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Abstract

Hépatoma-derived growth factor (HDGF) was purified and cloned from a human hepatocellular
carcinoma (HCC) cell line. HDGF and other five HDGF-related proteins belong to a new protein
family with a significant homology in their amino terminus. HDGF is a nuclear targeted mitogen
containing nuclear localization signals, and the ability of trafficking to the nucleus is essential to
display the mitogenic activity, however, exogenously supplied HDGF stimulated the cellular
proliferation-HDGF was highly expressed in various organs including liver, kidney, heart, lungs and
gut in the fetal stage, and significantly decreased near birth and adult stage. HDGF was strongly
expressed in cancer cells, including liver, lung and colon cancer cells, compared with the adjacent
tissues, and exogenously supplied and endogenously over-expressed HDGF enhanced the
proliferation of cancer cells. In mouse hepatocarcinogenesis model, HDGF was induced in the liver
tissues at an early stage before liver tumor development. HDGF-over-expressed cells generated
tumors and enhanced tumor growth in nude mice. HDGF also stimulated cell migration and tubule
formation as well as the proliferation of human endothelial cells. HDGF induced tumorigenesis in
vivo through both its direct angiogenic activity and induction of VEGF. Down-regulation of
endogenous .HDGF of cancer cells suppressed their proliferation, invasive activity and
anchorage-independent growth in soft agar in vitro. The higher expression of HDGF showed more
malignant potential for cancer progression. By immunohistochemistry, HDGF may be a useful
prognostic factor for disease-free and/or overall survival in patients who have undergone the
resection of HCC, non-small cell lung cancer, gastric cancer, esophageal cancer and pancreatic
cancer. This review will describe the current knowledge about the molecular characteristics and
physiological functions of HDGF in cancer development and progression, and its possible clinical
utility in cancer regulation.

Cancers develop by the accumulation of
Correspondence fo: Hideji Nakamura, dysregulated gene expression from multistep genetic

E-mail: nakamura@hyo-med.ac.jp mutations of oncogenes and/or suppressor genes.
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These oncogenic proteins and tumor suppressor
proteins generally include growth factors, their
receptors, intracellular signal transduction molecules
and transcriptional regulatory factors. Over-expression
of several factors and/or down-expression of some
growth suppressors induced carcionogenesis and
cancer progression. In one view, cancer cells display
immature features and up-regulate gene expression
with aberrant expressions of genes that are inactive in
adult Genes that are reduced
significantly during organ development are frequently
from the adult
deyelopmentally regulated genes may be reactivated
in buman cancers. Some gene products expressed

normal tissue.

absent

tissues, and these

exclusively in tumors and in developing embryos are
called onco-fetal proteins, which are useful for clinical
cancer management as tumor markers. Furthermore, if
it is possible to regulate the expression and activity of
these proteins, new effective tools would be developed
for cancer regulation.

Hepatoma-derived growth factor (HDGF) is a
heparin-binding protein purified from the conditioned
medium of the human  well-differentiated
hepatoceliular carcinoma (HCC) cell line, HuH-7,
which can proliferate autonomously in a serum-free
chemically-defined medium (1,2). HDGF is highly
expressed in several cancer cells (2-5).HDGF was also
more highly expressed in various fetal organs than in
adult organs, while it is ubiquitously expressed in
various organs in humans and rodents (2-10). Thus,
HDGF is one of the developmentally regulated genes
which are abundantly expressed in cancer cells.
HDGF is a major member of HDGF family proteins
consisted of itself and five HDGF-related proteins
(HRP) (6,11). HDGF is a unique nuclear targeting
growth factor, which can traffic to the nucleus and
resides dominantly in nucleus (12,13). Recently, some
interesting experimental and clinical approaches for
HDGF have clarified the possible roles of HDGF on
tumor development and progression. In the following
review we will describe the roles of HDGF on
carcinogenesis and cancer progression and its

- potential clinical utility in cancer regulation.
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Characteristics of HDGF molecule

HDGF is an acidic 26kDa protein consisting of 230
aminoacids. HDGF stimulated the proliferation of
fibroblasts, endothelial cells, vasculé‘r smooth muscle
cells, pulmonary epithelial cells and hepatocytes, as
well as HCC, lung cancer- and colon cancer cells
(1-5,7-15). HDGF has high
glycoaminoglycans heparin and heparan sulphate
(1,2,11). HDGF has no hydrophobic signal sequence
in its N-terminus, although it was first identified and
purified from the conditioned medium of HuH-7 cells.

affinity to the

Conversely, amino acid sequence  analysis
demonstrated the presence of two nuclear localization
signals (NLS) in the molecule of HDGF. The first
functional nuclear localization signal (NLS1) resided
in the hath region (described below) of the N-terminal
region and the second NLS (NLS2) in gene-specific
regions of the C-terminal region of the HDGF
molecule (12). HDGF can traffic to the nucleus using
these NLSs, especially the NLS2 in its gene-specific
region. Immunohistochemical studies which used
anti-HDGF antibody revealed that HDGF was
dominantly localized in the nucleus, rather than the
cytoplasm. The ability for trafficking to the nucleus is
essential to display growth stimulating activity in
HDGF-over-expression cells. In particular, the
gene-specific region of HDGF, at least the bipartite
NLS sequence and both the N-and C-terminal
neighboring portions, is essential for the mitogenic
activity (12). HDGF’s mitogenic activity depends on
its nuclear targeting. HDGF is a unique factor that is
categorized in the nuclear targeting growth factors.

In contrast, exogenously supplied HDGF stimulated
the proliferation of fibroblasts, endothelial cells and
fetal hepatocytes. These facts suggest that
receptor-mediated signal transduction systems work to
exert HDGF activity to some degree in some
physiological conditions. A possible receptor-binding
site is estimated to be residing at amino acid residues
81-100 within the hath region, however, HDGF which
had deleted these 20 amino acid residues still had
(16). HDGF

stimulated the Erk phosphorylation in endothelial cells

proliferation  activity Exogenous
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(15). These findings suggest that HDGF exerts its
proliferating activity via two different pathways; 1)
via a plasma membrane-located HDGF receptor for
which signaling- depends on the hath region,
especially amino acid residues 81-100, resulting in
MAP kinase activation, and 2) via targeting to the
nucleus by NLS. Thus, another membrane receptor for
HDGF should be present in the plasma membrane for
HDGF, although a probable receptor has not yet been
identified.

HDGF has been mapped to a locus of chromosome
122 by computer analysis of human genome data.
The HDGF gene has been found to consist of 6 exons
and 5 introns in humans and mice from the analysis of
human and mouse genome sequence data (17).

HDGF Family
HDGF is the first member of the HDGF family
proteins. The N-terminal region of HDGF was highly
conserved among the other five HDGF-related
proteins (HRP) (6,11,18-20). This region is called
hath (homologous to the amino terminus of HDGF)
region. HDGF family members are characterized
based on whether they contain the hath region and
" NLS in their gene-specific regions and are targeting
the nucleus (17). HDGF seems to be divided into two
or three
isoelectric point (11). Of the HDGF family proteins,
HRP-3, HRP-4 and les epithelial cell derived growth
factor (LEDGF, HRP-5) have the mitogenic activity
for epithelial cells and fibroblasts as well as HDGF
(11,18,19). LEDGF is identical to p54/72, which is an
RNA-binding protein and transcriptional cofactor for

subgroups, by molecular weight and

regulating general transcriptional factors (20). Thus,
HDGF may be a unique and interesting bi-functional
factor in the exertion of its function via signaling
pathway from cell membrane binding and its direct
action on DNA after nuclear translocation.

Hath region, which is well-conserved in the HDGF
family proteins contains the PWWP domain (21,22).
The PWWP motif was first described in a candidate
gene WHSC1 in Wolf-Hirschhorn syndrome. Among
the HDGF family proteins, the PWWP domain in the
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hath region is well-conserved, but a clear divergence
in the PWWP domains can be detected among the
HDGF family and the other PWWP domain
containing proteins. .YMR analysis of PWWP domain
demonstrates that PWWP in HDGF shows a high
degree of similarity to the PWWP domain structures
from other PWWP-containing proteins, Dnmt3b and
mHRP, suggesting that HDGF may function as a
non-specific DNA-binding domain (23). Another
NMR spectroscopic study revealed that PWWP
domain of HDGF consisted. of a five-stranded beta
barmrel with a-PWWP-specific long- loop connecting
beta 2 and beta 3 followed by a helical region
including two alpha-helices, and also revealed that its
structure had a characteristic solvent-exposed
hydrophobic - cévity, suggesting that the PWWP
lomains of the HDGF family bind to some component
of chromatin via this cavity (24). Furthermore, surface
plasma resonance analysis shows that this hath
domain is primarily responsible for heparin binding
(25). As  described
receptor-binding site is considered to reside in the

above, the putative
hath region, however, the proper function of the hath
domain has not yet been clarified, and extensive
research on the function of the hath domain should be
performed in the future.

Developmentally regulated expression of HDGF
In the fetus, HDGF was abundantly expressed in the
liver, heart, kidney, lungs, and gut.

HDGF was highly expressed in fetal liver of the
mid-gestation stage, and was markedly decreased near
birth. HDGF expression was significantly decreased
with differentiation in fetal hepatocytes induced by
oncostatin M treatment in in vitro primary culture
differentiation system (9,26). Adenoviral introduction
of HDGF antisense cDNA into the fetal hepatocytes
suppressed their proliferation, and the inhibitory
effects of the HDGF antisense virus were recovered
by exogenous HDGF (9j. The oval cell is a progenitor
cell with bipotential activity for differentiating into
hepatocytes and bile duct cells (27). Furthermore.
HCC is considered to be developed from oval cells
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induced in regeneration process after liver injury.
HDGF was highly expressed in oval cells induced in
rat acethyl aminofluorene/partial hepatectomy model
(personal communication). HDGF expression was
strongly detected in an oval cell line, Oc 15-5, by
immunohistochemistry, which was established from
the liver of Long-Evans-Cinnamon rats (28). These
findings suggested that HDGF play important roles in
the proliferation of immature hepatocytes and hepatic
progenitor cells including oval cells, showing
of HDGF in

development, regeneration and carcinogenesis.

significant  involvement liver

In'the fetus, HDGF was also expressed abundantly in
the cardiovascular systems, including heart and aorta
(8,10). HDGF was expressed in endothelial cells from
fetal rat aorta, and disappeared in adult aorta. HDGF
is highly expressed in the fetal conotruncus and heart
by Northern analysis, and HDGF protein was first
detected in atrial myocytes, hindgut epithelia and the
notochord of the E10 rat, and then by EI12 its
expression had broadened to include the ventricular
myocytes, endocardial cells, and cells of the
ventricular outflow tract (8). HDGF is also one of the
important factors involved in vascular smooth muscle
cell growth during vascular development and repair in
response to vascular injuries (10).

HDGF was reported to be widely distributed in the
renal anlage at the early stages of renal development
and disappeared from the adult kidney except for a
small portion of the renal distal tubules (7). HDGF
mRNA was most abundant at sites of nephron
morhogenesis and ureteric bud cells in embryonic
kidneys. HDGF was the most likely candidate among
the endothelial growth factors secreted by
metanephrogenic mesenchymal cells for involvement
in nephrogenesis. These findings show that HDGF is a
potent angiogenic factor in the kidneys.

HDGF was induced by airway pressure during lung
development in the in vitro murine fetal lung model
with airway ligation (29). Immunohistochemical
studies revealed that HDGF was highly expressed in
the endothelial cells of n_on-muséu]arized, forming

blood vessels of the fetal lung (15). HDGF expression
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was enhanced dominantly in the bronchial and
alveolar epithelial cells including type 1l pneumocytes
by bleomycin-instillation in mice (4). Exogenously
supplied HDGF promoted the proliferation of rat
alveolar epithelial cells and bronchial epithelial
cell line. Interestingly, in vivo intra-tracheal
instillation of recombinant HDGF induced significant
proliferation ‘of bronchial and alveolar epithelial cells
without causing marked interstitial inflammation (Z).
HDGF may play a role in the growth and construction
of the bronchus and distal lung by stimulating the
proliferation of bronchial epithelial cells and type 11
alveolar cells.

HDGF was also highly expressed in the gut in the
fetal stage. Immunocytochemistry revealed HDGF in
hind gut epithelia as well as atrial myocytes in the E10
rat (8). Furthermore, HDGF was expressed in the
nucleus of the colonic epithelial cells, dominantly in
the bottom of the crypts by
immunohistochemical analysis (3). The so-called

intestinal

intestinal stem cells reside in the bottom of the crypts

and proliferate to supply the epithelial cells.
Recombinant HDGF stimulated the proliferation of
colonic epithelial cells, and polyclonal anti-HDGF

antibody suppressed their proliferation (3).

Roles of HDGF in cancers

HDGF is expressed more abundantly in various
cancers including that of the liver, lung, stomach,
esophagus, colon and pancreas than in non-malignant
HDGF
proliferation of HCC, lung cancer and colon cancer

tissues. significantly  stimulates  the

cells.

HDGF in carcinogenesis

The Fatty Liver Shionogi (FLS) mouse is an inbred
strain that devel>ops spontaneous fatty liver without
obesity. In these mice, liver tumors develop at 40
weeks after birth, with the number and size increasing
with age to about 45% in 52 weeks and 90% at 72
weeks after birth in male mice; these tumors have
been histologically diagnosed as hepatocellular

adenoma and carcinoma (30,31). In the liver of FLS
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HDGF
expression increased gradually from the age of 24
weeks at the basal expression through to 52 weeks
after birth, showing that HDGF expreésion had
already increased at an early stage before the tumors
developed microscopically in the liver (32). HDGF is

mice, Northern analysis revealed that

more dominantly expressed in hepatocytes with fat
droplets than the non-parenchymal cells. In the
non-tumorous liver with abundant fatty change, the
foci that expressed HDGF appeared at 24 weeks of
age, and the number of these foci increased with age.
These high HDGF-expressing foci were the activated
macrophage clusters with enhanced DNA synthesis
and droplets (32). Studies on the FLS mouse model
suggest that HDGF may be induced and secreted or
released from the hepatocytes and/or these foci,
enhancing the cell cycle progression of hepatocytes,
inducing their transformation, and promoting the
proliferation of HCC cells in an intracrine, autocrine
and/or paracrine manner. Funhefmore, HDGF is
highly expressed in oval cells, which are considered to
be a candidate progenitor cell developing to HCC
cells. By differential subtractive chain reaction from
strong anchorage-independent growth to its negative
HCC cells, HDGF was cloned as one of the genes
to anchorage-independency (33). These
findings strongly suggest that HDGF potentially

related

participates in hepatocarcinogenesis and in the early
stage of HCC.

HDGF expression is dramatically increased in
human colorectal in tumors
proficient in DNA mismatch repair, and HDGF
in fetal inhibits
maturation, suggesting a significant and important role
in epithelial differentiation (5). HDGF was more
cells than
cells (5).
Conversely, down regulation of HDGF by use of
HDGF-siRNA  has effect on

anchorage-dependent reduces

cancers, especially

expression intestine  explants

highly expressed in colon cancer

non-transformed  intestinal  epithelial
minimal

growth but
significantly anchorage-independent growth of
NSCLC cells in soft agar (34). HDGF may also play

a role in colon and lung cancer development.
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HDGF-over-expressing NIH3T3 cells generated
sarcomatous tumors n nude mice.
HDGF-over-expressing NIH3T3 cells did not show
significant anchorage-independent growth in soft agar
assay, however, HDGF-over-expressing NIH3T3 cells
developed more ‘small colonies in soft agar than parent
or neomycin-resistant cells (14). Thus, these findings
suggest that HDGF is an oncogenic protein.

HDGEF in cancer progression

HDGEF protein was abundantly expressed in various
human HCC cell lines. Indeed, HDGF expression was
higher than in the adjacent liver tissues in humans and
(32,35). The
hepatoma cell line HepG2 proliferated more rapidly
than parent or neomycine-resistant cells (12).
Recombinant HDGF stimulated the growth of HCC
cells, and antisense HDGF oligonucleotides
suppressed their growth (36). Recombinant HDGF
also stimulated the proliferation of colon cancer cell
while polyclonal anti-HDGF
their ~ proliferation (3).
supplied HDGF promoted

rodents. HDGF-over-expressing

lines, antibody

suppressed Exogenously
the proliferation of
bronchial squamous cell carcinoma cell line,
A549 cells, while by use of HDGF-specific small
RNA  (siRNA), knock-down
of HDGF in NSCLC

significantly showed more slow growth, less

interfering
expression cells
colony formation in soft agar and lesser in vitro
invasion activity across a Matrigel membrane
barrier (4,34). Furthermore, HDGF-over-expressing
HepG2 cells produced larger tumors, showing more
rapid growth, in nude mice than neomycin-resistant
HepG2 cells in vivo (personal communication). In an
in vivo mouse model, A549 showing reduced
expression of HDGF by HDGF-siRNA grew
éignificantly slower than the cells with
negative control siRNA (34). The higher
expression of HDGF showed more malignant
potentials for cancer prdgression.

HDGF protein increased in melanoma cell lines
compared with melanocytes as shown by Western
blotting, and was strongly expressed in early and late
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stage melanomas but low in melanocytes and
non-tumorigenic nevi in human by
immunohistochemistry (37). Proteomic differential
display analysis for the expression of the intracellular
proteins by two dimensional gel electrophoresis and
mass spectrometry showed that HDGF was down
regulated in regressive cancer cells as compared with
that in inflammatory cell-promoting progressive cells
of the murine fibrosarcoma cell line, suggesting
HDGF is a candidate factor for cancer progression
(38).

Thus, HDGF may be one potent factor intrinsically
related to cancer development and progression.

HDGF in angiogensesis

HDGF is intrinsically related to angiogenesis and
vasculogenesis. HDGF expression was induced in the
regenerating process of vascular vessels in wound
repair, and is highly expressed in the fetal stage of
cardiovascular system (10,39). Additionally, HDGF
was reported to be a candidate endothelial growth
factor for involvement in glomerulus formation (7).
These findings suggest that HDGF is a potent
angiogenic  factor. Tumors developed from
HDGF-over-expressing NIH3T3 cells inoculated in
nude mice were macroscopically red-colored and were
histologically  rich in (14).
HDGF-over-expressing HepG2 cells also produced
red tumors showing more rich
vasculature in tumors as compared to parental and
neomycin-resistant HepG2
communication). Immunohistochemical analysis by
anti-CD31 antibody showed prominent new vessel
formation induced by HDGF. Indeed, HDGF
stimulated the proliferation and tubule formation of

vasculature
in nude mice,

cells (personal

human umbilical vein endothelial cells (14). Moreover,

HDGF stimulated the proliferation and migration of
human pulmonary microvascular endothelial cells in
vitro (15). Using chick chorioallantoic membrane
(CAM) as a biological assay for angiogenesis,
recombinant HDGF stimulated blood vessel formation,
and stimulated cellular reorganization within the CAM
from a loose network into a more compact, linear
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reminiscent of tube formation (15).

alignment
Furthermore, in tumors

HDGF-over-expressing NIH3T3
angiogenic factor; vascular endothelial growth factor
(VEGF), was strongly detected

immunohistochemically (14). Westen blotting using

developed by

cells, a potent

anti-VEGF antibody showed a significant induction of
VEGF in HDGF-over-expressing NIH3T3 fibroblasts,
and reporter assay using VEGF promoter revealed that
HDGF significantly induced VEGF expression in
NIH3T3 fibroblasts (14). Conversely, in pulmonary
microvascular endothelial cells, VEGF 'was not
induced by HDGF and VEGF treatment suppressed
HDGF expression (15). It is suggested that HDGF
stimulates the proliferation of endothelial cells by
mechanisms distinct from VEGF. HDGF shows potent
angiogenic activity via its own direct stimulation of
the proliferation of endothelial cells and vascular
smooth muscle cells, and by VEGF secreted from the
surrounding fibroblasts induced by HDGF. The
growth speed of tumors produced by inoculation of
HDGF-over-expressing HepG2 cells in nude mice
seems to be more prominent than the proliferating
activity of HDGF-over-expressing HepG2 cells in cell
culture in vitro, compared to neomycin-resistant cells.
The more potent growth stimulating activity of HDGF
in vivo than in vitro must be brought on by both the
direct cell growth activity and the angiogenic activity
induced by its own and VEGF-inducing activity. Thus,
HDGF works as an angiogenic factor by its own
endothelial growth promoting activity and through the
induction of VEGF in the nucleus.

HDGF as a prognostic factor for patients with
cancers. .

By immunohistochemical estimation of HDGF
HDGF
expression and clinicopathological variables and its

expression, the relationship -between
prognostic value for determining cancer recurrence
and overall survival has been analyzed in patients with
various types of cancers. The correlation between
the expression of HDGF and disease-free and/or

overall survival was shown in patients with liver, lung,
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gastric, esophageal and pancreatic cancer. The
relationship between the differentiation degree of
cancer cells and HDGF expression level was only
demonstrated in HCC, however, that was not shown in

other types of cancers.

Hepatocellular carcinoma

In patients with chronic hepatitis, HDGF was more
highly expressed in HCC than in the adjacent liver as
shown by Northern blotting. Immunohistochemical
analysis by use of specific anti-C terminus of HDGF
antibody revealed that HDGF was more strongly and

frequently expressed in the nucleus and cytoplasm of

HCC cells than in the adjacent normal hepatocytes
.(32,35). Statistical analysis' of the relation between
HDGF expression and other clinicopathological
features in HCC showed that the HDGF expression
level by immunohistochemistry was significantly
correlated only to the differentiation of HCC. HDGF
expression was higher in well-differentiated
carcinomas than in poorly-differentiated carcinomas
in our study (35). In contrast, Hu et al. reported that
HDGF was higher in poorly-differentiated HCC than
in well-differentiated HCC (40). One possible
explanation for the discrepancy between the two
_groups may be due to the specificity of the anti-HDGF
antibody used for immunostaining. However, a more
satisfactory explanation will be shown by a larger
scale study. Conversely, in both our and their studies,
the patients with higher HDGF expression in HCC
showed an earlier recurrence and a poorer overall
survival rate than those with lower expression after
hepatectomy for HCC (35,40). Multivariate analysis
showed that HDGF expression was an independent
prognostic factor for disease-free and overall survival
in patients who underwent a hepatectomy for HCC.
These findings suggest that HDGF is a candidate for
use as a prognostic factor for disease-free and overall
survival of patients with HCC.

Gastric cancer
In gastric cancer, the patients with high'and strong

expression of HDGF by immunohistochemistry
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showed significantly higher rates of infiltrative tumor
growth, vascular and lymphatic invasion, compared to
those with lower expression (41). However, there is no
significant correlation between HDGF expression and
Furthermore, these
patients with higher expression- of HDGF showed

tumor differentiation stages.

significantly poorer disease-free and overall survival
than those with lower expression. Multivariate
analysis revealed HDGF expression level to be an
independent prognostic factor for disease-free and
overal] survival in patients with gastric cancer.

Esophageal cancer
HDGF is highly expressed in esophageal cancers.
Immunohistochemical  classification of HDGF

expression in esophageal cancer cells showed that
patients with higher expression of HDGF showed
poorer disease-free and overall survival compared to
thosc with lower expression (42). There is no
significant correlation between HDGF expression and
other clinicopathological factors including tumor
clinical stages and differentiation stages. HDGF
expression level was a clinically used as a prognostic
factor for esophageal cancers, especially for patients
in the early stage of the disease (pT1-2). Another
interesting piece of evidence is the possible
association of HDGF with the radiosensitivity of
esophageal cancer cells. HDGF was highly expressed
in radiosensitive esophageal cancer cells, yet was
(43).
Radiotherapy was more effective in patients with
esophageal cancer of high HDGF mRNA expression
than those with low expression. HDGF may play an

rarely expressed in radioresistant cells

important role in radiosensitivity, although the
mechanism remains to be clarified, and could be a
marker effectiveness  of

novel predicting the

radiotherapy in patients with cancer.

Pancreatic cancer

In pancreatic cancer cell lines, HDGF is abundantly
expressed at a similar degree to HCC cell lines by
Western blotting. By immunohistochemical analysis,
54% and 56% of patients who underwent curative



