
ASIP

20
11

 A
JP

CME Pro
gram

See related Commentary on page 2144
The American Journal of Pathology, Vol. 179, No. 5, November 2011

Copyright © 2011 American Society for Investigative Pathology.

Published by Elsevier Inc. All rights reserved.

DOI: 10.1016/j.ajpath.2011.07.043
Cell Injury, Repair, Aging, and Apoptosis

Impact of Fibroblast Growth Factor-Binding Protein–1

Expression on Angiogenesis and Wound Healing
Elena Tassi, Kevin McDonnell, Krissa A. Gibby,
Jason U. Tilan, Sung E. Kim, David P. Kodack,
Marcel O. Schmidt, Ghada M. Sharif,
Christopher S. Wilcox, William J. Welch,
G. Ian Gallicano, Michael D. Johnson,
Anna T. Riegel, and Anton Wellstein
From the Lombardi Cancer Center, Georgetown University,

Washington, DC

Fibroblast growth factors (FGFs) participate in embry-
onic development, in maintenance of tissue homeosta-
sis in the adult, and in various diseases. FGF-binding
proteins (FGFBP) are secreted proteins that chaperone
FGFs stored in the extracellular matrix to their receptor,
and can thus modulate FGF signaling. FGFBP1 (alias
BP1, FGF-BP1, or HBp17) expression is required for em-
bryonic survival, can modulate FGF-dependent vascular
permeability in embryos, and is an angiogenic switch in
human cancers. To determine the function of BP1 in
vivo, we generated tetracycline-regulated conditional
BP1 transgenic mice. BP1-expressing adult mice are vi-
able, fertile, and phenotypically indistinguishable from
their littermates. Induction of BP1 expression increased
mouse primary fibroblast motility in vitro, increased
angiogenic sprouting into subcutaneous matrigel plugs
in animals and accelerated the healing of excisional
skin wounds. FGF-receptor kinase inhibitors blocked
these effects. Healing skin wounds showed increased
macrophage invasion as well as cell proliferation after
BP1 expression. Also, BP1 expression increased angio-
genesis during the healing of skin wounds as well as
after ischemic injury to hindlimb skeletal muscles. We
conclude that BP1 can enhance FGF effects that are re-
quired for the healing and repair of injured tissues in
adult animals. (Am J Pathol 2011, 179:2220–2232; DOI:

10.1016/j.ajpath.2011.07.043)

The family of fibroblast growth factors (FGFs) encom-
passes 18 distinct FGF receptor ligands, with a wide
expression range and a significant role in angiogene-
sis, tumor progression, wound healing, and embryonic

development.1– 4 Many members of the FGF family,

2220
such as FGF1 and FGF2, are immobilized in the extra-
cellular matrix (ECM) bound to heparan sulfate pro-
teoglycans (HSPGs) and released from this storage
site by proteases and heparanases.4 – 6 The involve-
ment of carrier proteins that shuttle FGFs from their
storage site to their receptors represents an alternative
mode of regulation of FGF release from the ECM.1,7

FGF-binding protein 1 (BP1, FGFBP1, FGF-BP1, or
HBp17),8 the best characterized of the three known se-
creted FGFBPs,9 is an extracellular chaperone that binds
FGF1, 2, 7, 10, and 22 in a reversible, noncovalent man-
ner.8,10–12 Binding of the C-terminus of the BP1 protein is
sufficient for its interaction with FGF2.13 After binding to
BP1, the biochemical and biological activities of FGF are
positively modulated.14 Several findings from different
laboratories indicate that BP1 can contribute to embry-
onic development,15 angiogenesis, tumor growth, and
malignant progression,11,12,14–20 as well as the mainte-
nance and reinnervation of the neuromuscular junction.21

We reported earlier that expression of BP1 in SW13 cells
induces FGF2 release from the cells, FGF-dependent
colony formation in soft agar, and the growth of highly
vascularized tumors in nude mice.11 In contrast, deple-
tion of endogenous BP1 from ME180 cells was observed
to reduce the release of ECM bound FGF2 into the cell
supernatants and to increase FGF2 immobilized on the
cell surface.16 Consistent with a role in tumor angiogen-
esis, we found that addition of BP1 protein can increase
blood vessel growth in a chicken chorioallantoic mem-
brane (CAM) assay.14 In a BP1 transgenic chicken
model, early embryonic death occurs due to vascular
leakage, hemorrhage, and increased FGF bioavailability.15

Moreover, we described BP1 as a rate-limiting factor for
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angiogenesis-dependent tumor growth of human squa-
mous cell carcinoma and colon adenocarcinoma cell
lines,16 and found BP1 protein and mRNA upregulated in
colon and pancreatic cancer archival tissue samples19

as well as in incisional skin wounds in a chimeric SCID
mouse/human xenograft model.17 On the other hand,
recent studies in amyotrophic lateral sclerosis (ALS)
linked down-regulation of BP1 to progression of this neu-
romuscular disease. In particular, the maintenance of
innervation of neuromuscular junctions is controlled by
FGF activity, and BP1 enhancement of FGF activity is
thought to be crucial for repair of the junctions.21,22

Wound healing is a complex, multistep process that
consists of an inflammatory, proliferative and maturation
phase23 and requires the action of several growth factors
and cytokines, including FGFs such as FGF2, 7, 10, and
22.24,25 FGF1, 2, and 7 mRNAs are also upregulated in
wounded skin.26 Despite FGF signal redundancy, FGF2
appears to have a crucial role during wound healing and
FGF2�/� mice display delayed wound healing,27 in con-
trast to FGF1 and FGF7 knockout mice.28,29 In addition,
blocking antibodies to FGF2 inhibit wound healing in
rats.30 Commensurate with these results, several in vitro
studies have characterized FGF2 as a chemotactic, mi-
togenic and pro-angiogenic factor for fibroblasts and en-
dothelial cells, as reviewed elsewhere,31–33 further sug-
gesting its contribution in the different phases of wound
healing.

As discussed above, BP1 has been shown to interact
with FGF2, 7, 10, and 22,8,10–12 which are involved in skin
wound healing. Here we report on the phenotype of a
transgenic mouse model with conditional expression of
BP1.34,35 We found that induction of BP1 transgene ex-
pression increases primary mouse fibroblast motility in
vitro, and angiogenesis in subcutaneous Matrigel plugs in
vivo. Moreover, we show that the conditional expression
of BP1 elicits an accelerated angiogenic response and
tissue repair in healthy adult animals with full-thickness
excisional skin wounds or ischemic muscle injury.

Materials and Methods

Generation of Transgenic Mice

A 1.7-kb DNA fragment was excised with PmlI restriction
enzyme from pUHC13-3/BP expression vector36 and was
used to generate transgenic mice by pronuclear injection
of the constructs shown in Supplemental Figure S1 (avail-
able at http://ajp.amjpathol.org). Genotyping by real-time
PCR identified founders (TRE-BP1), which were mated
with mice expressing the tetracycline transactivator (tTA)
under the control of a CMV promoter (CMV- tTA; Jackson
Laboratories, Bar Harbor, ME). Double-transgenic ani-
mals (tTA/TRE-BP1) are named BP1. BP1 transgene ex-
pression was silenced by feeding a diet supplemented
with an orally available tetracycline (ie, doxycycline) from
Bio-Serv (Frenchtown, NJ) (BP1 OFF) and induced by a
switch to regular mouse chow that lacks tetracycline (BP1
ON) typically for 2 weeks before the experiments. Five

lines were established successfully and, of these, three
were used for experimental procedures. Because of the
embryonic lethality of BP1 transgene expression37 (see
Introduction), animals were mated while being fed a tet-
racycline-containing diet. Transgenic and nontransgenic
littermates showed no toxic effect of the diet. On condi-
tional expression of the BP1 transgene using a tetracy-
cline-free diet for up to 12 months after birth, BP1 mice
were viable and did not show gross phenotypic altera-
tions or microscopic alterations by a complete necropsy
analysis of animals. Animal experiments were reviewed
and approved by the Institutional Animal Care and Use
Committee.

Real-Time PCR

Genomic mouse DNA was extracted from the tips of
mouse tails with the aid of Dnaesy Tissue Kit (Qiagen,
Valencia, CA). Real-time PCR for TRE-BP1 and tTA was
performed in an iCycler iQ (Bio-Rad Laboratories, Her-
cules, CA) using the iQ SYBR Green Supermix (Bio-Rad
Laboratories) under the following conditions: 95°C for 3
minutes, followed by 40 cycles (95°C for 20 seconds,
55°C for 30 seconds, and 72°C for 40 seconds). Total
RNA was isolated from transgenic mouse skin using
RNeasy Fibrous Tissue Kit (Qiagen) and from cultured
cells using RNA STAT-60 (Tel-Test, Friendswood, TX),
respectively, according to the manufacturer’s instruc-
tions. cDNA was synthesized with the iScript cDNA Syn-
thesis Kit, according to the manufacturer’s protocol (Bio-
Rad Laboratories). Real-time PCR for BP1 and mouse
�-actin or glyceraldehyde 3-phosphate dehydrogenase
(GADPH) quantification was performed with the aid of the
iQ SYBR Green Supermix (Bio-Rad Laboratories) under
the protocol described above. The following PCR primers
were used: TRE-BP1 sense 5=-ATGAAGATCTGTAGCCT-
CACC-3= and antisense 5=-TTCTGAGACCACTTTG-
CTGT-3=; tTA sense 5=-CGACAAGCTATCGAATTATTT-
GAT-3= and antisense 5=-GCGGACCCACTTTCACAT-3=;
mouse �-actin sense 5=-GGCGCTTTTGACTCAGGATT-
TAA-3= and antisense 5=-CCTCAGCCACATTTGTA-
GAACTTT-3=; and mouse GADPH sense 5=-TGCACCAC-
CAACTGCTTA-3= and antisense 5=-GGATGCAGGGAT-
GATGTTC-3=.

Western Blots and Immunoprecipitation

Immunoprecipitation and Western blot analyses for hu-
man BP1 were performed as described earlier.19 Briefly,
small intestines from BP1 OFF and BP1 ON mice were
homogenized in 1 mL of lysis buffer with a MagNa lyser
homogenizer (Roche, Indianapolis, IN) and BP1 immuno-
precipitated with 2 �g of 3E11 mouse monoclonal anti-
body19 for 2 hours at 4°C. Immunoblot analyses were
performed with a rabbit polyclonal antibody to human
FGFBP1 (Sigma, St. Louis, MO) and with a mouse mono-
clonal antibody to mouse actin (Millipore, Temecula, CA)
according to the manufacturers’ instructions. Human re-
combinant FGFBP1 (20 ng; R&D Systems, Minneapolis,

MN) was used as a positive control.

http://ajp.amjpathol.org
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Culture of Mouse Primary Fibroblasts

Primary fibroblast cultures were grown from minced tis-
sue fragments of BP1 transgenic mouse abdominal wall
and cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA) supplemented with
20% fetal bovine serum (FBS), 100 U/mL of penicillin and
streptomycin, and 2 mmol/L of L-glutamine (Invitrogen).
Cells were maintained in the same culture media and
passaged at a 1:3 ratio.

Mouse Primary Fibroblast Proliferation Assay

Mouse primary fibroblasts (MPFs) were seeded in three
replicates in 96-well plates in DMEM supplemented with
10% FBS. After 24 hours, the proliferation rate was eval-
uated by the addition of 10 �l/well of WST-1 reagent, as
suggested by the manufacturer (Roche).

Detection of BP1 Protein in MPF Supernatants

BP1 protein was isolated by heparin-sepharose affinity of
100 mL of serum-free conditioned media harvested from
MPFs that were induced or not induced for BP1 expression
by growth in the absence or presence of tetracycline. After
a wash with 0.3 mol/L NaCl, BP1 protein was eluted in three
1-mL aliquots of 0.9 mol/L NaCl elution buffer as described
previously.11 BP1 in the fractions was detected by Western
blot analysis with the anti-BP1 3E11 monoclonal antibody
(mAb) and by direct enzyme-linked immunosorbent assay,
as previously described.19 MPFs grown on coverslips were
stained by immunofluorescence with the anti-BP1 mAb
3E11 as described previously.19

Cell Migration Assay

Time-Lapse Imaging

Cell culture inserts to generate 0.5-mm-diameter, rect-
angular cell free spaces (Ibidi GmbH, Martinsried, Ger-
many) were placed into 24-well plates. MPFs were plated
in the open space in 10% FBS-containing DMEM in the
presence or absence of doxycycline (1 �g/mL; Sigma)
(BP1 OFF and BP1 ON, respectively 20,000 cells/well)
and allowed to attach overnight. After removing the in-
serts, the wells were filled with complete growth media in
the presence or absence of PD173074 (100 nmol/L; Cal-
biochem, Gibbstown, NJ) or FGF2 (100 ng/mL; Invitro-
gen) alone or in combination. All experiments were per-
formed in the presence of mitomycin C (5 �g/mL; Sigma)
to inhibit cell proliferation. Motorized, time-lapse phase
contrast microscopy (Nikon Eclipse TE-300 inverted mi-
croscope system, Melville, NY) was used to continuously
capture images (triplicate wells per condition, two im-
ages per well, 15 minutes intervals). Migration was de-
termined by measuring the cell-free area in the gap at
different time points using ImageJ software from the Na-

tional Institutes of Health (http://rsb.info.nih.gov/ij).
Electric Impedance Sensing

Cells are grown on microelectrodes embedded into
the bottom of culture dishes and the impedance of the
cell monolayer is measured in real-time as described
elsewhere.38,39 Here, MPFs were plated into wells of an
xCelligence E-culture plate array (Roche, Indianapolis,
IN) and followed until they reached confluence and
steady-state impedance. Monolayers were then dis-
rupted by scratching with a sterile pipette tip. The imped-
ance of the cell monolayer before and after scratching as
well as the recovery of full impedance was monitored in
real time on an xCelligence Instrument (Roche) and indi-
cates the closure of the monolayer.

Matrigel Angiogenesis Assay

Growth factor–depleted Matrigel (0.5 mL; BD Biosci-
ences, Franklin Lakes, NJ) was injected subcutaneously
into mice. Four days later, the Matrigel plugs were har-
vested, and 5-�m sections of formalin-fixed, paraffin-em-
bedded tissues were stained with H&E. The relative area
of each Matrigel plug penetrated by microvessels was
measured, endothelial cell nuclei counted in 10 random
fields and the angiogenesis index determined as the
product of endothelial cell number and the fraction of the
plug penetrated. PD173074 (Calbiochem) was adminis-
tered by intraperitoneal injection at 1 mg/kg/day. Mice
were pretreated for 2 days before the Matrigel injection
and continued to be treated daily for an additional 4 days.

Wound Healing Assay

A dermal biopsy punch (3 mm diameter; Miltex Inc., Beth-
page, NY) was used to create four, full-thickness skin
wounds made through the skin and panniculus carnosus
muscle in anesthetized 4-month-old male mice. After
wounding, groups of mice were euthanized at daily intervals
and wounded tissues harvested. Histological sections were
cut at a right angle to the skin surface across the wound.
Serial paraffin-embedded tissue sections (5 �m) were
stained with hematoxylin and eosin (H&E) and analyzed by
serial sectioning as described in Ref.40 The percentage of
re-epithelialization was calculated with the following formula:
100 � {[(wound diameter) � (epidermal gap)]/(wound
diameter)}, where the epidermal gap is the distance be-
tween opposite epithelial tongues. The number of capil-
laries, infiltrating cells (macrophages and fibroblasts),
and the re-epithelialization were measured by two ob-
servers blinded to the design. Photographs of open
wound areas at different times after injury were used to
analyze wound closure that was quantified using ImageJ
software (http://rsb.info.nih.gov/ij).

Immunohistochemistry

Immunohistochemical analyses using antibodies to hu-
man BP1 (Sigma), CD31 (Becton Dickinson), F4/80 (AbD
Serotec, Raleigh, NC), �–smooth muscle actin (�SMA)
(Sigma), and PCNA (Sigma) were performed according

to the manufacturer’s instructions. CD31-positive capil-

http://rsb.info.nih.gov/ij
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laries and F4/80 positive macrophages41 were counted in
four nonoverlapping visual fields. The proliferation index
of cells in the granulation tissues was scored as PCNA-
positive nuclei per 100 cells in five to 10 nonoverlapping
visual fields.

Mouse Hindlimb Ischemia Model

Animals were anesthetized with Avertin (250 mg/kg) intra-
peritoneally, followed by hair removal from the hindlimb. The
femoral artery was exposed aseptically through a 2-mm
incision and isolated from the femoral vein and nerve. The
femoral artery was ligated with a 6-0 suture just proximal to
the bifurcation of the superficial and deep femoral arteries.
Muscles were harvested 30 days after ligation and frozen
sections (5 �m) processed for immunostaining. Vascular-
ization in the injured adductor muscle was measured using
CD31� vessels as a marker of capillary angiogenesis, with
data represented as the average capillaries per muscle
fiber in 5 random fields of view.

Statistical Analyses

Prism 5 (GraphPad) software was used to compare the
means of two or more groups by Student’s t-test or anal-
ysis of variance, respectively. Times to 50% wound clo-
sure in vivo were compared by Kaplan–Meier analysis.
Angiogenesis and cell infiltration scores in healing
wounds were analyzed by �2 test for trend. Statistical
significance was defined as P � 0.05.

Results

Conditional Expression of BP1 in Transgenic
Animals

For conditional BP1 expression, we generated mice that
expressed the BP1 transgene under the control of tetra-
cycline using the tet-off system34,42,43 (see Supplemental
Figure S1A at http://ajp.amjpathol.org). We found a three-
fold induction of BP1 mRNA in mouse skin (Figure 1A)
and small intestines (see Supplemental Figure S1C at
http://ajp.amjpathol.org) when adult animals were
switched to a diet without tetracycline. This BP1 mRNA
induction is within or below the range observed when
comparing premalignant or cancerous lesions with the
respective control tissues.11,19,44 BP1 protein expression
in different tissues was compared between animals that
were induced or not induced for expression of the trans-
gene. Immunohistochemistry of the mouse skin showed a
strong BP1 protein expression in the epidermis and hair
follicles of animals induced for BP1 expression relative to
the noninduced animals (Figure 1C), with a lesser ex-
pression in the dermis (Figure 1C, arrowheads). Likewise,
analysis of BP1 transgene expression in organs of the
mouse gastrointestinal and respiratory tract (tongue, tra-
chea, esophagus, and small intestine) resulted in a dis-
tinct protein expression after transgene induction (see
Supplemental Figure S1B at http://ajp.amjpathol.org).

Human ME180 cells that express endogenous BP1 and
the BP1 negative SW13 cell line11 were subjected to the
same fixation and staining process and served as a pos-
itive and negative control respectively (Figure 1C, bottom
panel). Immunoprecipitation followed by Western blots of
small intestine tissue extracts showed induction of BP1
protein expression (see Supplemental Figure S1D at
http://ajp.amjpathol.org).

Conditional Expression of BP1 in MPFs

Regulation of BP1 transgene espression by tetracycline
was also investigated in primary fibroblast cultures de-
rived from the transgenic mice. A 12-fold upregulation of
BP1 mRNA was detected in MPFs when compared with
the noninduced fibroblasts (Figure 1B). BP1 protein ex-
pression was found to be tetracycline regulatable when
primary fibroblasts were stained for BP1 by immunofluo-
rescence (Figure 1D). Secreted BP1 protein was cap-
tured by heparin-affinity chromatography of cell culture
supernatants and detected in the 0.9 mol/L NaCl eluate
using enzyme-linked immunosorbent assay19 and West-
ern blot analysis (Figure 1, E and F). The Western blot
showed full-length BP1 protein of 34 kDa, as well as
fragments of 17 kDa and 14 kDa that were also reported
earlier8,45 and had led to the original name of BP1, ie,
heparin-binding 17-kDa protein8 (HBp17). Thus, the BP1
transgene is regulated at the protein level in tissues in vivo
and in vitro and is secreted by cells.

Effect of BP1 on MPF Migration

FGF1 and FGF2 induce migration of cultured primary and
embryonic fibroblasts as well as endothelial cells.46–49

Moreover, mouse primary dermal fibroblasts and mouse
keratinocytes showed enhanced cell motility on addition
of exogenous BP1 protein.17 Hence, we sought to inves-
tigate whether the induction of BP1 would modulate MPF
motility in an in vitro wound closure assay. For this, we
used time-lapse microscopy to measure the migration
rate of MPFs into a denuded area over a 12-hour period.
With BP1 ON, the entire denuded area was almost filled
by MPFs within 12 hours, whereas with BP1 OFF the
MPFs had covered the area only partially (Figure 2, A– C).
The addition of FGF2 enhanced migration with BP1 OFF
but not with BP1 ON (Figure 2, B and C). This suggests
that maximal FGF-driven migration is reached by expres-
sion of BP1, although fibroblast proliferation was not af-
fected significantly under the experimental conditions
by expression of BP1 (see Supplemental Figure S2 at
http://ajp.amjpathol.org). The FGFR kinase inhibitor
PD17307450 (Figure 2, A–C) reversed the effect of BP1
expression without affecting the baseline migration rate
and also reversed the effect of added FGF2. The findings
were corroborated in an independent approach monitor-
ing electric impedance changes in MPFs grown on mi-
croelectrodes. With BP1 ON, the migration of MPFs into a
denuded area was faster and was inhibited significantly
by PD173074. In contrast, with BP1 OFF, PD173074
showed no effect on the slower closure rate (Figure 2, D
and E). These findings suggest that increased motility

caused by BP1 requires FGFR signaling.

http://ajp.amjpathol.org
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BP1 Transgene Expression Promotes
Neoangiogenesis in Vivo

BP1 is an effective modulator of tumor angiogene-
sis.14,16,51 We thus investigated whether BP1 transgene
expression would modulate physiological neoangiogen-
esis induced by a subcutaneous Matrigel plug. BP1 ex-
pression indeed resulted in a significant increase in mi-
crovessel density (Figure 3, A and B), deeper infiltration

Figure 1. Conditional expression of a human BP1 in skin and transgenic mou
the control of a tetracycline response element (TRE-BP1) (see Supplement
Transgene expression was suppressed by continuous doxycycline diet (BP1
2 weeks. A and B: BP1 mRNA expression in mouse skin (A) and in transgen
normalized to endogenous �-actin or GADPH mRNA. Data are mean � SEM;
by immunohistochemistry of formalin-fixed, paraffin-embedded skin (top) w
ON mouse epithelium and dermis are shown (n � 3). Magnified areas are in
served as negative and positive controls for endogenous BP1 expression, resp
D: Immunofluorescence staining for BP1 (red) in MPF with the BP1 transgen
(red) is shown in the right panels. Scale bar � 10 �m. E: BP1 protein in cell
proteins were eluted with three 0.9-mol/l NaCl aliquots and assayed for the
a representative experiment performed in triplicate. *P � 0.05, **P � 0.01. F
raphy. Arrows indicate BP1 protein fragments of 34, 17, and 14 kDa appar
of the vessels into the core of the Matrigel plugs (Figure
3, A and C) and a more than threefold increased angio-
genesis index (Figure 3D). Systemic treatment of animals
with PD173074 inhibited BP1-induced neoangiogenesis
in the plugs, without affecting baseline levels (Figure 3B).
In independent experiments, treatment with PD173074
also significantly inhibited FGF2-induced neoangiogen-
esis in Matrigel plug assays (see Supplemental Figure S3
at http://ajp.amjpathol.org). From this, we conclude that
BP1 expression in vivo modulates neoangiogenesis via

ary fibroblasts (MPF). Transgenic animals carrying a human BP1 cDNA under
S1 at http://ajp.amjpathol.org) were mated with CMV-tTA (tet-OFF) mice.

r induced by switching the animals to a doxycycline-free diet (BP1 ON) for
se primary fibroblasts (MPF) (B) was analyzed by qRT-PCR. Expression was
P � 0.05, **P � 0.01 BP1 ON versus OFF. C: BP1 protein expression detected
an cell line controls (bottom). Representative images of BP1 OFF and BP1

. e, Epidermis; d, dermis; hf, hair follicle. SW13 and ME180 human cell lines
.19 Immunoreactivity is revealed as an intense brown stain. Size bars: 50 �m.
r ON (� doxycycline). F-actin staining (green) merged with staining for BP1
tants. Conditioned media were passed over heparin-affinity columns, bound
e of BP1 by enzyme-linked immunosorbent assay. Data are mean � SEM of
rn blot analysis of supernatants from MPFs after heparin-affinity chromatog-
s.
se prim
al Figure
OFF) o
ic mou
n � 5. *
ith hum
dicated
ectively
e OFF o
superna
presenc
FGFR activation. It is noteworthy that nontransgenic litter-
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mates showed no effect of a tetracycline diet switch that
is used to induce BP1 transgene expression (see Sup-
plemental Figure S4 at http://ajp.amjpathol.org).

Wound Healing After Expression of BP1

Macroscopic Analysis

Topical application of recombinant FGF2 to skin
wounds accelerates their healing.40,52,53 Complemen-
tary to this, FGF2-null mice show delayed wound heal-
ing.27 Based on these observations, we investigated
the impact of BP1 transgene expression on the healing
of full-thickness skin wounds. A macroscopic analysis
of the closure of wounds is shown in Figure 4A. To
compare wound healing among the different groups of
animals, the wound areas were photographed daily
and the open wound areas quantitated by image anal-
ysis (Figure 4B, inset). A �50% reduction of the initial
wound area was used as a macroscopic indicator of
wound closure. Using these criteria, we found that
expression of BP1 accelerates closure of the wounds
significantly relative to the respective controls (Figure
4B; P � 0.01). Systemic treatment of animals with the
FGFR kinase inhibitor PD17307450 reversed the effect
of BP1 expression on wound healing (Figure 4B; P �
0.0001). Treatment with PD173074 also appeared to

delay wound healing in the control group slightly, al-
though the effect was not statistically significant (Fig-
ure 4B; P � 0.05). Analysis of the absolute wound sizes
also showed significantly faster closure with BP1 ON
that was delayed by PD173074 treatment (Figure 4B,
inset).

Microscopic Analysis

At day 3 postinjury, excisional full-thickness wounds of
BP1 ON mice were similar in size and appearance rela-
tive to those of BP1 OFF littermates and were filled by a
scab, organized fibrin, and polymorphonuclear neutro-
phils (PMNs) (see Supplemental Figure S5 at http://
ajp.amjpathol.org). However, wounds showed faster clo-
sure with the induction of BP1 expression that was ap-
parent as soon as 4 days postinjury and that coincided
with an increase in myofibroblasts as indicated by
�–smooth muscle actin staining (Figure 5B). Histologi-
cal sections at different times after excisional woun-
ding showed advanced fibrin breakdown (Figure 5A,
asterisks) as well as increased numbers of infiltrating fibro-
blasts, macrophages and blood vessels (Figure 5A, ar-
rowheads) when BP1 was expressed. Also, spindle fibro-
blasts extended across the full width of the wounds with
parallel streaks of cells oriented toward the center of the
wound. At day 6, granulation tissues exhibited an almost
complete absorption of fibrin, cells infiltrating in a mature

Figure 2. BP1 expression accelerates migration of transgenic mouse primary
fibroblasts (MPFs). A: Migration into anopen tissue culture areawas followedby
time-lapse photomicroscopy. Representative images at 0 hours and after 10
hours of migration in the absence or in the presence of the FGFR kinase
inhibitor PD173074 are shown. White lines indicate migration front of the cells.
B and C: Quantitation of the migration expressed as a percentage of the open
area over 12 hours. BP1 OFF (B) or BP1 ON (C) MPFs with different treatments.
Mean � SEM, n � 3; *P � 0.05, **P � 0.01; ***P � 0.0001 BP1 OFF � FGF2
versus BP1 OFF � FGF2 � PD173074; ***P � 0.0001 BP1 OFF � FGF2 versus
BP1 OFF CTRL and BP1 OFF � PD173074 (bracket in B); **P � 0.01; ***P �
0.0001 BP1 ON � FGF2 versus BP1 ON � FGF2 � PD173074; ***P � 0.0001
BP1 ON CTRL versus BP1 ON � PD173074 (bracket in C). D and E: Migration
of MPFs into a denuded area was monitored by electric impedance of the cell
layer. The impedance before scratching was set at 100% while the trough after
wounding was set as 0%. The data are representative of at least three indepen-
dent experiments done in duplicate. ns, P � 0.05; ***P � 0.0001 BP1 ON CTRL
versus BP1 ON � PD173074.
arrangement and a high number of branched microves-

http://ajp.amjpathol.org
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sels (Figure 5A, arrows). In contrast, without induction of
BP1 expression, dissolution of the fibrin clots and nonpo-
larized fibroplasia was only initiated at day 5 and neoan-
giogenesis was relatively immature at that time point with
few, unbranched microvessels. Wounds from BP1 ex-
pressing mice were nearly completely epithelialized by
day 6, whereas controls lacked epithelial closure at that

Figure 3. BP1 expression enhances neoangiogenesis in subcutaneous Matrige
after implantation into mice with the BP1 transgene OFF or ON. The rectangles r
25 �m (right panels). B–D: Quantitation of neoangiogenesis. B: Number of en
and BP1 ON condition � treatment of animals with the FGFR kinase inhibitor PD
C: Penetration of new vessels into the implants (area of vessels/overall Matrigel
SEM; n � 4 to 10 animals per experimental condition. nsP � 0.05, **P � 0.

Figure 4. BP1 expression accelerates wound healing in vivo. A: Representa
ON mice at day 0, 4, and 6 post injury without or with daily intraperitonea
analysis of the rate of wound healing. The open wound areas were quantita
(n � 5–6 mice/group, 4 wounds/mouse). **P � 0.01 BP1 ON versus OFF; *

area of full-thickness dorsal skin wounds at day 0, 2, 4 and 6 postinjury. P � 0.01 B
treated with PD173074 was delayed to day 4 (P � 0.01). By day 6 postinjury, all w
time (Figure 5A, black arrows, and Figure 6A), which also
matched the distinct time to wound healing observed by
the macroscopic analysis (Figure 4). Microscopic analy-
sis of wounds at day 6 did not reveal an obvious differ-
ence in wound closure after PD173074 treatment. How-
ever, the PD173074-treated BP1 ON group showed
reduced granulation tissue remodeling, apparent when

: Representative cross-sections of H&E-stained Matrigel plugs harvested 4 days
magnified areas shown in the right column. Scale bars: 250 �m (left panels),
l cell nuclei in the matrigel implants from 10 high-power fields under BP1 OFF
(PD, 1 mg/kg/day intraperitoneally starting 2 days before the Matrigel implants).
: Angiogenesis index (endothelial cell number � penetration). Data are mean �
**P � 0.0001.

croscopic images of full-thickness dorsal skin wounds in BP1 OFF and BP1
n of the FGFR kinase inhibitor PD173074 (1 mg/kg/day). B: Kaplan–Meier
aily image analysis (inset). The time to wound closure by �50% is shown

0001 BP1 ON versus BP1 ON�PD173074. Inset: Quantitation of the wound
l plugs. A
epresent
dothelia
173074
tive ma
l injectio
ted by d

**P � 0.

P1 ON at day 2 postinjury versus day 0. Wound closure in BP1 ON animals
ounds were significantly different those on from day 0. ***P � 0.0001.
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comparing the number of microvessels in the different
groups (Figures 5A and 6G).

The degree of infiltration of granulation tissue by
fibroblasts and macrophages is a good indicator of the
progress of wound repair.23,33 We observed signifi-

Figure 5. Effect of BP1 expression on wound healing. A: Representative H&
ON at different times after wounding (day 4, 5, and 6) and at day 6 after w
shown on the right are indicated. Scale bars: 250 �m (low magnification); 5
he, hyperproliferative epithelium; n, polymorphonuclear neutrophils; pc, p
edges; black arrows, tips of epithelial tongues, asterisk, fibrin clot; whit
provided in Results. B: Staining of granulation tissues for cell proliferation (P
Proliferating cell nuclear antigen (PCNA) staining arrowheads indicate cel
indicate cytoplasmic staining of �SMA-positive myofibroblasts. For anti-F4/
phages. For anti-CD31 staining, arrowheads indicate CD31-positive microv
cantly more infiltrating cells in granulation tissues with
BP1 expression from day 4 of wound healing onwards
(Figure 6E; see also Supplemental Figure S6 at http://
ajp.amjpathol.org). We found greater than threefold
more macrophages in the wound margins when BP1
gene expression was induced (Figures 5B and 6C). In

d sections of excisional skin wounds from transgenic mice with BP1 OFF or
after PD173074 treatment (1 mg/kg/day intraperitoneally). Magnified areas
igh magnification). Abbreviations: s, scab; g, granulation tissue; d � dermis;
us carnosus; f, subcutaneous fat layer. Black arrowheads indicate wound
heads, capillaries; and white arrows, branched microvessels. Details are
yofibroblasts (�SMA), macrophages (F4/80), and microvessels (CD31). For
CNA-positive nuclei. For anti-�SMA staining the arrowheads in the inset
ining, arrowheads indicate cytoplasmic staining of F4/80-positive macro-
cale bars � 25 �m. Quantitation of the stainings is shown in Figure 6, B–D.
E-staine
ounding
0 �m (h
annicul
e arrow
CNA), m

ls with P
41
addition, infiltrating cells in the granulation tissue
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showed a high proliferation index (�30% of cells PCNA
positive) at earlier times in the BP1 ON group, coincid-
ing with a faster wound healing process (Figures 5B
and 6B). However, keratinocytes in the hyperprolifera-
tive epithelium of BP1 OFF and BP1 ON mice did not
show any difference in proliferation as assessed by
PCNA staining (see Supplemental Figure S7 at
http://ajp.amjpathol.org), suggesting that, at day 6
postinjury, BP1 may enhance keratinocyte migration.
Thus, BP1 is likely to play a major role in the remodel-
ing of the granulation tissue.

The ingrowth of new vessels into a wounded area is
required to initiate and to complete healing. We ob-
served a significantly more efficient ingrowth of new
vessels into the wounds of animals with BP1 expres-
sion induced (Figure 6, D and F) that was also visible

Figure 6. Effect of BP1 expression on wound re-epithelialization, cellul
Quantitation of wound re-epithelialization 6 days postinjury in BP1 OFF
described in Materials and Methods. **P � 0.01 BP1 ON versus OFF. B
measured at days 4, 5, and 6 postinjury. Differences between time points:
C: Number of F4/80-positive macrophages invading the granulation tissu
granulation tissue 5 days postinjury (*P � 0.05). E: Cellular infiltration of
harvested at different times after wounding under BP1 OFF or ON condit
are available in Supplemental Figure S3, available at http://ajp.amjpathol.o
after wounding under BP1 OFF or ON conditions. Symbols: � denotes 0
dennotes 36–45 capillaries throughout the granulation tissue). ns, P � 0.0
in the granulation tissues from H&E-stained wound sections at day 6 post
BP1 ON versus BP1 OFF; ***P � 0.0001, BP1 ON � PD173074 versus BP1
in Figure 5.
by staining for CD31-positive microvessels (Figure 5B,
right panel). The number of microvessels in the wounds
of BP1 ON versus OFF animals were increased by
greater than threefold at day 6. Treatment with
PD173074 reversed this BP1 driven wound angiogen-
esis at day 6 without a significant effect on baseline
wound angiogenesis (Figure 6G). Thus, expression of
BP1 can drive accelerated angiogenesis in healing
skin wounds.

Angiogenesis in the Mouse Ischemic Hindlimb
After BP1 Induction

Finally, the effects of BP1 expression were assessed in a
separate model of internal tissue damage repair. For this,
we induced ischemic injury in hindlimb muscles by liga-

ation, macrophage invasion, cell proliferation, and neoangiogenesis. A:
N animals (mean � SEM; n � 9). Re-epithelialization was quantified as

eration index of cells in the granulation tissue (PCNA-positive fraction)
0.05; †P � 0.0001 or between BP1 OFF and ON: **P � 0.01; ***P � 0.0001.
postinjury (*P � 0.05). D: Number of CD31-positive microvessels in the
tion tissue was scored semiquantitatively. H&E-stained slides of wounds
re used. ns, P � 0.05; *P � 0.05; calculated by �2 test (scoring standards
eoangiogenesis was scored in the H&E-stained wounds at different times

denotes 5 to 14, �� denotes 15 to 24, ��� denotes 25–35, and ����
0.05; **P � 0.01, calculated by a �2 test. G: Quantitation of neocapillaries
ng from BP1 OFF and BP1 ON animals � PD173074 treatment. *P � 0.05,
presentative H&E stainings and immunohistochemical images are shown
ar infiltr
versus O
: Prolif
ns, P �
e 5 days
granula
ions we
rg). F: N
to 4, �
5; *P �
woundi
tion of the femoral artery and observed the impact of BP1
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transgene expression on the formation of collateral ves-
sels, as described by investigators at the Schaper labo-
ratory.54 Nonischemic muscle tissues showed a similar
vessel density (by CD31 staining) irrespective of BP1
expression (Figure 7, A and B). In muscle tissues har-
vested 1 month after ischemic injury, a significant in-
crease of newly formed vessels above control (Figure 7,
A and B) was observed only when BP1 was expressed.
Hence, BP1 expression can stimulate neoangiogenesis
and collateral formation after ischemic injury of muscle
tissues.

Discussion

Previous attempts to generate BP1 transgenic mice un-
der a constitutively active promoter, ie, CMV, MMTV or
K14, did not result in viable offspring because of hemor-
rhage in the gestational sac37 (unpublished results). Em-
bryonic death as a result of vascular leakage and hem-
orrhage were also observed when the BP1 or the
homologous BP3 gene were expressed in chick embryos

Figure 7. Enhanced neoangiogenesis in ischemic hindlimbs of BP1-express-
ing mice. A: Representative images of CD31 immunohistochemistry in isch-
emic and nonischemic adductor muscles of BP1 OFF and BP1 ON mice 30
days after the ischemic injury. Scale bars � 25 �m. B: Density of CD31-
positive capillaries in ischemic and nonischemic adductor muscles. Data are
mean � SEM, n � 3 to 4. ***P � 0.0001.
by microinjection.9,37 We found that vascular leakage is
caused by the release of locally stored FGFs by BPs, can
be mimicked by expression of a secreted form of FGF1,37

and leads to FGFR activation that is inhibited by
PD173074.9

Here we report that conditional expression of a BP1
transgene in adult animals can circumvent embryonic
lethality, and thus allowed us to study the impact of
BP1 expression in the mature organism. The BP1 trans-
gene is inducible at the protein level as shown by
staining of formalin-fixed, paraffin-embedded mouse
tissues and IP/Western of tissue lysates. The analysis
of the protein in cultured primary fibroblasts derived
from the transgenic animals reported here shows that
the protein is processed and released to the extracel-
lular milieu as observed earlier for the endogenous BP1
protein.

When challenged with a subcutaneous Matrigel im-
plant, a significant increase of neoangiogenesis was ob-
served in BP1-expressing mice, as compared with tetra-
cycline-treated controls. We saw an increased number of
microvessels as well as a higher degree of infiltration into
the Matrigel plugs. In contrast, plugs from control mice
were invaded by fewer microvessels, the localization of
which was limited to the periphery of the Matrigel implant
(Figure 3). This increase in BP1-induced neoangiogen-
esis was blocked by a systemically administered FGFR
kinase inhibitor, PD173074, that is known to act on
FGFR150 as well as FGFR2 and FGFR3.1 This finding
supports the proposed mechanism of action of BP1 via
activation of the FGF receptor pathway in vivo.11,14,16

Several members of the FGF family are expressed in
normal skin and FGF1, -2, and -7 were found upregulated
after skin injury.26 Our studies show a significant role of
BP1 as a modulator of FGF activity during this process.
The macroscopic analysis reveals accelerated wound
closure after BP1 expression and the reversal of this
effect by treatment of the animals with the PD173074
FGFR kinase inhibitor supports the notion that FGFR sig-
naling is rate limiting for the effect of BP1 (Figure 4).
Inflammatory, proliferative and angiogenic phases of
wound healing examined in BP1-expressing mice
showed faster progression of wound healing relative to
the controls. Also, expression of the BP1 transgene re-
sulted in a higher degree of wound re-epithelialization.
This matches with previous reports that showed the stim-
ulatory effect of FGF2 on keratinocyte proliferation,55 al-
though FGF7, -10, and -22 are better mitogens for kera-
tinocytes and also bind to BP1.10

Wounds from BP1-overexpressing mice displayed a
significant increase of the number of macrophages re-
cruited (Figures 5B and 6C). During the inflammatory
phase of wound healing, neutrophils and macrophages
are the main infiltrates in the wound site. Macrophages
are responsible for secreting a plethora of biologically
active growth factors, such as FGFs, PDGF, and vascular
endothelial growth factor and pro-inflammatory cyto-
kines, such as transforming growth factor–�, transform-
ing growth factor–�, interleukin 6, and p43.56,57 Also,
several reports have demonstrated the importance of
macrophages in the healing process. For instance, pre-

vention of macrophage infiltration is responsible for a
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severe wound healing impairment58 and interleukin-6–
deficient or intracellular adhesion molecule 1–deficient
mice show decreased macrophage infiltration as well as
compromised skin wound healing.59–62

The increase in BP1-dependent FGF bioavailability in
the wound sites can account for the higher number of
fibroblasts migrating into the stromal tissue of wounds of
BP1-expressing mice (Figures 5A and 6E). Enhanced
migration of cultured primary fibroblasts resulting from
BP1 expression (Figure 2) is an in vitro correlate of this in
vivo effect. As a consequence of the enhanced FGF-
mediated chemoattraction of fibroblasts, macrophages,
and endothelial cells into the granulation tissue, we de-
tected a peak in the cell proliferation rate as early as 4
days postinjury (Figure 6B). Similar levels of cell prolifer-
ation were reached in control animals, only with a 2-day
delay. However, keratinocyte proliferation was not af-
fected by BP1 expression (see Supplemental Figure S7
at http://ajp.amjpathol.org). Moreover, we found a remark-
able increase in the number of newly generated
microvessels in the skin wounds as well as increased
collateral formation in ischemic skeletal muscles in BP1-
expressing mice (Figure 7).

Very similar to this enhanced wound repair, endoge-
nous BP1 expression was recently shown to modulate the
effect of FGFs in the maintenance and reinnervation of
the neuromuscular junction, as reviewed elsewhere.22 In
these studies, down-regulation of BP1 was linked to a
lack of reinnervation during the progression of amyo-
trophic lateral sclerosis (ALS).21 On the other hand, BP1
expression was found upregulated in blood vessels of
mice that succumb to premature atherogenesis,63 a dis-
ease that is linked to inflammation and pathological repair
of vascular endothelia. Furthermore, BP1 was found to be
upregulated after spinal cord injury and in HIV-induced
kidney damage,64,65 in different malignancies such as
colon, breast, prostate,19,44,66 and skin cancers,17 and
has been proposed as an angiogenic switch that is
turned on during malignant progression.16 These find-
ings suggest that BP1 can play a role in the mainte-
nance and repair, as well as the pathology, of a variety
of tissues.

Conclusions

To the best of our knowledge, this study provides the
first evidence that conditional expression of BP1 can
enhance wound healing by driving neo-angiogenesis,
fibroblast migration, macrophage recruitment, and ep-
ithelial closure. It is conceivable that exogenous ad-
ministration of BP1 protein may enhance the activity of
locally stored FGFs or of exogenously administered
FGFs that are used in clinical trials for different indica-
tions, including wound healing and cardiovascular dis-
ease (see http://ClinicalTrials.gov). The phenotypic sim-
ilarity of wound healing and repair with cancer initiation
and progression has been well established, and over-
lapping drivers have been identified.67– 69 Similarities
between wound healing and malignant transformation

were described 150 years ago by Rudolf Virchow.70 He
proposed that tissue injury and scarring are part of the
etiology of malignancies, and it does appear that
FGFBPs carry the hallmarks of common drivers that
can link these distinct pathological events.
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