reference
factor of reversion
1 2 3 4 5
HNFla hepatocellular adenoma mutations - [159]
HNFla/ hepatocellular carcinoma decrease of HNFla/HNFI1f - [160]
HNF1p ratio
HNFla dedifferentiated HCC reduced expression — [161]
HNFla endometrial cancer mutations — [162]
HNFla colorectal cancer mutations — [163]
HNFla renal cell carcinoma diminished DNA binding — [104, 105]
activity, reduced expression
HNFlaand 8 | renal cell carcinoma mutations - [153]
HNF1p clear cell carcinoma of ovary overexpression, promoter apoptosis [164]
demethylation
HNF1p carcinoma of ovary (except clear gene methylation, reduced — [165]
cell) expression
FoxAl breast cancer overexpression growth arrest [156]
FoxAl prostate cancer overexpression - [155]
FoxA2 prostate cancer (neuroendocrinal | overexpression activation of androgen- [155]
small-cell carcinomas and adeno- dependent tissue-spe-
carcinomas) cific genes
FoxA2 lung cancer (cell cultures) reduced expression, mutations, | growth arrest [151]
promoter methylation
C/EBPa hepatocellular carcinoma reduced expression growth inhibition, [102, 166, 167]
suppression of tumori-
genicity
C/EBPa breast cancer reduced expression, cytoplasmic | growth inhibition, [168]
localization differentiation
C/EBPa non-small-cell lung cancer reduced expression, promoter proliferation arrest, [150, 169]
hypermethylation morphological alter-
ations, apoptosis
C/EBPa squamous cell skin carcinoma reduced expression growth inhibition [170]
C/EBPa squamous cell head and neck car- | reduced expression, DNA decrease in cell growth [171]
cinoma methylation, loss of and motility, decreased
homozygosity tumorigenicity
C/EBPf breast cancer overexpression — [172,173]
C/EBPp ovarian epithelial tumor overexpression - [174, 175]
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Table 2. (Contd.)

1 2 4 5
C/EBPp colorectal cancer overexpression — [176]
C/EBPB renal cell carcinoma increased activity - [177]
C/EBPj glioma overexpression decreased invasion [178]

and proliferation
C/EBPj Wilms tumor (nephroblastoma) overexpression spontaneous apoptosis [179]
C/EBPj squamous cell skin carcinoma reduced expression — [180]
HNF4a, hepatoid adenocarcinoma of overexpression — [181]
stomach
HNF4a hepatocellular carcinoma reduced expression growth arrest, restora- [100, 103]
tion of epithelial
morphology, gene
reexpression
HNF4a renal cell carcinoma diminished DNA-binding — [104]
activity
changes in different upstream signaling cascades. The REFERENCES

variety of pathways of HNF4a activity regulation defines
the high frequency of decrease of its expression during
HCC progression, since the failure in the function of this
regulatory network can be caused by diverse events, from
distortion of extracellular signalization to damage of
effector mechanisms.

Our investigations on the model system of the mouse
HCC one-step progression have shown that restoration of
HNF4a function causes at least partial reversion of
malignant phenotype both in vitro and in vivo [100].
These results suggest that tissue-specific transcription
factors, especially those that define key steps of realiza-
tion of certain differentiation programs and are able to
receive or modulate signals from the cell’s microenviron-
ment, can be considered as promising candidates for the
role of tumor suppressors in the tissue types where they
normally play the important role. This suggestion points
to the possibility for development of new approaches to
therapy of tumors through forced increase of their level of
differentiation.
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