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There are remarkable parallels between wound healing
and cancer, at both the molecular and cellular levels, and
it has been suggested that tumors use the wound healing
response of the host to generate their own stroma.’ A
particularly important component of the wound granula-
tion tissue and the tumor stroma is the vasculature, which
is essential for supplying the wound or tumor tissue with
oxygen and nutrients. Thus, impaired angiogenesis is a
hallmark of chronic, nonhealing ulcers, and stimulation of
angiogenesis at the wound site is a promising treatment
strategy.? On the other hand, inhibition of angiogenesis is
clinically used for the reduction of tumor growth.® There
are various growth factors and cytokines that stimulate
angiogenesis in wounds and tumors. In particular, mem-
bers of the vascular endothelial growth factor family are
potent regulators of blood vessel and lymphangiogen-
esis.®® In addition, certain members of the fibroblast
growth factor (FGF) family are also involved in the control
of angiogenesis, in particular in wounds and in tumors.*

FGFs comprise a family of 22 different members that
regulate proliferation, migration, differentiation, and sur-
vival of various cell types. Therefore, they participate
crucially in embryogenesis, tissue repair, and cancer.
With the exception of FGF11-14, which act in the nu-
cleus, the other FGFs exert their functions through bind-
ing to four different transmembrane receptor tyrosine ki-
nases, designated FGF receptors 1-4 (FGFR1-4).° The
bioavailability of the secreted FGFs is rather limited, as
most of them bind strongly to proteoglycans in the extra-
cellular matrix. Therefore, they need to be released from
the matrix before they can activate their receptors, and
this is promoted by the fibroblast growth factor-binding
proteins (FGF-BPs). Furthermore, FGFs are frequently ex-
pressed in small amounts, and enhancement of their
receptor affinity, which is also achieved by FGF-BPs, may
allow them to exert important biological functions at ex-
tremely low concentrations. In this issue of The American
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Journal of Pathology, Tassi et al® demonstrate that FGF-
BP1 promotes angiogenesis and wound repair through
acceleration of FGF signaling.

Fibroblast Growth Factor-Binding Proteins

FGF-BPs comprise a family of three secreted proteins
that act as FGF chaperones. The best-characterized
member is FGF-BP1, which has been shown to bind to at
least FGFs 1, 2, 7, 10, and 22.” On binding to the car-
boxyterminal part of FGF-BP1, FGFs are released from
the extracellular matrix, and they are also protected from
proteolytic degradation. In addition, when bound to FGF-
BPs, the affinity of FGFs for their transmembrane recep-
tors is enhanced.” Because FGFs are expressed in mul-
tiple types of cancer,® the FGF chaperone function of
FGF-BPs is likely to be of particular importance for cancer
development and progression. Indeed, FGF-BP1 is
highly expressed in the tumor cells of most carcinomas
as well as in established carcinoma cell lines, and its
expression correlates with a high microvessel density.”
The observed increased expression of FGF-BPs at early
stages of the development of pancreatic and colorectal
adenocarcinomas suggested that they could be used as
a diagnostic screening method for detection of premalig-
nant cancers, provided that they are released into the
circulation of these patients.® Most importantly, at least
FGF-BP1 seems to play a functional role in tumorigene-
sis. Thus, it was shown in xenograft models for human
cervical squamous cell carcinoma and colon adenocar-
cinoma that ribozyme-mediated suppression of FGF-
BP expression inhibits angiogenesis-dependent tumor
growth. Therefore, FGF-BP1 appears to be required for
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efficient tumor growth in these cancer models, and it acts
as an angiogenic switch.™®

FGFs and Wound Repair

Given the important role of FGF-BP in tumor angiogenesis
and growth, and the strong parallels between wound
healing and cancer, it was tempting to speculate about a
role of this protein in the repair process. Cutaneous
wound healing is a highly regulated process that occurs
in three partially overlapping phases: i) blood clotting and
inflammation; ii) new tissue formation that involves re-
epithelialization and granulation tissue formation; and iii)
tissue remodeling. Although this process is rather effi-
cient in healthy individuals, it does not lead to complete
regeneration in adult mammals. Rather, a scar remains
with reduced tensile strength and elasticity and lack of all
appendages.’" Several types of FGFs are expressed at
the wound site, including FGF1, FGF2, FGF7, FGF10, and
FGF22, and the expression of some of them is greatly
increased at different phases of the repair process.'® '3
This is functionally important because FGF2 knockout
mice have impaired wound healing,' and expression of
a dominant-negative FGFR2 mutant in keratinocytes of
transgenic mice resulted in a severe delay in wound
re-epithelialization.’® Therefore, FGF signaling is obvi-
ously required for efficient healing. Thereby, different
FGFs are likely to fulfill different functions: FGF2 seems to
be particularly important for wound angiogenesis,
whereas FGF7, FGF10, and FGF22, whose functions
were blocked by the dominant-negative FGFR2 mutant,
are important regulators of wound re-epithelializa-
tion."* 'S Because FGF-BP1 binds to multiple FGFs, it
may well be involved in all these processes.

Expression of FGF-BP1 in Healing Skin
Wounds

A role of FGF-BP1 in wound healing was first suggested
by the rapid increase expression of FGF-BP1 expression
after surgical wounding of human skin grafts."® In another
study, enhanced expression of FGF-BP1 was shown
throughout the healing process of full-thickness exci-
sional skin wounds in mice, and particularly strong ex-
pression of FGF-BP1 was observed in the hyperprolifera-
tive wound epidermis.'” In vitro studies with cultured
keratinocytes suggested that various growth factors that
are abundant at the wound site are responsible for the
increase in FGF-BP expression in the wound epidermis.
The predominant expression of FGF-BP1 by keratino-
cytes suggested that it accelerates the activity of FGFs
that stimulate proliferation and migration of these cells,
such as FGF7, FGF10, and FGF22. Indeed, these FGFs
were identified as interaction partners of FGF-BP1, and
the latter was shown to promote the activity of low con-
centrations of FGF7 and FGF10.""'8 Therefore, it seems
likely that activation of FGF-BP1 expression in keratino-
cytes of healing wounds promotes re-epithelialization. In
addition, FGF-BP1 may also act on cells of the granula-
tion tissue (eg, endothelial cells), because it is a secreted
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protein and is also expressed in cells of the dermis and
granulation tissue. To determine the functional impor-
tance of the enhanced FGF-BP1 expression in healing
wounds, it will be essential to inhibit this protein at the
wound site, for example, via neutralizing antibodies or
small-interfering RNA-mediated knockdown. Because
knockdown of FGF-BP1 in chicken embryos causes early
embryonic lethality,'® it seems likely that knockout mice
will also not be viable. However, wound healing studies in
mice with a conditional knockout of FGF-BP in keratino-
cytes, fibroblasts, or endothelial cells would be an inter-
esting approach to undertake for studying the role of
endogenous FGF-BP1 in individual cell types for the heal-
ing process.

FGF-BP1 Enhances Angiogenesis, Fibroblast
Migration, and Wound Healing

Although the role of endogenous FGF-BP1 in the wound
healing process remains to be determined, Tassi et al®
now provide evidence for a possible therapeutic potential
of this protein. This is of major medical importance be-
cause chronic nonhealing ulcers affect a large percent-
age of the population, in particular aged individuals. In
addition, impaired healing that results in the formation of
chronic ulcers is a frequent complication in diabetic pa-
tients or in patients treated with anti-inflammatory steroids
or chemotherapy. This strongly reduces the quality of life
of the affected individuals and may even require leg
amputations. In addition, it creates a severe burden for
the health care system.?° Thus, there is a strong need for
the development of improved therapies for the treatment
of impaired wound healing. Unfortunately, several ap-
proaches for local application of growth factors to chronic
wounds have failed, most likely arising from the rapid
degradation of the proteins at the wound site.?” Further-
more, a single growth factor usually affects a limited
number of cell types and thus can only control certain
aspects of the healing process. This is also the case for
individual FGFs as described above. Therefore, acceler-
ation of the activity of different FGF family members at the
wound site appears as a promising strategy.

To determine whether FGF-BP1 has therapeutic poten-
tial for improvement of wound healing, Tassi et al® gen-
erated transgenic mice expressing FGF-BP1 in an induc-
ible manner (Tet-off system) under control of an
ubiquitously active promoter. The inducible expression
was necessary, as constitutive expression causes em-
bryonic lethality.?? The consequences of FGF-BP1 up-
regulation for different processes involved in wound heal-
ing were tested, including fibroblast migration in vitro
using scratch assays and angiogenesis in vivo using the
Matrigel plug assay. Indeed, both processes were
strongly stimulated in the presence of increased levels of
FGF-BP1. Enhanced angiogenesis was also observed in
healing skin wounds of FGF-BP1 transgenic mice, and
the numbers of fibroblasts and macrophages at the
wound site were also increased. These findings demon-
strate that FGF-BP1 is a potent accelerator of wound
granulation tissue formation. In addition, exogenously



2146  Werner
AJP November 2011, Vol. 179, No. 5

added FGF-BP1 enhances keratinocyte migration.' To-
gether with the finding that expression levels of the fgf-
bp1 transgene were particularly high in keratinocytes of
the epidermis and the hair follicles,® this finding indicates
that re-epithelialization may also be accelerated in the
FGF-BP1 transgenic mice. Indeed, the accelerated
wound closure that was observed in these animals sup-
ports this hypothesis, although it remains to be deter-
mined whether this resulted from enhanced contraction
and/or from enhanced re-epithelialization. A contribution
of wound contraction seems likely because rodent
wounds heal predominantly by contraction and because
the number of contractile myofibroblasts was strongly
increased on induction of FGF-BP1 expression.®

Interestingly, the effect of FGF-BP1 on wound repair
was abolished when the mice were treated with an FGFR
kinase inhibitor, strongly suggesting that the FGF-BP1-
induced acceleration of the wound healing process is
FGF dependent. In the future, it will be interesting to
identify the type of FGF(s) that is (are) positively regu-
lated by FGF-BP1 in healing wounds. Wound healing
studies in double-mutant mice expressing the fgf-bp1
transgene and concomitantly lacking individual FGFs
would answer this question. At least FGF1, FGF2, and
FGF7 knockout mice could be used for this purpose, as
they have no or only mild phenotypic abnormalities.®
Alternatively, individual FGFs could be inhibited at the
wound site using neutralizing antibodies or small-interfer-
ing RNAs. The effect of FGF-BP1 on angiogenesis is
particularly obvious; therefore, one would also like to
know more about the quality of the new vessels. Does
FGF-BP1 affect stabilization and functionality of the ves-
sels? This could be tested by co-staining for endothelial
cells and pericytes/smooth muscle cells and by in vivo
perfusion assays (eg, with fluorescently labeled dextran),
respectively. Finally, it should be determined whether the
positive effect of FGF-BP1 on wound repair is accompa-
nied by an increased scarring response, which might
limit its therapeutic potential.

Independent of these open questions, the data pre-
sented by Tassi et al® identify FGF-BP1 as a potent pro-
moter of wound healing, even in healthy animals where
the wound healing process is highly optimized. It will be
exciting to determine the effect FGF-BP1 overexpression
on wound healing in aged mice or in mice after induction
of diabetes by streptozotocin treatment. Because diabe-
tes is associated with impaired wound angiogenesis in
mice and humans,??° the enhancement of FGF-BP1 lev-
els may be particularly efficient under these conditions.
Most importantly, the therapeutic potential of FGF-BP1 for
impaired wound healing should be explored by applica-
tion of recombinant protein or by selective production of
FGF-BP1 at the wound site using a viral expression sys-
tem.2" The carboxy terminus of FGF-BP1 is sufficient for
FGF binding, thus, the use of smaller proteins could also
be considered. The ultimate goal would be the use of
FGF-BP1 for the treatment of chronic ulcers. Owing to the
known instability of various growth factors in chronic
wounds,?" which most likely concerns the FGFs as well,
their stabilization by FGF-BP1 and the enhancement of

the activity of low levels of growth factors is an exciting
new perspective.

Finally, the therapeutic potential of FGF-BP1 may well
go beyond the treatment of skin wounds. Thus, Tassi et
al® also demonstrated that FGF-BP1 enhances angiogen-
esis in the mouse ischemic hindlimb muscles. Further-
more, the expression of FGF-BP is increased in regener-
ating renal tubular epithelial cells, indicating a role in
kidney repair.2® A strong increase in the expression of
FGF-BP1 was also observed after spinal cord injury, and
external FGF-BP1 stimulated FGF2-induced neurite out-
growth and enhanced neuronal survival in a PC12 neu-
ronal culture model.?* These findings strongly suggest a
role of FGF-BP1 in neuroprotection and repair. This hy-
pothesis is further supported by the observation that
FGF-BP down-regulation was associated with the failure
to re-innervate the muscles during the progression of
amyotrophic lateral sclerosis.'® Thus, FGF-BP1 may well
emerge as a global player in tissue repair processes with
an as yet underestimated therapeutic potential.
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