
Introduction

Hepatoma-derived growth factor (HDGF) is a novel heparin-binding
protein that was originally purified from the conditioned media of
HuH-7 hepatoma cells [1, 2]. This growth factor is the first member
of the HDGF family of proteins that was discovered to contain a well-
conserved N-terminal amino acid sequence, which is called the

HATH (homologous to amino terminus of HDGF) region [2, 3].
HDGF was found to have mitogenic activity for fibroblasts, endothe-
lial cells, renal and lung epithelial cells, vascular smooth muscle
cells and foetal hepatocytes [1, 2, 4–7]. Although the mitogenic
effect of HDGF has been proven, the pathway by which it exerts this
proliferative activity is still unclear. Two different pathways have
been proposed. Despite lacking the secretory sequence present in
most secretory proteins [2], it has been shown that exogenous
HDGF could possibly act by binding to an as yet unknown cell sur-
face receptor, triggering signalling events downstream that result in
increased proliferation [6]. Others have shown that nuclear localiza-
tion is required for the mitogenic activity of HDGF [4, 8]. Because of
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Abstract

Hepatoma-derived growth factor (HDGF) is a novel mitogenic growth factor that has been implicated in many different carcinomas. Its
role in keloid biology has not yet been investigated. The present study is aimed at examining the role of HDGF in keloid pathogenesis.
Immunohistochemical staining and Western blot analyses were used to examine in vivo localization and expression of HDGF in keloid
and normal skin tissue. This was followed by the detection of HDGF expression in fibroblasts cultured in vitro and fibroblasts exposed
to serum. To investigate the effect of epithelial–mesenchymal interactions, a two-chamber system was employed in which keratinocytes
on membrane inserts were co-cultured with the fibroblasts. HDGF expression levels in all cell extracts and conditioned media were
assayed through Western blot analysis. In another set of experiments, the effect of exogenous recombinant HDGF on keloid fibroblasts
(KF) and normal fibroblasts (NF) was examined. Cell proliferation was assessed by the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) assay and by quantifying proliferating cell nuclear antigen (PCNA) expression. Downstream targets of HDGF were
identified by detecting their expression through Western blot analysis. Our results indicate that there was an increase in HDGF expres-
sion in the dermis of keloid compared with normal skin tissue. The application of serum and epithelial–mesenchymal interactions did
not seem to have any effect on intracellular HDGF expression levels. However, co-culturing keloid keratinocytes with KFs resulted in
increased HDGF secretion when compared with monoculture or normal controls. Furthermore, treatment with exogenous recombinant
HDGF was found to increase the proliferation of KFs, activate the extracellular signal-regulated kinase (ERK) pathway and up-regulate
the secretion of vascular endothelial growth factor (VEGF).
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its role as a mitogenic growth factor, HDGF has been implicated in
the development of different types of cancers, such as oesophageal
cancer [9, 10], pancreatic cancer [11], hepatocellular carcinoma
[12], melanoma [13], lung cancer [14] and gastric carcinoma [15,
16]. In addition, HDGF has also been speculated to play a role in
renal [17], liver [5], lung [18], brain [19], gut [20] and heart [21]
development. There is also some evidence linking the down-regula-
tion of HDGF to apoptosis [22–24]. In the area of wound repair,
HDGF has been found to be expressed after vascular injury [25] and
during retinal pigment epithelial wound repair [26].

A keloid represents a derailment in the normal process of
wound healing and is characterized by an overgrowth of dense
fibrous tissue coupled with excessive deposition of extracellular
matrix (ECM) components [27]. This causes a prominent elevation
of scar tissue above the skin, extending beyond the original wound
margins and may develop even after the most minor of skin
wounds, such as insect bites or acne [28]. Keloids are frequently
associated with itchiness, pain and, when involving the skin over-
lying a joint, restricted range of motion [29]. They are found to
uniquely affect humans and will often recur following attempted
resection, prompting some researchers to consider them as benign
tumours [30]. Although many different treatment modalities have
been proposed [31], none have proven to be optimal, and the exact
cause and the clinical behaviour of keloids remain an enigma.
Recent research has shown that many different cytokines and
growth factors are involved in the formation of keloids [32–38].
Because of HDGF’s status as a novel mitogenic growth factor that
has been implicated in the aberrant growth of tumours, we specu-
late that it could also play some role in the formation of keloids.

In this study, we investigated the expression and localization of
HDGF in vivo by performing immunohistochemical staining (IHC)
and Western blot analysis on keloid and normal skin tissue. We fur-
ther studied the expression of HDGF using in vitro models of nor-
mal fibroblasts (NF) and keloid fibroblasts (KF) subjected to serum
stimulation. To examine the effect of epithelial–mesenchymal inter-
actions on the expression of HDGF, we employed a two-chamber
serum-free system in which keratinocytes on membrane inserts
were co-cultured with fibroblasts. This system has previously been
successfully utilized by our group [32–35].

In another set of experiments, we examined the effect of
exogenous recombinant HDGF on KFs and NFs. Cells treated with
recombinant HDGF were assessed for increased proliferation by
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay and by quantifying proliferating cell nuclear anti-
gen (PCNA) expression. Western blotting was also performed to
identify some of the downstream signalling targets of HDGF.

Materials and methods

Immunohistochemistry

Paraffin sections were dewaxed and antigens were retrieved by immersing
the slides in 0.01 M citrate buffer, pH 6.0, heating in a microwave oven

(high for 2.5 min., low for 5 min.), cooling at 4�C for 20 min. and washing
in water for 5 min. Endogenous peroxidase was blocked in 3% H2O2 and
non-specific binding was blocked for 1 hr (CAS block; Zymed Laboratories,
South San Francisco, CA, USA). The sections were incubated with antibod-
ies specific for HDGF, diluted 1:1000 for 1 hr. After washing, the slides were
incubated in antimouse IgG-peroxidase (Zymed) or anti-rabbit IgG-peroxi-
dase (Zymed), diluted 1:500 for 2 hrs, for HDGF primary antibodies,
respectively. The slides were washed in Tris-buffered NaCl (TBS) or 0.05%
Tween-20, pH 7.5, and then with MilliQ, Millipore Corp, Billerica, MA, H2O.
The reaction product was developed with 3,3�-diaminobenzidine tetrahy-
drochloride substrate kit (Zymed), and the sections were counterstained
with haematoxylin. All wash steps were carried out in TBS/0.05% Tween-
20. The antibodies were diluted in 1% bovine serum albumin (BSA)/TBS.
Non-immune mouse/rabbit antibody of the appropriate immunoglobulin
isotype was used for negative controls.

Keloid keratinocyte and fibroblast database

Keratinocytes and fibroblasts were randomly selected from a specimen
bank of keratinocyte/fibroblast strains derived from excised keloid speci-
mens. All patients had received no previous treatment for the keloids
before surgical excision. A full history was taken and an examination was
performed, complete with coloured slide photographic documentation,
before taking informed consent prior to excision. Approval by the National
University of Singapore (NUS) Institutional Review Board (NUS-IRB) was
sought before excision of human tissue and collection of cells.

Keratinocyte culture from earlobe keloids and normal skin
Normal keratinocytes (NK) and keloid keratinocytes (KK) were derived
from excision specimens as previously described [32]. Only cells from the
second or third passage were used in all experiments.

Fibroblast culture from keloid scars and normal skin
Remnant dermis from keloid or normal skin was minced and incubated in
a solution of collagenase type I (0.5 mg/ml) and trypsin (0.2 mg/ml) for 
6 hrs at 37�C. The cells were pelleted and grown in tissue culture flasks.
The cell strains were maintained and stored in liquid nitrogen until use. NFs
and KFs from the second passage were used for all experiments.

In vitro serum stimulation of monocultured normal 
and keloid fibroblasts
Fibroblasts were seeded in six-well plates at a density of 1 � 104 cells/ml
in 10% foetal calf serum (FCS) for 24 hrs and subsequently starved in a
serum-free medium for another 48 hrs. After 48 hrs, the fibroblasts were
stimulated by exposure to either 10% FCS or Dulbecco’s modified Eagle’s
medium (DMEM) for 5 days before being harvested.

Keratinocyte–fibroblast co-culture
KKs and NKs obtained from randomly selected keloid and normal strains
were seeded at a density of 1 � 105 cells/cm2 on Transwell clear polyester
membrane inserts with 0.4-�m pore size and 4.5 cm2 (Corning
Incorporated Life Sciences, Acton, MA, USA). The cells were maintained
for 4 days in EpiLife medium (Cascade Biologics, OR, USA) until 100%
confluent. The medium was then changed to EpiLife supplemented with
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increased calcium concentration and the cells were exposed to the
air–liquid interface for another 3 days, allowing the keratinocytes to strat-
ify and reach terminal differentiation. Fibroblast cell strains were seeded in
six-well plates at a density of 1 � 105 cells/well in DMEM/10% FCS for 48
hrs to 80% confluency. Keratinocytes on membrane inserts and plated
fibroblasts were washed twice with PBS before the inserts were placed into
the six-well plates containing fibroblast cultures to initiate KK/KF or NK/NF  
co-cultures in fresh serum-free DMEM. Whole-cell extracts and conditioned
media were harvested and analysed separately.

Treatment of normal and keloid fibroblasts with exogenous
recombinant HDGF
KF and NF cultures were established as above. The cells were subsequently
treated with 250 ng/ml of recombinant HDGF. Cells without treatment were
used as controls. Whole-cell extracts and conditioned media were harvested
and subjected to Western blot analysis for the different molecular targets.

Western blot

Frozen tissue specimens or cultured fibroblasts under different experimen-
tal conditions were lysed in cell lysis buffer containing 20 mM Tris-HCl (pH
7.5), 1% Triton X-100, 100 mM NaCl, 0.5% Nonidet P-40 and 1 mg/ml pro-
tease inhibitor cocktail (Boehringer Mannheim, Mannheim, Germany).
Proteins were then subjected to Western blot analysis. In total, 50 �g of
whole-cell extract was separated by 14% or 8% SDS-PAGE under reducing
conditions and electroblotted onto a nitrocellulose membrane. The blots
were incubated with test antibodies, including mouse and rabbit anti-HDGF,
mouse anti-PCNA (Santa Cruz, Biotechnology, Inc., CA, USA), mouse anti-
vascular endothelial growth factor (VEGF), rabbit anti-p44/p42 mitogen-
activated protein kinase (MAPK) and mouse anti-phospho p44/p42 MAPK
(Cell Signaling Technology, Inc., MA, USA). The blots were visualized with a
chemiluminescence-based photoblot system (Amersham Biosciences,
Buckinghamshire, UK). For the analysis involving conditioned media, 4 ml
of the conditioned media was concentrated using a Centricon centrifuge
(Millipore Corp., MA, USA) and then subjected to Western blotting.

Cell proliferation assay

The MTT assay is a colorimetric assay that tests the metabolic activity of viable
cells and is used for indirect cell quantification [39]. It was used to assess
fibroblast proliferative response to exogenous HDGF at varying concentrations.

Computerized gel densitometry

A Bio-Rad gel scanner and densitometer program (Gel-Pro Analyzer version
4.5; MediaCybernetics, Bethesda, MD, USA) was utilized to assess the con-
centrations of the bands obtained by Western blots. These were measured
as total density units.

Statistical analysis

The paired Student’s t-test or the Welch’s t-test was used for all analyses
where appropriate. A value of P � 0.05 was considered to be statistically

significant. The error bars denote the standard error of the mean
(S.E.M.). All statistical analyses were done using Microsoft Excel 2003
(Redmond, WA, USA).

Results

HDGF expression is increased in keloid scar 
dermis compared with normal skin dermis

Immunohistochemical labelling showed that HDGF was present in
both the epidermis (Fig. 1A) and the dermis (Fig. 1B) of normal
and keloid tissue. Epidermal staining intensity was irregular and
sample-dependent, with some keloid samples exhibiting stronger
staining, while others exhibiting equal or weaker staining when
compared with their normal counterparts. However, HDGF expres-
sion in the dermis was found to be higher in all keloid samples.
This can be more clearly seen at a lower magnification (Fig. 1C).
In the keloid tissues, almost the whole dermis was stained brown
compared with a significantly smaller area in normal skin. Western
blot results from the keloid and normal whole-tissue extracts
reconfirmed these observations. The keloid tissue samples had a
significantly higher expression of HDGF compared with the normal
tissue samples (P � 0.05; Fig. 1D).

Serum stimulation and epithelial–mesenchymal
interactions had no effect on intracellular HDGF
expression in both normal and keloid fibroblast
cells

The Western blot analysis indicated that treatment with serum had
no significant effect on intracellular HDGF expression in both NFs
and KFs (Fig. 2A and B). In addition, NFs co-cultured with NKs and
KFs co-cultured with KKs did not show any significant difference
in HDGF expression levels compared with the monocultured con-
trols or when compared with each other (Fig. 2A and B).

Epithelial–mesenchymal interactions in keloid
co-culture increased secretion of HDGF into 
the conditioned media

Conditioned media obtained when KFs were co-cultured with KKs
showed a significant increase in HDGF compared with conditioned
media obtained from monocultured KFs from day 1 to 5 (P � 0.05
for asterisks; Fig. 3A). In contrast, HDGF was undetected from day
1 to 3, and a weak increase was only detected when NFs were co-
cultured with NKs on day 5 (P � 0.05; Fig. 3B). Monocultured KFs
showed a higher secretion compared with monocultured NFs and
keloid co-cultures showed a higher secretion compared with nor-
mal skin cell co-cultures. Monocultured keratinocytes show a
moderately high secretion of HDGF but no significant difference
was seen between NKs and KKs harvested at day 5 (Fig. 3C).
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Fig. 1 Expression and localization of HDGF in
keloid and normal tissue. Paraffin sections of
normal and keloid tissue were prepared and
stained with antibodies against HDGF. Pictures
were taken with magnification at 40� (A, B)
and 10� (C). The dermis and the epidermis
are represented by (D) and (E), respectively. In
each panel, the inset shows the same tissue
labelled with a non-immune mouse antibody
of the appropriate immunoglobulin isotype as
a negative control. HDGF was detected in both
the epidermis (A) and the dermis (B) of normal
and keloid tissue. Increased expression was
observed in the dermis of keloid tissue com-
pared with the dermis of normal tissue (B, C).
(D) In total, 50 �g of tissue extracts from nine
keloid tissue specimens and four normal skin
specimens was subjected to Western blot
analysis with antibodies against HDGF. The
whole-tissue extracts include both the epider-
mis and the dermis. The blots were probed
with anti-�-actin antibody to confirm equal
loading. The bar graph represents the mean 	
S.E.M. of HDGF levels in the normal and keloid
samples, as quantified by gel densitometry. 
*indicates statistical significance as assessed
by Welch’s t-test.
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Increased proliferation of keloid fibroblasts when
stimulated with exogenous recombinant HDGF

There was no significant difference in NF proliferation when treated
for 72 hrs with various doses of HDGF (Fig. 4A). However, there
was a significant dose-dependent increase of up to ~13% in the
proliferation of KFs (P � 0.05 for asterisks; Fig. 4B). In addition,
Western blot analysis after 48 hrs showed a significant increase of
proliferating cell nuclear antigen (PCNA) expression in treated KFs
compared with untreated keloid controls, but this effect was not
seen in treated NFs compared with untreated normal controls (P �

0.05; Fig. 5A). In total, 250 ng/ml of recombinant HDGF was used
for treatment of both KFs and NFs.

Treatment of fibroblasts with HDGF activated 
the ERK pathway and increased secretion of VEGF

KFs treated with HDGF after 48 hrs showed a significant increase
in the expression of intracellular phospho-extracellular signal-
 regulated kinase (ERK) 1/2 compared with untreated keloid con-
trols, but this increase was not seen in treated NFs compared with
untreated normal controls (P � 0.05; Fig. 5B). Secretion of VEGF
into the conditioned media from both KFs and NFs was also

increased upon treatment with HDGF for 48 hrs (P � 0.05; 
Fig. 5C). At earlier time points, no significant increase in phospho-
ERK was detected (Fig. 5D). In total, 250 ng/ml of recombinant
HDGF was used for treatment of both KFs and NFs.

Discussion

HDGF has not been as well studied as other growth factors and
cytokines but there is a growing wealth of information that links it
to cancer [9–16]. Furthermore, HDGF gene expression has been
found to be up-regulated in human dermal fibroblasts subjected to
mechanical stimulation from stressed collagen lattices [40].
Abnormal scarring has been correlated to regions of the body with
higher mechanical force than others [41, 42], thus making HDGF
an interesting growth factor to study.

Immunohistochemical results from this study indicate that
HDGF is quite highly expressed in the epidermis of both keloid and
normal skin tissue. However, in the dermal layer, there is a higher
expression of HDGF in keloid tissue compared with normal skin.
This result led us to focus our efforts on the fibroblasts, which are
the major cell type in the dermis [43]. Preliminary in vitro results
demonstrated a significant expression of both intracellular and

Fig. 2 Effect of serum and epithe-
lial–mesenchymal interactions on intracellular
HDGF expression. Six different strains of
keloid/normal fibroblasts were cultured with
DMEM, 10% FCS or co-cultured with
keloid/normal keratinocytes for 5 days. In total,
50 �g of total protein extracts was subjected to
Western blot analysis with HDGF antibodies.
Two representative strains are shown in (A).
The bar graphs in (B) represent the normalized
mean 	 S.E.M. of HDGF levels in the different
conditions. All blots were probed and normal-
ized with �-actin.
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extracellular HDGF in monocultured epidermal keratinocytes. We
were unable to detect any significant difference in HDGF expres-
sion between KK and NK samples grown in vitro. However, the
very presence of HDGF in these cells suggested that this growth
factor played some as yet unknown role in epidermal biology that
is worth investigating.

The process of cutaneous wound healing can be arbitrarily
divided into three phases-inflammation, scar tissue formation and
scar remodelling [44]. The serum stimulation model is an in vitro
model that can be used to determine the involvement of growth
factors or cytokines in the early stages of the wound healing

phase. Fibroblasts interpret the presence of serum as a physiolog-
ical wounding signal and would respond to it as if it had occurred
in vivo [45]. Our data show no difference in HDGF expression lev-
els between serum-stimulated and non-serum-stimulated fibrob-
lasts, suggesting the lack of involvement of HDGF in the early
phases of wound healing.

Recent studies from our group and others have shown the
importance of paracrine signalling via epithelial–mesenchymal
interactions in keloid pathogenesis [32–36]. The co-culture
experiments were used to assess the effect of this paracrine sig-
nalling on HDGF expression. We found no significant difference in

Fig. 3 Expression of HDGF in conditioned
media of monocultured and co-cultured cells.
(A) Conditioned media of keloid fibroblasts
monoculture (KF) and keloid fibroblasts co-
cultured with keloid keratinocytes (KK/KF)
were collected at days 1, 3 and 5. (B)
Conditioned media of normal fibroblast mono-
culture (NF) and normal fibroblast co-cultured
with normal keratinocytes (NK/NF) were col-
lected at days 1, 3 and 5. Experiments were
performed in duplicates. (C) Conditioned
media of seven samples of singly cultured
keloid keratinocytes (KK) and normal ker-
atinocytes (NK) were collected at day 5. Four
millilitres of the conditioned media from (A),
(B) and (C) was then concentrated and sub-
jected to Western blot analysis with anti-HDGF
antibody. Representative figures are shown.
The bar graphs represent the mean 	 S.E.M.
of HDGF levels. * indicates statistical signifi-
cance as determined by the paired t-test.
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intracellular HDGF expression in whole-cell extracts of co-cultured
fibroblasts compared with the singly cultured fibroblasts.
However, conditioned media collected from the keloid co-culture
configuration had significantly higher levels of HDGF compared
with those collected from the singly cultured KFs. Furthermore,
secretion of HDGF from the keloid co-culture configuration was
also higher than from normal skin cell co-culture configuration.

When singly cultured, the keratinocytes secreted fairly high
amounts of HDGF but there was no significant difference between
KKs and NKs. This suggests that the secretion of HDGF is some-
how modulated by epithelial–mesenchymal interactions.

HDGF has been reported to act as a potent exogenous mitogen
for a wide variety of cells, including 3T3 fibroblasts [1, 6] and mice
dermal fibroblasts [46]. The susceptibility of KFs to other mito-
genic stimuli has also been previously established [32, 33, 39].
Therefore, it was not surprising that both our MTT and PCNA
results showed KFs having a better proliferative response to HDGF
stimuli compared with their normal skin counterparts.

Downstream molecular targets of HDGF that were found to be
up-regulated after 48 hrs include ERK and VEGF, while those found
to be unaffected include alpha-smooth muscle actin (
-SMA),
fibronectin and connective tissue growth factor (CTGF; data not
shown). We were however unable to detect any increase in ERK
phosphorylation at the earlier time points of 1 hr, 6 hrs and 24 hrs.
HDGF has previously been found to induce the phosphorylation of
ERK in human pulmonary endothelial cells [47] and gastric epithe-
lial cells [48]. However, in 3T3 fibroblasts, it has been reported
that extracellular HDGF does not enter the cell but instead binds to
the cell membrane. Furthermore, it stimulates proliferation but
does not activate the ERK signalling pathway [6]. Our findings that
there is no increase in intracellular HDGF and that extracellular
HDGF has mitogenic activity without activating ERK at early time
points suggest that this may also be the case in KFs. However,
while the ERK pathway may not be directly activated by HDGF, it
does seem to be somehow involved downstream of HDGF stimu-
lation. In addition to the ERK pathway, we also tested the Akt path-
way but were unable to detect any phosphorylation of Akt (data
not shown). Thus, the pathway by which HDGF exerts its prolifer-
ative activity remains as elusive as ever.

The induction of VEGF by HDGF has also been shown previ-
ously in the process of tumourigenesis [49]. In the study con-
ducted by Okuda et al., NIH3T3 fibroblasts overexpressing HDGF
were found to induce sarcomatous tumours after injection into
nude mice, and the tumour formation was induced mainly by
angiogenesis due to induction of VEGF. We report a similar
induction of VEGF by HDGF in both keloid and normal primary
skin fibroblasts, suggesting that HDGF could play some role in
the normal angiogenic process during wound healing. However,
in our in vitro co-culture models, we observed very little secre-
tion of HDGF in the normal co-culture experiments. Therefore,
while HDGF might induce production of VEGF in both NFs and
KFs, the absence of HDGF in the normal condition limits the pro-
duction of VEGF through this mechanism. This result tallies with
previous findings from our group. In the study conducted by
Ong et al., keloid tissue was shown to have a higher expression
of VEGF compared with normal tissue, and there was also a 
significant increase in VEGF from keloid co-culture compared
with normal co-culture conditions [35]. These results suggest
that the production of VEGF could be tied to the presence or
absence of HDGF.

Figure 6 summarizes the main findings of our study. First, we
have shown that in the keloid condition, HDGF acts mainly as a

Fig. 4 Increased proliferation of keloid fibroblasts treated with recombi-
nant HDGF. Cultures of keloid or normal fibroblasts were grown until 50%
confluence and then serum starved for 48 hrs. The fibroblasts were then
treated with HDGF (10, 50, 100 and 300 ng/ml) for 72 hrs and then sub-
jected to the MTT proliferation assay. Untreated samples were used as
control. The bar graph in (A) represents the mean proliferative response
of treated normal fibroblasts as a percentage of the control. The bar graph
in (B) represents the mean proliferative response of treated keloid fibrob-
lasts as a percentage of the control. * indicates statistical significance
compared with DMEM control as assessed by Student’s t-test.
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Fig. 5 Effect of HDGF on the expression of
downstream targets. Normal fibroblasts and
keloid fibroblasts were treated with either
DMEM or 250 ng/ml of recombinant HDGF,
harvested after 48 hrs and lysed for Western
blot analysis, as described under experimental
procedures. Blots were incubated with anti-
PCNA (A), anti-phospho-ERK 1/2 and total
ERK 1/2 (B) antibodies. The blots were also
incubated with anti-�-actin antibody to con-
firm equal loading. Four millilitres of condi-
tioned media from the same set of experi-
ments was concentrated and subjected to
Western blot analysis. Blots were then incu-
bated with anti-VEGF (C) antibodies. In
another set of experiments, normal fibroblasts
and keloid fibroblasts were treated with either
DMEM or HDGF and harvested after 1 hr, 6 hrs
and 24 hrs for Western blot analysis. Blots
were incubated with anti-phospho-ERK 1/2
and total ERK 1/2 (D) antibodies. All experi-
ments were performed in duplicates.
Representative figures are shown. The bar
graphs represent the mean 	 S.E.M. of HDGF
levels. Phospho-ERK 1/2 was normalized
against total ERK1/2 expression. * indicates
statistical significance as determined by the
paired t-test.
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