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Abstract

In the heart and other organs, endothelial-mesenchymal transition (EndMT) has emerged as an
important developmental process that involves coordinated migration, differentiation, and
proliferation of the endothelium. In multiple disease states including cancer angiogenesis and
cardiovascular disease, the processes that regulate EndMT are recapitulated, albeit in an
uncoordinated and dysregulated manner. Members of the transforming growth factor beta (TGFB)
super-family are well known to impart cellular plasticity during EndMT by the timely activation
(or repression) of transcription factors and miRNAs in addition to epigenetic regulation of gene
expression. On the other hand, fibroblast growth factors (FGFs) are reported to augment or oppose
TGFB-driven EndMT in specific contexts. Here, we have synthesized the currently understood
roles of TGFB and FGF signalling during EndMT and have provided a new, comprehensive
paradigm that delineates how an autocrine and paracrine TGFB/FGF axis coordinates endothelial
cell specification and plasticity. We also provide new guidelines and nomenclature that considers
factors such as endothelial cell heterogeneity to better define EndMT across different vascular
beds. This perspective should therefore help to clarify why TGFp and FGF can both cooperate
with or oppose one another during the complex process of EndMT in both health and disease.
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EndMT: general characteristics and key signalling effectors

Endothelial-mesenchymal transition (EndMT), which is closely related to epithelial-
mesenchymal transition (EMT), defines a process whereby endothelial cells (ECs) lose their
endothelial specification and gain mesenchymal cell features [1]. During EndMT, individual
transitioning ECs may detach from the endothelium, migrate into the sub-endothelial
interstitia, and differentiate into a spectrum of mesenchymal-like cell types. The process of
EndMT is perhaps most well-understood in the developing heart, where a subset of ECs
lining the endocardium undergo EndMT to form the cardiac valves and septa between
embryonic days 10.5 and 16.5 [2]. During the same embryonic stages, endocardial ECs also
give rise to ~ 20% of cardiac perictyes and smooth muscle cells through EndMT [3]. Other
studies have demonstrated the importance of EndMT in the progression of a number of
pathological conditions including organ fibrosis, solid tumours, scleroderma, heterotopic
ossification, pulmonary arterial hypertension, arteriosclerosis, and cerebral cavernous
malformation [4-19]. Moreover, post-developmental EndMT disrupts EC homeostasis,
leading to deterioration of vascular function and plaque formation observed in
atherosclerosis and vein graft stenosis [20-22].

Multiple mesenchymal markers are used to characterize EndMT, including the myogenic
proteins alpha smooth-muscle actin (SMA), transgelin (SM22) and calponin, and non-
myogenic fibroblast markers such as vimentin, fibroblast-specific protein 1 (FSP1) and
several collagens. Among the mesenchymal markers, SMA (a contractile protein also
expressed by smooth muscle cells and pericytes) is a key factor often used to identify fully
differentiated myofibroblasts, which are often termed “activated fibroblasts”. SMA not only
exerts traction forces that are central in the alteration of tissue architecture during fibrosis,
but it also plays an important role in myofibroblast differentiation and function [23]. Apart
from SMA-mediated contractility, fully differentiated myofibroblasts can promote fibrosis
through enhanced production of extracellular matrix (ECM) proteins and up-regulated
expression of fibrogenic/inflammatory cytokines [24]. Due to the profibrotic characteristics
of myofibroblasts in multiple disease states, there is major interest aimed at understanding
how various cellular precursors, especially ECs, differentiate to form myofibroblasts.

In parallel to the gain in mesenchymal markers and functional properties, ECs also lose
essential factors involved in endothelial specification and function. For example, suppression
of EC signalling receptors such as vascular endothelial growth factor receptor 2 (VEGFR2)
occurs during EndMT in solid tumours [6]. The loss of VEGFR2 may offer a mechanism for
the ineffectiveness of anti-VEGF therapies in glioblastoma multiforme (GBM) [25].
Diminished expression of endothelial junctional proteins including vascular endothelial
cadherin (VE-Cadherin) and CD31 may result in reduced cell-cell contact and increased
motility, which are typical features of fibroblasts. Indeed, a phenotypic switch from a
cobblestone monolayer towards spindly, disorganized fibroblast-like cells is a cardinal
feature of ECs undergoing EndMT in vitro [26].

Many of the signallling networks that are commonly utilized during EMT are also co-opted
during EndMT. The principal inducer of both EndMT and EMT is the powerful morphogen
transforming growth factor beta (TGFB), which consists of three isoforms TGFB1, TGFB2,

J Pathol. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao and Dudley

Page 3

and TGFB3. All three TGFp ligands bind to the type Il receptor TGFBR2, which then
recruits and activates the type I receptor TGFBR1 (or anaplastic lymphoma kinase 5
[ALKS5]) to induce downstream signalling [27]. Activation of the TGFBR complex in turn
stimulates EndMT through both SMAD-dependent and SMAD-independent pathways by
regulating the activity of several “EndMT transcription factors” including Snail, Slug, and
Twist [28-30]. These transcription factors ultimately reprogramme downstream gene
expression leading to the phenotypic and functional changes in the endothelium that typify
EndMT (as noted above). TGFp signalling is strongly context- and cell type-dependent and
is influenced by the microenvironment, interactions with auxiliary signalling pathways and
transcription factors, and the epigenetic landscape [31,32]. Multiple signalling pathways
merge with the TGFP pathway to either augment or attenuate EndMT. For example, TGFf
enhances Notch1 activity which stimulates mesenchymal gene expression in cardiac ECs
during cardiac valve development [33]. Induction of EndMT has been shown to require
synergistic action of IL1B and TGF, although only TGF is necessary for sustained
mesenchymal gene expression [34]. Depletion of endoglin, which indirectly inhibits ALK5-
mediated TGFp signalling, promotes EndMT in tumours, while a TGF superfamily
member BMP7 was reported to antagonize TGFp-induced EndMT or EMT both /n vitroand
in vivo [8,12,35].

In contrast to TGFp, basic fibroblast growth factor (b0FGF) has a more nuanced role during
EndMT. On one hand, bFGF has a potent antagonistic effect on TGFB-induced
myofibroblast gene activation. In arteriosclerotic endothelium, for example, bFGF
counteracts TGFp signalling and reverses EndMT [36], while genetic ablation of endothelial
bFGF signalling accelerates arteriosclerosis progression [7]. Similarly, in lymphatic ECs and
freshly isolated tumour-specific ECs, bFGF blocks expression of TGFB-induced
myofibroblast markers and maintains endothelial specification and function [6,37]. This
antagonistic effect of bFGF is achieved by disabling multiple “nodes” in the TGFp
signalling pathway [36-38]. On the other hand, previous studies suggest that bFGF
signalling is crucial in promoting EndMT of corneal ECs, EMT during development, and
myofibroblast differentiation in the lung (see discussion) [39-42]. These seemingly
confusing data raise an obvious question: how does bFGF exert the exact opposite effect on
the same process?

Given the emerging importance of EndMT in a variety of pathophysiological conditions, it is
important to clarify the underlying molecular mechanisms that mediate the “tug of war”
between TGFB and bFGF during the regulation of EC fate and specification; specifically, we
will delineate the current paradigm underlying both cooperative and non-cooperative roles of
TGFB and FGF signalling during EndMT/myofibroblast activation (Fig. 1). By integrating
these two competing signalling pathways, new treatment strategies for cardiovascular
diseases, or perhaps cancer, where EndMT is a driving force could be achieved.

bFGF is a critical endothelial cell mitogen

Fibroblast growth factors (FGFs) signal through four highly conserved receptor tyrosine
kinases (RTKs) known as FGF receptors (FGFRs) 1 — 4. They regulate several major cellular
processes during development, ranging from early embryonic mesoderm patterning to the
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formation of multiple organ systems [43-45]. In ECs, FGFR1 and FGFR2 are the most
predominant isoforms, and upon ligand binding they dimerize and autophosphorylate to
activate downstream signalling cascades. A total of 18 distinct mammalian FGFs have been
discovered, among which the prototype FGFs, acidic FGF (aFGF) and bFGF, are particularly
critical in early EC specification and vascular development [46].

aFGF and bFGF share 55% sequence homology and exert similar biological effects on many
different cell types, although their signal strength depends on the expression of subtypes and
splice variants of FGFRs and on ligand-receptor affinity [47]. In particular, bFGF is well-
known for its potent pro-proliferative and pro-angiogenic effect on ECs. bFGF is also pivotal
in the maintenance of endothelial VEGFR2 expression that is indispensable for VEGF-
stimulated angiogenesis [48]. In the mature vasculature post-development, endothelial-
specific FGF signalling is essential during injury response, as endothelial deletion of both
FGFR1 and FGFR2 significantly delays wound healing of the skin and impairs hypoxia-
induced angiogenic responses in the retina [49].

bFGF counteracts TGF signalling during EndMT

In addition to regulating EC proliferation, emerging evidence suggests that bFGF
stimulation counteracts TGFp-driven downstream cellular signalling during EndMT.
Recently, high-throughput screening of 60 different combinations of ECM proteins
identified bFGF as the strongest negative regulator of TGFB-induced EndMT [50]. Other
studies reported that bFGF decreased TGFBR1 levels and reversed the growth inhibitory
effect of TGFB1 on ECs [51]. Work by Chen et a/. suggests that bFGF is essential in
preventing EndMT in the normal endothelium [36]. Similarly, in lymphatic vessels, bFGF
inhibits EndMT and maintains lymphatic EC identity by opposing TGFp-activated SMAD2
via Ras/ERK MAPK signalling [37]. We recently uncovered at least two types of tumour-
specific EC populations in mammary tumours that respond differently to TGFp and undergo
distinct forms of EndMT (Fig. 1) [6]. Despite displaying varying TGFf responsiveness,
bFGF was able to restore endothelial morphology and endothelial markers in both EC
subtypes [6]. Gene expression analysis of these tumour-derived EC clones also revealed that
bFGF reversed the expression of several TGFp-stimulated genes, including the
myofibroblast marker ActaZ (gene name for SMA) and Smad3, while other genes were
synergistically activated by combinations of bFGF and TGFp. Consistent with our findings,
differential TGFp reactivity of EC subpopulations derived from the same tissue has been
reported by other groups, suggesting that EC heterogeneity dictates EndMT [52,53]. Thus,
we may speculate that different vascular beds might show different proclivities to undergo
EndMT in the adult. Especially in those tissues/organs where EndMT is known to occur
during development (e.g. lung and heart), it is possible we will find the greatest capacity for
EndMT to be recapitulated postnatally; especially following injury. Although it is unclear
how bFGF might feed into this paradigm, we would anticipate that endothelial cells in the
lung/feeding arteries would be most “receptive” to EndMT-modulating factors following
tissue injury (hypoxia or fibrosis). Such “receptiveness” might underlie repair or remodeling
during, for example, pulmonary arterial hypertension.
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bFGF has also been reported to antagonize TGFp signalling in other cell types. For instance,
bFGF decreases TGFp-stimulated SMA and mesenchymal gene expression in pericytes and
airway smooth muscle cells [54]. aFGF was reported to function similarly to bFGF and
counteract TGFp signalling, although we found that aFGF was less potent than bFGF in
blocking TGFp-driven EndMT in tumour-derived ECs [6]. In one study, deprivation of aFGF
or TGFp stimulation induced expression of the mesenchymal genes SM22 and calponin in
human umbilical vascular ECs (HUVECS), while treatment with aFGF blocked TGFp-
induced gene expression and diminished the acquired smooth muscle cell-like contractility
[52]. This antagonistic effect of aFGF on TGFp, reportedly mediated through the MEK/ERK
pathway, was also observed in fibroblasts and in epithelial cells during EMT [55-57].

ECs secrete their own bFGF to counteract TGFB-induced EndMT

In ECs, TGFp treatment induces bFGF production and secretion, which in turn inhibits
TGFp signalling in an autocrine feedback loop (Fig. 2A) [6]. For example, we found that
conditioned media harvested from TGFp-stimulated ECs contained high levels of bFGF,
which repressed mesenchymal gene induction and preserved endothelial markers in
secondary EC cultures. Capillary ECs were also shown to stimulate their own bFGF
secretion which facilitated angiogenesis and vessel growth [58]. Furthermore, in human
ECs, bFGF mRNA expression was induced by TGF as revealed by gene expression
profiling [22]. Consistent with these findings, bFGF mRNA levels are significantly increased
in lung tissues in transgenic mice with lung-specific TGFp1 over-expression [59]. This
observation is not only limited to ECs as studies of multiple mesenchymal cells, including
human lung fibroblasts, prostate stromal cells, osteoblastic-like cells and corneal stromal
fibroblasts have shown that bFGF expression is enhanced by TGFp, and secreted bFGF
activates the ERK pathway through autocrine activation of its own receptors [60-65]. It is
possible that, in the face of TGFp challenge during EndMT, ECs secrete bFGF as a
protective factor to counteract TGF signalling thereby preserving EC function and
specification. It is unknown, however, what downstream signalling intermediates are
responsible for TGFB-induced up-regulation and secretion of bFGF.

bFGF skews endothelial cells and fibroblasts towards a SMA- phenotype

It was recently proposed that cancer-associated fibroblasts (CAFs) are polarized into
tumour-restricting (Type 1) versus tumour-promoting (Type 2) populations [66]. This
dichotomy is reminiscent of differentially polarized macrophages and neutrophils that are
also found in the microenvironment of solid tumours [67,68]. While Type 1 CAFs are SMA™
and restrict tumour growth, Type 2 CAFs, albeit heterogeneous, are activated fibroblasts that
up-regulate an array of mesenchymal markers including FSP1, vimentin, platelet-derived
growth factor receptor beta (PDGFRp), and the prototypical myofibroblast marker SMA.
SMA* CAFs are proposed enablers of tumour progression that interact with tumour cells
and other stromal cells within the microenvironment to orchestrate tumour angiogenesis,
inflammation, and metastasis [69]. Apart from tumours, SMA™ fibroblasts or myofibroblasts
are frequently observed in wounds, fibrotic lesions and arteriosclerotic plaques. Although
myofibroblasts are derived from diverse cellular precursors, once differentiated, all
myofibroblasts appear to possess similar functions including exertion of traction force and
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ECM matrix deposition that are necessary for healing [70]. The accumulation of
myofibroblasts is usually transient during acute injury; however, in chronic inflammatory
conditions where myofibroblasts persist, excessive tissue contraction and ECM remodeling
by these cells leads to destruction of normal tissue architecture and function.

In addition to its role during development, the process of EndMT generates myofibroblasts
in tumours and other fibrotic conditions. Using a lineage-tracing model, Zeisberg and
colleagues have found that at least 12% of SMA* CAFs are derived from ECs in tumours
[11]. Similar percentages of EC-originated myofibroblasts were also reported in renal and
lung fibrosis [71,72]. Interestingly, using SMA and non-myogenic fibroblast markers such as
FSP1, studies by our lab and others have revealed that distinct forms of EndMT give rise to
SMA™ and SMA* CAF populations, suggesting that heterogeneous EC subpopulations
undergo both myogenic (myofibroblast) and non-myogenic transitions (Fig. 1)
[6,11,13,52,73]. Similarly, different forms and subtypes of EMT have also been identified.
For example, the process whereby EMT progresses along a myogenic path to generate
myofibroblasts is termed epithelial-myofibroblast transition (EMyT or EMyoT) [41,74].

Although it remains elusive how different SMA™ and SMA™ cell populations interconvert,
past studies have suggested that bFGF effectively directs fibroblasts towards the Type 1
phenotype. For instance, myofibroblast differentiation from adipose-derived mesenchymal
stem cells or embryonic fibroblasts can be reversed by bFGF, which not only suppresses the
expression of myofibroblast genes such as SMA, collagen 1 and fibronectin, but also
preserves their Type 1 fibroblast-like morphology [75,76]. bFGF can also inhibit
myofibroblast activation from mature proliferating fibroblasts or interstitial cells derived
from various tissues [77-80]. In epithelial cells, bFGF prevents myofibroblast differentiation
during EMyT while cooperating with TGFf to drive the transition towards a more migratory
and invasive mesenchymal-like cell type [41]. Remarkably, in the liver, transplantation of
mesenchymal stem cells pre-conditioned by bFGF alleviates fibrosis likely through
reduction of myofibroblast activation [81]. Similarly, in other mesenchymal cells such as
pericytes, bFGF also skews differentiation towards a SMA™ phenotype, while TGF initiates
a SMA™ differentiation program [82].

Studies of hypertrophic scars and keloid tissue formation during wound healing have further
established the anti-fibrotic effect of bFGF, revealed by decreased expression of SMA and
ECM components such as collagen in activated fibroblasts [83]. In wound-healing models
and in clinical studies, administration of bFGF reduced scar tissue and inhibited the pro-
fibrogenic effect of TGFp, indicating that the therapeutic benefits of bFGF are likely due to
inhibition of TGFB-induced phenotypic switching that would ordinarily functionalize
myofibroblasts (Type 2) [84-87].

Molecular mechanisms of bFGF’s antagonistic action on TGFp signalling
during EndMT

The exact pathways that bFGF employs to oppose TGF signalling are not fully
characterized. However, recent evidence suggests that bFGF stimulates several distinct
pathways to modulate EndMT (Fig. 2B). One mechanism is regulation through induction of
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“anti-EndMT” microRNAs (miRNAS), such as /et-7. In arteriosclerotic ECs, bFGF can
signal through FGFR-FGFR substrate 2 (FRS2) to up-regulate /et-7, which in turn down-
regulates TGFPRL1 to attenuate TGFp-driven EndMT [36]. Compromised FGF signalling as
a result of chronic inflammation, on the contrary, leads to a reduction of /et-7and enhanced
TGFp signalling which initiates EndMT. bFGF increases the expression of another miRNA,
miR-20a, which simultaneously targets upstream TGFp receptor components including
ALKS5 (TGFPR1), TGFBR2 and a receptor-associated protein called SMAD anchor for
receptor activation (SARA) [38]. A second major signalling pathway that contributes to the
antagonistic ability of bFGF is the MEK/ERK pathway. In ECs, activation of MEK/ERK by
bFGF is critical for cell proliferation, migration, survival and VEGFR-dependent
angiogenesis [88-90]. Studies by others, along with our own published data, have also
shown that activation of the downstream MEK/ERK pathway is important in counteracting
TGFB-stimulated myofibroblast gene expression [37]. MEK/ERK activation can down-
regulate TGFB-stimulated SMAD2 phosphorylation, whereas overexpression of the Ras
protein, an upstream effector of MEK/ERK signalling, can amplify bFGF-driven ERK
signalling and prevent EndMT [37]. These effects are modulated specifically through
FGFR1 in ECs, as depletion or loss of FGFR1 enhances SMAD?2 phosphorylation and
TGFB-stimulated EndMT [91].

During TGFp-stimulated EMT, activation of MEK/ERK by aFGF also strongly reduces
SMAD?2 phosphorylation thereby suppressing expression of the mesenchymal gene SMA
and blocking the function of matrix metalloproteinases [56]. This effect is abolished
specifically by a MEK inhibitor but not by inhibition of PI3K or p38. Identical signalling
pathways are utilized during myofibroblast differentiation from fibroblast or mesenchymal
stem cell precursors [75,76,79,92]. During such processes, TGFp-stimulated myofibroblast
differentiation from quiescent fibroblasts is inhibited by bFGF through MEK/ERK, which in
turn suppresses SMAD-dependent signalling [76,79,92]. On the other hand, the integrin-
activated focal adhesion kinase (FAK) pathway can enhance cell surface FGFR expression
and FRS2-ERK activation, thereby strengthening FGF signalling [75]. Together, these data
suggest that multiple mechanisms underlie bFGF’s EndMT-neutralizing ability and the
downstream modulators activated by bFGF may vary in different cell types.

bFGF inhibits myofibroblast activation, but promotes proliferation and

migration of myofibroblasts

Although bFGF can exert potent opposing effects on TGF signalling during myofibroblast
generation from ECs and other cell types, the timing of bFGF signalling is critical. In fact,
bFGF acts as a fibroblast mitogen, promoting myofibroblast proliferation after TGFp-
triggered mesenchymal transition. This temporal and dynamic interaction between bFGF
and TGFp has been demonstrated in studies of paraxial mesoderm myogenesis during chick
embryonic development [93]. The investigators showed that a two-step mechanism likely
occurred during myogenesis: pulse exposure of TGFp was required to initiate myogenesis at
the early stage whereas bFGF, albeit not necessary for myogenic commitment, was
indispensable for maintaining long-term cell survival and proliferation. During EndMT, we
have found that bFGF is most effective in inhibiting TGFB-induced myofibroblast genes;
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however, in ECs exhibiting a partial EndMT phenotype where SMA is constitutively
expressed, addition of bFGF was less effective at suppressing the myofibroblast genetic
program [6]. Corroborating our data, Correia and colleagues also showed that bFGF curbs
EndMT only at initiation (i.e. reduces the number of cells entering EndMT) through up-
regulation of a negative EndMT regulator (miR-20&) but was unable to offset TGFp
signalling in cells that had already entered the EndMT program [38]. A similar observation
was also reported in differentiated cardiac myofibroblasts where treatment with bFGF failed
to suppress SMA expression [94]. These data suggest that the temporal expression pattern of
bFGF is of critical importance during myofibroblast differentiation that is ultimately driven
by TGFB. It is proposed, therefore, that bFGF has a biphasic effect on EndMT:
counteracting the pro-differentiation effect of TGFp signalling at the initiation stage, but
promoting fibroblast growth and survival once there is commitment towards the
mesenchymal differentiation pathway. Additional mechanisms, perhaps epigenetic
modifications, may also be at play in the regulation of stable and persistent myofibroblast
gene expression in certain contexts [95,96].

Synergistic actions of bFGF and TGF control fibroblast differentiation
during EndMT

Surprisingly, bFGF is also implicated in the promotion of EndMT in certain types of ECs,
specifically corneal ECs [97,98], although in other cell types in the mammalian eye
including corneal keratocytes and lens epithelial cells, bFGF suppresses TGFp-induced
myofibroblast gene induction [77,99]. Treatment of corneal ECs with
ethylenediaminetetraacetic acid (EDTA), bFGF, and TGF lifts contact inhibition of the
corneal EC monolayer, unlocks mitotic blockade, and induces EndMT [100,101]. While
enhancing motility and proliferation of the corneal ECs, bFGF can also stabilize collagen 1
mRNA through post-transcriptional modifications, thereby promoting EndMT [102]. This
mesenchymal re-programming is collectively achieved by activation of bFGF-mediated
RhoA-ROCK and canonical Wnt/B-catenin signalling, in addition to augmentation of the
TGFp-mediated SMADZ2/3 pathway [100,101].

Studies of EMT have also suggested a cooperative role for bFGF and TGFp, especially
during organogenesis. Both of these factors were shown, for example, to induce EMT in the
epicardium during coronary vasculogenesis in avian heart development [103]. Isolated
epicardial cells in response to the combination treatment of bFGF and TGFp increased
motility and proliferation, and penetrated the underlying matrix, which is a characteristic of
EMT. In a different study where epicardial-lineage cells were generated from human
pluripotent stem cells, addition of bFGF enhanced TGFp-stimulated expression of
mesenchymal markers including SMA and vimentin, although bFGF-induced proliferation
and expression of the EMT transcription factor SNAIL was counteracted by TGFB [104].
During tooth development, bFGF induces EMT in tooth root enamel epithelial cells
(Hertwig’s epithelial root sheath cells) to form cementoblast-like cells that are responsible
for cementum formation, whereas TGFp stimulates the same cells to transition to
periodontal ligament fibroblast-like cells [107]. Here, the cooperative action of TGFp and
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bFGF is also dependent, at least in part, on the coordinated modulation of the MEK/ERK
pathway [41,107].

The profibrotic properties downstream of FGF signalling are additionally demonstrated
during myofibroblast differentiation in alveolar development and regeneration. In transgenic
mice that express a soluble dominant negative FGFR to attenuate FGF signalling, induction
of SMA* interstitial fibroblasts or alveolar myofibroblasts was suppressed during
realveolarization post-injury [42]. However, FGF ligands other than bFGF and aFGF,
including FGFs 8, 10 and 18, were shown to be more critical in the activation of
myofibroblasts through FGFRs, suggestive of functional diversity of the FGF ligand family
[105].

Targeting bFGF in fibrosis and vascular dysfunction

In light of the emerging evidence signifying EndMT as an underlying contributor to multiple
disease states, especially those involving the vasculature, inhibition of pathophysiological
EndMT has been proposed as a new therapeutic modality. For example, small-molecule
inhibitors and antibodies targeting the TGFP pathway have demonstrated beneficial effects
in attenuating EndMT and slowing disease progression in multiple animal studies (for
discussion see Sanchez-Duffhues et al.) [106]. Although no synthetic drugs that modulate
bFGF signalling have been tested in EndMT maodels /n vivo, clinical studies suggest that
administration of bFGF reduces scar formation during wound healing [85]. As noted, TGFB-
driven EndMT is an important contributor to pulmonary fibrosis and pulmonary
hypertension [17,19,72,107]; thus, it might be expected that local administration of bFGF or
activation of bFGF signalling might reverse fibrosis in these conditions. Contrary to
expectations, phase 11 clinical trials showed that /nAibition of FGFRs, along with other
tyrosine kinases including VEGFRs and PDGFRs, by the small-molecule inhibitor
Nintedanib, delayedthe progression of idiopathic pulmonary fibrosis, leading to the drug’s
approval by the U.S. Food and Drug Administration in 2014 [108]. These studies
demonstrate the complex role of TGFB/FGF signalling in the pathogenesis of fibrotic
organs/tissues and reinforce the concept that temporal inhibition, or activation, of different
signalling effectors that control EndMT should be considered in the design of therapeutic
strategies.

In summary, how FGF signalling interacts with the TGFp pathway at the intracellular level
is highly context-dependent and strongly influenced by intrinsic factors such as cell
heterogeneity and extrinsic factors such as the cellular microenvironment (i.e. different cell
types respond differently to FGF challenge or withdrawal). A good example are corneal
ECs, which are derived from the neural crest [109] and behave opposite in their response to
bFGF and TGFB when compared with ECs derived from other vascular beds. In mouse
mammary epithelial cells, it was shown that sensitivity to bFGF depends on expression of
specific FGFR isoforms which are themselves mediated by TGFp signalling [41]. Thus,
differential expression of FGF receptors and the availability of redundant FGF ligands may
also influence signal strength and hence the magnitude of EndMT.
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Summary and perspective

bFGF is a crucial regulator of cellular differentiation and growth during development and
disease. During EndMT, bFGF exerts a dual function depending on the cellular context and
cell types involved: counteracting myofibroblast gene activation by TGFp and restoring
endothelial specification on one hand, while promoting proliferation and migration of
differentiated fibroblasts on the other. The balance and timing of bFGF and TGF signalling
is central during myofibroblast activation. ECs produce bFGF during EndMT perhaps to
“fine-tune” the process and neutralize TGFp stimulation. How TGFp and bFGF crosstalk at
the molecular level to regulate EndMT is not entirely clear, but it is possible that these two
signalling networks converge at common signalling nodes such as MEK/ERK to modulate
EC fate and differentiation. Thus, a delicate balance between these two signalling networks
is required to maintain endothelial homeostasis in both quiescent and activated (e.g. injured
or undergoing angiogenesis) vascular beds. bFGF maintains EC gene expression and
morphology, whereas high levels of TGFB (e.g. during inflammation) instigate EndMT,
driving cells towards a mesenchymal phenotype (Fig. 3).

Multiple forms of EndMT can give rise to SMA* and SMA™ fibroblast-like populations,
similar to the parallel process of EMT and EMyT. In addition, EndMT appears to be a
gradual process whereby ECs undergo a spectrum of mutable and intermediate transitional
stages before overcoming the epigenetic barriers to morph into fully differentiated and stable
(myo)fibroblasts (Fig. 3) 1[1,11,110]. These intermediate cell types display characteristics of
both endothelial and mesenchymal cells and their phenotypes are often reversible and likely
controlled by multiple epigenetic effectors, although very little is known about how the
epigenetic landscape coordinates EndMT and EC plasticity. Adding to this complexity,
context-dependent bFGF signalling may elicit different responses during different forms and
stages of EndMT. Moreover, different laboratories define EndMT using different criteria.
For example, early studies concluding that bFGF was an EndMT-promoting factor defined
EndMT as an acquisition of a spindly morphology and increased cell motility and
proliferation, whereas more recent studies frequently use the expression of myofibroblast
markers such as SMA, SM22 and collagen 1. These diverse characterization methods may
lead to different interpretations and conclusions throughout the literature. It is
recommended, therefore, to classify different forms of EndMT into different categories, such
as endothelial-myofibroblast transition (EndMyoT), where definitive markers (e.g. SMA)
can be used to distinguish this process. Such classification may facilitate future studies to
elucidate the molecular mechanisms underlying the cooperative and non-cooperative roles of
TGFB and bFGF during myofibroblast differentiation. Dissecting and understanding how
these pathways merge is essential for identifying novel molecular therapeutics for the
treatment of, for example, cancer, arteriosclerosis and multiple fibrotic diseases.
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Fig. 1. bFGF and TGF signalling converge to regulate EndMT
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Heterogeneous EC populations consisting of at least two different subpopulations undergo
distinct forms of TGFp-stimulated EndMT. One EC subpopulation gives rise to
myofibroblast-like cells (SMA™) while the other are SMA™ “fibroblast-like” cells. It is
unknown if the two EC subtypes interconvert in vivo. TGF stimulates EndMT and the
conversion of SMA™ fibroblasts to myofibroblasts (SMA™), whereas bFGF counteracts
TGFp signalling during these processes. Acquisition of a stable mesenchymal phenotype
requires overcoming epigenetic barriers that maintain endothelial specification/identity.
During EndMT, bFGF can also play a cooperative role by stimulating proliferation of

differentiated myofibroblasts and fibroblasts.
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Fig. 2. Molecular mechanisms underlying bFGF’s antagonistic effect on TGF signalling during
EndMT

A) During EndMT, ECs up-regulate bFGF in response to TGFf stimulation. bFGF secreted
by these transitioning ECs counteracts TGFf and maintains EC identity through autocrine/
paracrine loops. B) TGFp signals through a TGFPR1 and TGFBR2 receptor complex, which
activates SMAD2/3 (and non-SMAD pathways) to induce EndMT. bFGF neutralizes TGFp
signalling by targeting multiple nodes of the TGFp pathway. bFGF increases “anti-EndMT”
microRNAs including /et-7and miR-20a leading to the down-regulation of TGFp receptors
and a receptor-associated protein SARA. Another pathway activated by bFGF is the
Ras/MEK/ERK branch, which can oppose TGFp signalling by suppressing SMAD2
phosphorylation. Additional auxiliary regulatory mechanisms through MEK/ERK may also
contribute to bFGF’s antagonistic activities.
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Fig. 3. Endothelial homeostasis and phenotype switching are coordinated by bFGF and TGFp
A balance of bFGF and TGFp signalling is required for endothelial homeostasis and

EndMT. High bFGF signalling alone preserves EC specification and gene expression,
whereas high TGFp and low bFGF signalling drives ECs to undergo EndMT. During
EndMT, ECs transition through a spectrum of reversible intermediate stages before
differentiating into a stable and committed (myo)fibroblast phenotype.
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