
Abstract. Background/Aim: Fibrosis is an essential process
for wound healing, but excessive fibrosis, such as keloids
and hypertrophic scars, can cause cosmetic and functional
problems. These lesions are caused by abnormal deposition
and shrinkage of collagen fibers. The light chain of FIX, a
plasma protein essential for hemostasis, has the amino acid
sequence CXDXXXXYXCXC in the EGF domain. Peptides
containing this sequence inhibited stromal growth in a mouse
transplant tumor model. In this study, the effect of the FIX
light chain on wound healing was studied. Materials and
Methods: A full-layer wound was made on the back of each
mouse, and cDNA encoding the light chain of mouse FIX
(F9-LC) in an expression vector was injected locally once
each week using a non-viral vector. Histochemical analysis
of the wound was then performed to assess the effects on
wound healing. Moreover, the effect of F9-LC on fibroblasts
was studied in vitro. Results: Macroscopic observation
showed that wounds with forced expression of F9-LC
appeared flatter and had fewer wrinkles than control
wounds. Tissue collagen staining and immunostaining
revealed that administration of F9-LC suppressed collagen
1 and 3 deposition and decreased α–smooth muscle actin
expression. Electron microscopy revealed sparse and

disorganized collagen fibers in the F9-LC–treated mice. In
experiments using fibroblasts, addition of a recombinant
protein of the FIX light chain disrupted the typical spindle
shape and alignment of fibroblasts. Conclusion: F9-LC is a
new candidate for use in treatments to regulate excessive
fibrosis and contraction in wound healing.

Pathological fibrosis is generally a hallmark of advanced
stages of disease in many organs, including the liver, kidney,
lung, and heart (1). Fibrosis is related to wound healing
because of similarities in the underlying processes, the
presence of myofibroblasts, and extensive collagen
deposition. Fibrosis that produces scarring in the wound
healing process can result in the formation of hypertrophic
scars and keloids, which can cause significant problems in
plastic surgery (2, 3). These pathological changes can occur
as a result of a variety of wound types, such as those
associated with surgery, piercing, and acne. Hypertrophic
scars and keloids sometimes cause pain and itching and can
cause abnormal joint mobility depending on the severity and
site. Cosmetic problems arising from these scars can cause
psychological trauma. Despite considerable effort to
elucidate the underlying mechanism and develop
therapeutics, hypertrophic scarring and keloids remain
clinically problematic.

Typical wound healing processes have been well studied (4,
5). When blood vessels are damaged at the time of injury,
platelets and coagulation factors initiate hemostasis (hemostasis
phase) (6-8). Inflammatory cells then migrate into the wound
area for 3 to 4 days from the time of injury (inflammation
phase) (6-8). The subsequent proliferation phase lasts for 3 to
4 weeks (6-8). The proliferation of fibroblasts, epithelial cells,
and endothelial cells leads to the formation of granular tissue
(6-8). Myofibroblasts contribute to collagen deposition in the
proliferation phase (6-8). Finally, regression of scarring can
continue for several years (remodeling phase) (6-8). In
hypertrophic scarring and keloid formation, massive fibrosis
develops along with excessive deposition of extracellular
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matrix proteins and mucopolysaccharides (9, 10). The
pathogenesis of hypertrophic scarring and keloid formation
involves dysregulation of the wound healing process.

Immoderate growth of mesenchymal tissue occurs in
cancer as well as abnormal wound healing (11, 12). Cancer
tissues generally consist of epithelial cancer cells
(parenchyma) and mesenchymal tissue (stroma), both of
which grow coordinately and indefinitely. As such, cancer is
known as a “wound that never heals”. The stroma is essential
for parenchymal growth in cancer, as it supplies blood
vessels and nutritional support to cancer cells (13). Kitano
et al. reported that forced expression of a recombinant
protein with the third epithelial growth factor (EGF)-like
domain (E3) of developmental endothelial locus-1 (Del1), an
extracellular matrix protein secreted by endothelial cells,
suppressed the growth of explanted squamous cell carcinoma
tumors in a mouse model (14-18). The EGF-like domain
includes the amino acid sequence CXDXXXXYXCXC,
which reportedly induces apoptosis (19). Treatment with
EGF-like domain was shown to induce apoptosis in the
parenchyma and stroma, resulting in poor stromal
development in explanted tumors (14, 15). The similarities
between cancer growth and wound healing led us to
hypothesize that treatment with EGF domains with a
CXDXXXXYXCXC sequence would suppress the growth of
mesenchymal tissue in wound healing.

The present study investigated the effect of coagulation
factor IX (FIX) light chain (F9-LC) on wound healing using
a mouse wound healing model. Vitamin K–dependent
coagulation factors, VII, IX, and X, are highly homologous
with a similar constitution (20). They are constructed from
a few EGF motifs and a proteinase domain. The light chains
of these factors contain an EGF motif with a
CXDXXXXYXCXC sequence (21). Proteins with the EGF
motif are thought to suppress the growth of mesenchymal
tissues in wounds. In this study, a cDNA encoding F9-LC
was locally injected into induced wounds via a non-viral
vector; the heavy chain was not employed to avoid the
effect of peptidase activity on hemostasis. Forced expression
of F9-LC suppressed the deposition of collagen and
deformation with wrinkles in the wound. These results
indicate that FIX affects fibrosis in wound healing and
provide novel insights into potential therapeutics for treating
hypertrophic scars and keloids.

Materials and Methods
Reagents. Recombinant fusion proteins were prepared as described
previously. Briefly, a cDNA encoding the F9-LC (amino acids 47-
191 of mouse FIX) was generated using RT-PCR and then cloned
into the AP-tag4 vector (GenHunter, Nashville, TN, USA) for
production of AP-tagged FIX as a secreted protein. The AP-tag4
vector was used for control experiments. Plasmids for production
of the AP-tagged light chain of FIX (pF9-LC) and AP-tag (control

protein) as a secreted protein were transferred into CHO cells to
obtain conditioned medium. AP activity was measured by adding 20
μl of conditioned medium. The plate was then heated at 65˚C for
30 min to inactivate endogenous AP, and the enzyme reaction was
initiated by adding 200 μl of substrate [1 mg/ml p-nitrophenyl
phosphate (Sigma, St. Louis, MO, USA) in 1 mM MgCl2 and 1 M
diethanolamine (pH 9.8)] to each well. The absorbance at 405 nm
was measured after 30 min.

Mouse Del1 cDNA was obtained as a gift from Dr. Quertermous
(Stanford University, Stanford, CA, USA). To generate the
plasmids used in the study, a fragment encoding the E3 and C1
sequence (E3C1, amino acids 122-316 of mouse Del1) was
amplified using PCR and cloned into the pcDNA3.1D vector
(Invitrogen, Carlsbad, CA, USA). An empty pcDNA3.1D vector
was used for control experiments.

Animal studies. All animal experiments described in this study were
carried out in accordance with both institutional and National
Institutes of Health animal care regulations and approved by the
institutional ethics committee (AP15M017, AP10M043).

For the wound healing model, ICR mice (5 weeks old, male)
were employed. A 1×2 cm full-thickness excisional wound was
made on the dorsal skin of each mouse, and the wound was then
subcutaneously injected with pF9-LC or pAP, a mock vector. For
treatment, 10 μg of DNA was injected into the tumor in 100-μl
increments once each week using an In vivo Jet-PEI (PolyPlus-
transfection; San Marcos, CA, USA). Mice were observed and
photographed, and the wounds were measured with a ruler on days
4, 21, 28, and 43. Before taking photographs, the pelage was
removed using hair removal cream. The area of the denuded
wound was calculated using the following formula:
width×length×π/4. For histological examination, mice were
sacrificed under deep anesthesia with isoflurane after 43 days of
treatment, and the tumors were then harvested, and 5-μm frozen
sections were prepared.

Explanted tumor models were generated as described
previously (14-18). Briefly, Nu/Nu athymic nude mice were
injected subcutaneously in the right flank with squamous cell
carcinoma KN (SCCKN) cells. When the tumor volume exceeded
60 mm3, treatment was initiated with pE3C1 or pcDNA3, a mock
vector. For treatment, 10 μg of DNA was injected into the tumor
in 100-μl increments once each week using an in vivo Jet-PEI
(PolyPlus-transfection). For histological analyses, mice were
sacrificed under deep anesthesia with isoflurane after 4 weeks of
treatment, the tumors were harvested, and 5-μm frozen sections
were prepared.

Collagen staining. Collagen staining of frozen section was
performed using a collagen stain kit (Collagen Research Center,
Tokyo, Japan) according to the manufacturer’s protocol. In this
method, collagens are stained red, and non-collagen proteins are
stained green. Because the pigments can be extracted from stained
specimens on glass plates using the extraction solution included in
the kit, the relative amounts of collagen and non-collagen proteins
can be calculated by measurement of the optical density at 530 nm
(OD530) and OD605.

Transmission electron microscopy (TEM). Tissues were initially
fixed in 4% paraformaldehyde and then in 2.5% glutaraldehyde in
cacodylate buffer (pH 7.4), treated with 1% cacodylate-buffered (0.1
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M) OsO4, embedded in 1% Epon812, and sectioned. Finally, ultra-
thin sections were stained with saturated uranyl acetate and lead
citrate and examined by TEM. PopImaging software
(DigitalBeingKid, Kanagawa, Japan) was used to measure the
diameter of collagen fibers.

Immunohistochemistry. Rabbit monoclonal anti-collagen 1, collagen
3, α–smooth muscle actin (αSMA), and matrix metalloproteinase-
9 (MMP9) (Abcam, Cambridge, MA, USA) were used in this study.
Alexa Fluor 488–labeled goat anti-rabbit antibody (Invitrogen) was
used as the secondary antibody. Frozen sections were fixed with 4%
paraformaldehyde and blocked with 3% albumin in PBS. The
sections were then incubated with primary antibody and then with
the appropriate secondary antibody. Nuclei were counterstained with
Hoechst 33342 (Dojindo, Kumamoto, Japan). Photographs were
acquired using a BZ-X700 microscope (Keyence, Osaka, Japan).
Fluorescence intensity was measured using Photoshop v 7.0 (Adobe

Systems Inc., San Jose, CA, USA). The intensity of control samples
was set as 1. Results per view are expressed as mean±standard
deviation (SD).

Cell culture. Human skin fibroblasts were purchased from Takara
(Kusatsu, Japan) and cultured in fibroblast growth medium
(PromoCell, Heidelberg, Germany) lacking serum but containing
insulin (5 μg/ml) and basic fibroblast growth factor (1 ng/ml). For
morphological examination of fibroblasts, cells were plated on
collagen-coated glass-bottom dishes (Matsunami, Osaka, Japan),
and recombinant F9-LC protein (1 pM) or control protein (1 pM)
was added every day for 8 days. Cells were fixed in 4%
paraformaldehyde and permeabilized with 0.1% Triton X-100 for 5
min. Hoechst 33342 (Dojindo) or Sytox (Invitrogen) were used to
stain nuclei, and Alexa Fluor 568–labeled phalloidin (Invitrogen)
was used to stain actin fibers. Photographs were acquired using a
BZ-X700 microscope. For culture on collagen gel, 400 μl of a
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Figure 1. Macroscopic observation of wounds treated with pAP or pF9-LC. A) Change in denuded area of wounds over time. Solid line, control;
dotted line, F9-LC. B) Representative epithelialized wounds. C) Number of wrinkles per wound; n=6. Values are shown as the mean±SD. **p<0.01.
D) Histogram of wrinkle length. Open bars, control; closed bars, F9-LC.
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Figure 2. Collagen in wounds treated with pAP or pF9-LC. A) Collagen staining of wounds. Collagen proteins stained red, and non-collagen proteins
stained blue. Scale bar indicates 100 μm. B) Ratio of collagen to non-collagen proteins. Values are indicated as mean±SD. *p<0.01; n=6. C and
E) Transmission electron microscopy analysis of collagen fibers in wounds. Scale bars indicate 50 nm. D) Histogram of collagen fiber diameter.
Open bars, control; closed bars, F9-LC.



collagen solution, Atelocollagen 2 mg/ml (Koken, Tokyo, Japan),
was polymerized in a 24-well dish, and cells were plated on the gel
and grown to confluence. Recombinant F9-LC protein (1 pM) or
control protein (1 pM) was added every day for 8 days. Cells were
then fixed in 4% paraformaldehyde and observed under an SZX-12
objective microscope (Olympus, Tokyo, Japan).

Statistical analysis. Results are expressed as the mean±SD. Data
were analyzed in SPSS ver. 27.0.1 (IBM, Armonk, NY, USA) using
the Wilcoxon test, as appropriate, and statistical significance was
defined as p<0.05.

Results

The formation of wrinkles was suppressed by F9-LC
treatment. Because gene therapy of tumor-explanted model
mice using a Del1 fragment suppressed the growth of cancer
parenchyma and stroma, it was expected that forced
expression of F9-LC would suppress wound healing.
However, macroscopic observation did not indicate any
difference between control mice and F9-LC–treated mice
during the first few weeks (Figure 1A). However, at 6 weeks,
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Figure 3. Immunohistochemistry staining of wounds for collagen type 1 (A) and type 3 (C). Nuclei were stained with Hoechst 33342. Scales bars
indicate 100 μm. B, D) Ratio of control to F9-LC. Values are indicated as the mean±SD. **p<0.01; n=8.



some differences in wound appearance developed between
control mice and F9-LC–treated mice (Figure 1B). In control
mice, the number of wrinkles was greater than that in F9-
LC–treated mice (8.50±1.32 vs. 5.57±1.27, control vs. F9-
LC) (p<0.01) (Figure 1C). The frequency of long wrinkles
was significantly decreased by F9-LC treatment (p<0.05)
(Figure 1D). The ratio of wrinkles longer than 2 mm was
80% versus 56% (control vs. F9-LC) (p<0.05). 

The morphological characteristics of collagen fibers
changed by F9-LC treatment. Because the deposition of
collagen proteins causes wound contraction, collagen
proteins in wounds were stained (Figure 2A). Collagen
proteins were stained red, and non-collagen proteins stained
blue. Tissues from control mice stained only red; however,
those from F9-LC–treated mice stained blue for the most
part. The relative ratio of red to blue was 1.00±0.20 versus
0.21±0.09 (control vs. F9-LC) (p<0.01) (Figure 2B). Next,
collagen fibers in wounds were observed under TEM (Figure

2C). Compared with control tissues, the density of collagen
fibers in F9-LC–treated tissues was sparse, and the running
direction of the fibers was not aligned. Abnormally thick
fibers were found in F9-LC–treated tissue, and there was
large variation in the diameter of the collagen fibers (Figure
2D). The sparsity of collagen fibers was particularly
pronounced around blood vessels (Figure 2E). In addition to
the morphological changes in collagen fibers, differences
were also observed in blood vessels between control tissues
and F9-LC–treated tissues. In F9-LC–treated mice, adhesion
between endothelial cells and pericytes was not tight on the
basal side, which could explain the edematous spaces in F9-
LC–treated tissue. On the luminal side, endothelial cells
exhibited protrusions such as microvesicles.

Collagen deposition decreased by F9-LC treatment. Type 1
and type 3 collagen are deposited in wounds. Type 1 collagen
is a major protein in healthy skin and healing wounds. The
deposition of type 3 collagen increases in the proliferation
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Figure 4. Explanted tumor treated with Del1 E3C1 fragment. Hematoxylin/eosin (HE) staining or collagen staining of explanted tumor treated with
Del1 E3C1 fragment or control protein. Scale bar indicates 100 μm.



phase and decreases in the remodeling phase. To evaluate the
type of collagen present in healing wounds in this study,
immunohistochemistry was performed. In control hypodermal
tissue, type 1 collagen was diffusely stained, and forced
expression of F9-LC suppressed the deposition of type 1
collagen (Figure 3A). The fluorescence intensity of type 1
collagen was 1.00±0.02 vs. 0.94±0.02 (control vs. F9-LC)
(p<0.01) (Figure 3B). Immunohistochemistry analysis using

an anti–type 3 collagen antibody revealed that type 3 collagen
was deposited predominantly in the superficial hypodermis,
and F9-LC treatment decreased its deposition (Figure 3C).
The fluorescence intensity of type 3 collagen was 1.00±0.04
vs. 0.89±0.10 (control vs. F9-LC) (p<0.01) (Figure 3D).

As discussed previously, a recombinant protein with the
EGF motif of Del1 reportedly suppressed the development
of cancer stroma in a mouse explanted tumor model. To
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Figure 5. Immunohistochemistry staining for αSMA and MMP9. Immunohistochemistry staining of wound edge for αSMA (A) or of wound for MMP9
(C). Nuclei were stained with Hoechst 33342. Scales bars indicate 100 μm. B, D) Ratio of control to F9-LC. Values are indicated as the mean±SD.
**p<0.01; n=8.
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Figure 6. Continued



confirm the functional homology between the EGF motif of
Del1 and that of FIX, tumor tissues treated with a
recombinant protein with the EGF motif of Del1 were
analyzed by collagen staining (Figure 4). Tissues treated with
the Del1 fragment exhibited less-positive staining for
collagen than control tissues.

The expression of αSMA and MMP9 changed by F9-LC
treatment. The expression of proteins related to wound
healing were investigated using immunohistochemistry
analysis (Figure 5). αSMA is a marker of myofibroblasts that
produce collagens and contribute to tissue contraction. The
expression of αSMA was decreased around the wounds in
F9-LC–treated tissues (Figure 5A). The fluorescence
intensity of αSMA was 1.00±0.03 versus 0.68±0.02 (control
vs. F9-LC) (p<0.01) (Figure 5B). In the wound healing
process, several kinds of MMPs are expressed. MMP9 is a
typical gelatinase, and its expression is induced in all phases
of wound healing, particularly in the early phase. The
expression of MMP9 increased in the hypodermis treated
with F9-LC (Figure 5C). The fluorescence intensity of
MMP9 was 1.00±0.11 versus 1.88±0.13 (control vs. F9-LC)
(p<0.01) (Figure 5D).

Treatment with F9-LC caused morphological changes in
cells. Because TEM observations revealed that forced
expression of F9-LC resulted in abnormal vessels (Figure
2E), an in vitro study using human hypodermal fibroblasts
was conducted to determine whether the effects of F9-LC on
wound healing represented secondary changes of its effects

on blood vessels. Cells were cultured for 8 days with
recombinant F9-LC or control protein. In control
experiments, cells assumed a spindle form and parallel lines
(Figure 6A). Following F9-LC treatment, the cells lost the
spindle shape and the orderly line arrangement. Some cells
were spherical in shape and others spread extensively. The
arrays of actin fibers were examined using phalloidin. In
control cells, actin fibers lined in parallel (Figure 6B).
However, treatment with F9-LC disrupted this array.

In the in vivo study, forced expression of F9-LC attenuated
the hubbly surface that occurred in the wound healing
process. To determine whether F9-LC decreases the tension
around wounds and inhibits contraction by affecting
fibroblasts, cells were cultured on collagen gel. Cells were
cultured on collagen gel in 24-well dishes for 8 days with
recombinant F9-LC or control protein. In control
experiments, the cell layer shrank in the wells and detached
from the well walls (Figure 6C). Treatment with F9-LC
suppressed this phenotype.

Discussion

In the present study, full-thickness wound model mice were
prepared, and the effects of forced expression of F9-LC on
wound healing were examined. In rats locally injected with
cDNA encoding F9-LC, the formation of wrinkles in
wounds was suppressed. Collagen deposition and the
expression of αSMA were decreased by F9-LC treatment,
resulting in the attenuation of fibrosis. In the in vitro study
using cultured fibroblasts, recombinant F9-LC protein
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Figure 6. Effect of F9-LC on fibroblasts in vitro. A) Human dermal fibroblasts were observed under phase contrast microscopy (A) or fluorescence
microscopy (B). Cells were cultured on plastic dishes for 8 days with F9-LC or control protein. Scale bars indicate 50 μm. In A, low-magnification
view at top and high-magnification view at bottom. In B, fibrous actin was stained with phalloidin conjugated with AlexaFluor 568, and nuclei
were stained with Sytox. C) Fibroblasts cultured on collagen gel in a 24-well plate with F9-LC or control protein. Arrowheads indicate the edge of
cells detached from the well wall by contraction. 



abolished the typical spindle shape of the cells and the
parallel cell arrangement, along with decreased expression
of type 1 collagen and αSMA. Because F9-LC treatment
exhibited a similar phenotype in vivo and in vitro, F9-LC
appears to directly affect the wound healing process
independent of the circulation.

It is thought that F9-LC modulates the wound healing
process to produce flat wounds without wrinkles. Wound
healing is a long and complex process and begins with
hemostasis (hemostasis phase). Platelets release many
factors, including transforming growth factor–β1 (TGFβ1),
which induces inflammatory cell migration (22). These
inflammatory cells produce various cytokines (23). In
combination with TGFβ1, these cytokines induce the
migration of fibroblasts, epithelial cells, and endothelial cells
(24-27). Thrombin and factors of the fibrinolytic system
increase vascular permeability (28, 29). These reactions
promote progression to the inflammatory phase. In the
inflammatory phase, inflammatory cells and MMPs released
from fibroblasts and endothelial cells contribute to
debridement in the wound (30, 31). The proliferation phase
is characterized by cell growth and the accumulation of
extracellular matrix, resulting in granulation and scar
formation (32). In the proliferation phase, myofibroblasts
play important roles, secreting collagen and inducing
contraction of the wound (32, 33). TGFβ1 accelerates the
differentiation of myofibroblasts and deposition of collagen
(34, 35). The remodeling phase continues for one to several
years (36, 37). In the remodeling phase, turnover of collagen
decreases (38-40), and the generation and degradation of
collagen decline (38).

FIX is activated in wounds in the hemostasis phase, and it
is thought to play an essential role in the inflammatory phase,
as gene targeting of vitamin K–dependent coagulation factors,
including FIX, was shown to result in impaired wound
healing. Retarded re-epithelialization and reduced
inflammatory cell infiltration are found in vitamin K–
dependent coagulation factor–knockout mice (41-44). In the
present study, the decreased collagen deposition induced by
F9-LC treatment suggests that F9-LC plays a role in
inflammation or remodeling. TEM observations revealed
perivascular edema and microvesicle formation, suggesting
inflammation had developed (Figure 2E). The disturbed cell
alignment induced by F9-LC in the in vitro experiment did
not correspond to the phenotype observed in the remodeling
phase (Figure 6A and B). It has been reported that a
recombinant protein consisting of the EGF domain of FIX
accelerates the migration of human umbilical vein endothelial
cells (45). In explanted tumors treated with a recombinant
protein consisting of the EGF domain from Del1 that contains
the CXDXXXXYXCXC sequence, infiltration of CD8-
positive lymphocytes is increased (16). Taken together, these
data indicate that the forced expression of F9-LC extends the

inflammation phase following hemostasis and disrupts
progression to the proliferation phase.

The molecular mechanism underlying the effects of EGF
has not been well studied. Hidai et al. reported that the EGF
motif increases the activity of scramblase, causes clustering
of lipid rafts, and enhancement of endocytosis (46). Another
recent study reported that the EGF motif enhances thrombin-
induced intracellular signaling in vascular endothelial cells
(47). These data suggest that the EGF motif plays a role in
the rapid and strong acute-phase responses of coagulation
and inflammation. Further research examining the molecular
mechanism of the EGF motif is thus needed.

The EGF motif could be a therapeutic candidate for use
in treating fibrosis in other tissues such as the lung, liver, and
kidney. Despite the compelling need for therapies for
pathological fibrosis, an effective treatment is not available.
Kitano et al. reported that a recombinant protein with the
CXDXXXXYXCXC sequence subcutaneously injected using
a non-viral vector inhibited the growth of tumors
transplanted in mice (14-17). Their results suggested that the
expressed protein was effective not only at the site of
subcutaneous injection but also in distant organs.
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