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Fibroblast growth factors: the keepers of endothelial

normalcy
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Endothelial cells (ECs) under physiologic and pathologic conditions are

capable of substantial plasticity that includes the endothelial-mesenchymal
transition (EndMT). Notably, in the hypoxic pulmonary circulation EndMT
likely drives increases in the pulmonary arterial blood pressure, leading

to pulmonary arterial hypertension (PAH). However, it is unclear whether
suppressing EndMT can prevent PAH development or mitigate established
disease. In this issue of the JCI, Woo et al. generated mice with EC-specific
deletion of FGFR1 and -2 and mice with EC-specific expression of a
constitutively active FGFR1 to determine the role of FGF signaling in PAH.
Mice with FGFR1/2 deletion in ECs that were exposed to hypoxic conditions
developed extensive EndMT and more severe PAH than control mice.
Animals with the constitutively active endothelial FGFR were protected from
hypoxia-induced EndMT and PAH development. These findings suggest that
FGF signaling may promote vascular resilience and prevent hypoxia-induced

development of EndMT and PAH.

Endothelial cell plasticity

Studies from a number of laboratories
have demonstrated a remarkable degree
of plasticity of adult endothelial cells
(ECs) under physiologic and pathologic
conditions. This plasticity ranges from a
transient downregulation of EC-specific
gene expression to a full disappearance
of EC fate marker genes in conjunction
with the appearance of genetic programs
associated with other cell types, including
fibroblasts, smooth muscle cells (SMCs),
and macrophages, among others, which
is a process termed endothelial-mesen-
chymal transition (EndMT) (1, 2). Hav-
ing undergone a partial or full EndMT,
ECs acquire the ability to drive a number
of pathologic processes, among them
inflammation and fibrosis. These changes
include secretion of proinflammatory
cytokines, expression of adhesion mole-
cules that promote recruitment of circu-

lating white blood cells and platelets, and
deposition of the extracellular matrix (3).
Not surprisingly, such a profound change
in EC biology leads to pathological
changes that underlie various disease
states, including atherosclerosis (4) and
cranial cerebral malformations (CCMs)
(5). One important disease process
recently shown to be driven by EndMT is
pulmonary arterial hypertension (PAH),
the subject of Woo et al. from the Ornitz
lab in this issue of the JCI (6).

The origin and pathophysiologic basis
of PAH has long been a contentious and
controversial subject. The disease itself
is highly heterogeneous, with a variety of
genetic, pathologic, and environmental
triggers. This variety of causes, notwith-
standing the common morphologic basis
underlying PAH, is a combination of fibro-
sis and abnormal SMC coverage of the
distal pulmonary arterial tree that leads to
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increased pulmonary arterial resistance,
and, ultimately, an increase in the pulmo-
nary arterial blood pressure. Identification
of the source of these new SMCs respon-
sible for the aberrant pulmonary arterial
tree muscularization is important to
understanding this disease’s development.
While some studies have clearly shown
that preexisting SMCs from proximal parts
of the arterial tree proliferate and migrate
distally (7), several have suggested that
some of the new SMCs are derived from
ECs, implying the occurrence of EndMT.
Indeed, the presence of EndMT has been
documented both in patient tissues and
in a mouse model of PAH induced by
chronic hypoxia (8, 9). With the two poten-
tial sources of pathogenic SMC popula-
tions thus proposed, the unanswered and
critical question is whether suppression of
EndMT would prevent PAH development
and induce regression of an established
disease. The study by Woo et al. (6) in this
issue takes an important step in addressing
these questions.

A caveat for EC TGF- signaling
While a number of molecular pathways
have been reported as being able to
induce EndMT, the principal driver is the
activation of endothelial TGF-f signaling
(1). Remarkably, unlike most cell types
where TGF-p signaling is antiinflamma-
tory, it is highly proinflammatory in the
endothelium (10). This inflammatory
quality is an important caveat and under-
scores the critical importance of endothe-
lium-specific interventions. Activation of
EC TGF-p signaling can occur as a result
of genetic mutations that can directly trig-
ger this process, as observed for example
in various CCM syndromes (11, 12), or
due to increased expression of EC TGF-$
receptors and increased production/avail-
ability of TGF-p itself. Since normal EC
expression of TGF-f receptors (TGF-BR1
and -R2) is very low, increasing receptor
expression is central to EndMT. Prolonged
exposure to inflammatory cytokines such
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Figure 1. Protective signaling and the development of pulmonary hypertension. Continuous FGF
and BMP signaling inputs are required for suppression of the pathogenic endothelial cell TGF- sig-
naling cascade. In the absence of FGF signaling, decreasing let-7 levels allow for increased expression
of TGF-B2, TGF-BR1, and Smad-2, leading to activation of TGF-p signaling and induction of EndMT.
Constitutively active FGFR1 fully prevents TGF-B-driven development of pulmonary hypertension.

as IL-1B, TNF-a, and IFN-y, as occurs
in the setting of chronic inflammation,
results in marked expression of TGF-B
receptors and ligands, most prominently
TGF-B2, which can increase in concen-
tration 50- to 100-fold (4). The end result
is a proinflammatory environment that
sustains continued conversion of ECs to
fibroblast- and SMC-like cells, resulting in
formation of neointima and fibrosis.

At the molecular level, the key mech-
anism behind inflammation-induced
activation of TGF-B receptors and ligand
expression is the loss of protective fibro-
blast growth factor (FGF) signaling due to
a decline in EC expression of FGF recep-
tors (FGFRs). This loss in FGF signaling,
in turn, leads to an approximately 80- to
100-fold reduction in let-7 miRNA family
member levels. Let-7 miRNA family mem-
bers normally downregulate expression
of several key TGF-B cascade proteins,
including TGF-BR1 and Smad-2 (13). The
existence of this FGF/TGF-B crosstalk
and its relevance to EndMT development
has been verified in a number of in vitro
(13) and in vivo settings, including in
patients with atherosclerosis (4, 14-16).
Studies in that patient population showed
a strong correlation between the loss of
FGFR1 expression, increase in TGF-BR1

expression, activation of TGF-p signaling,
and the pathologic extent of atheroscle-
rosis (4). The verification of the causal
link between these observations is that
EC-specific disruption of TGF-p signaling
dramatically reduces EndMT and essen-
tially eliminates vascular inflammation.
The end result is the prevention of ath-
erosclerosis development and extensive
(approximately 70%) regression of fully
established lesions (10).

The key unverified link in this rather
complex pathophysiologic chain is the pur-
ported protective role of FGF signaling.
To address this issue, Woo et al. generated
mice with EC-specific deletion of FGFR1
and -2 and mice with EC-specific expres-
sion of constitutively active FGFR1. When
subjected to hypoxia, mice with deletion of
EC FGFR1/2 developed more severe PAH
than control mice, while animals with the
constitutively active EC FGFR were pro-
tected from PAH development (6). This is
a remarkable result that nearly closes the
FGE/TGF-p crosstalk loop. We now have
an in vivo demonstration of the key patho-
genic role of EC TGF- activation (4, 14);
patient data showing an inverse relation-
ship between FGFRI1 expression, TGF-$
activation, and disease severity (4); in vivo
demonstration of the protective role of dis-
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ruption of TGF-B signaling (10); and con-
firmation of the protective role of EC FGF
signaling (6). One caveat here is that stud-
ies dealing with disruption of EC TGF-f
signaling were carried out in atherosclero-
sis models, whereas the protective effect
of FGF signaling was studied in PAH
settings. Although it would be important
to show that EC TGF-BR1 knockout pre-
vents PAH development and constitutively
active EC FGFRI signaling protects from
atherosclerosis, it seems safe to assume
that the FGF-mediated protection against
the TGF-p activation paradigm (Figure 1) is
fairly universal.

Protective pathways under
adverse conditions

Finally, what is the real biological role of
FGFs? As their names suggest, growth
factors have traditionally been seen as
promoters of cell proliferation and migra-
tion. In particular, the first two FGFs dis-
covered, acidic and basic FGFs (FGF1 and
FGF2), are potent mitogens; they are capa-
ble of inducing proliferation of a number
of cell types, including ECs and SMCs (17).
Yet, recent studies have begun to suggest
that stimulation of cell growth may not
be the primary role of these molecules.
FGFs act by binding to and activating their
tyrosine kinase receptors (FGFRs) alone
or in combination with a number of core-
ceptors. Given the large number of FGF
family members and a substantial degree
of homology between them, attempts
to establish a biological role of the FGF
signaling cascade in the vasculature have
recently focused on disruption of expres-
sion of FGFRs. Surprisingly, although
essential during vascular development
(18), disruption of FGF signaling in adult
mice produced rather mild phenotypes,
including a mild increase in baseline per-
meability and some loss of structural integ-
rity (19, 20). However, when subjected
to adverse conditions such as ischemia or
hypoxia, mice with disrupted EC signal-
ing demonstrate profound abnormalities,
including grossly abnormal arteriogene-
sis and vascular permeability (21, 22) as
well as the development of EndMT. Taken
together with the study of Woo et al. (6),
we are left with the suggestion that the
main function of FGFs, at least in endothe-
lial biology, is the protection of normalcy
under adverse conditions.
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It is important to note that FGF sig-
naling is not the only protective path-
way playing a role in PAH development.
Genetic mutations affecting bone morpho-
genic protein receptor I (BMPRII) or abnor-
mal expression of key components of the
BMP signaling cascade and various related
miRNAs thatresultin decreased BMP signal-
ing, have all been linked to the development
of PAH (23-28). As in the case of FGF/TGF
crosstalk, the loss of BMP signaling induc-
es PAH by triggering EndMT. How exactly
the EC BMP and FGF protective pathways
interact, and whether one can compensate
for the other, remains to be determined.
Yet, these two strands of evidence point
to the importance of vascular resilience in
disease prevention (29). There is clearly a
critical need to fully understand how such
resilience is achieved. Future studies should
identify and characterize disease-resistant
cell populations (30) and what means exist
to restore vascular resilience.
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