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The receptor tyrosine kinase vascular endothelial growth factor (VEGF) receptor 3
(VEGFR3) is the principal transmembrane receptor responsible for sensing and
coordinating cellular responses to environmental lymphangiogenic stimuli in
lymphatic endothelial cells (LECs). VEGFC and D (VEGFC/D) function as the
cognate ligands to VEGFR3 by stimulating autophosphorylation of intracellular
VEGFR3 tyrosine kinase domains that activate signal cascades involved in
lymphatic growth and survival. VEGFR3 primarily promotes downstream
signaling through the phosphoinositide 3-kinase (PI3K) and Ras signaling
cascades that promote functions including cell proliferation and migration.
The importance of VEGFR3 cascades in lymphatic physiology is underscored
by identification of dysfunctional VEGFR3 signaling across several lymphatic-
related diseases. Recently, our group has shown that intracellular modification of
VEGFR3 signaling is a potent means of inducing lymphangiogenesis independent
of VEGFC. This is important because long-term treatment with recombinant
VEGFC may have deleterious consequences due to off-target effects. A more
complete understanding of VEGFR3 signaling pathways may lead to novel drug
development strategies. The purpose of this review is to 1) characterizemolecular
mediators of VEGFC/VEGFR3 downstream signaling activation and their
functional roles in LEC physiology and 2) explore molecular regulation of
overall VEGFR3 expression and activity within LECs.
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Introduction

Activation of vascular endothelial growth factor (VEGF) receptor 3 (VEGFR3)
intracellular signaling cascades by VEGF-C (VEGFC) is essential for initial lymphatic
formation during embryogenesis and postnatal lymphangiogenesis by regulating lymphatic
endothelial cell (LEC) differentiation, proliferation, migration, and function (Zhang et al.,
2010; Mäkinen et al., 2001a; Mäkinen et al., 2001b). During embryogenesis, LECs are
thought to differentiate from the mesenchyme and originate from the cardinal vein (Yang
et al., 2012). Postnatally, new lymphatic growth is primarily driven by VEGFR3-mediated
proliferation of LECs originating from pre-existing lymphatic networks. However, bone
marrow-derived endothelial progenitors may also contribute to postnatal
lymphangiogenesis (Stanczuk et al., 2015; PARK et al., 2011). Heterozygous VEGFC
gene deletion during embryogenesis results in hypoplastic dermal lymphatics and
lymphedema in mouse pups that persists into adulthood, highlighting the importance
of this ligand in regulating proper lymphatic function (Karkkainen et al., 2004). Following
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ligand-mediated engagement of membrane-bound VEGFR3,
receptor homodimerization (VEGFR3-VEGFR3) or
heterodimerization (VEGFR2-VEGFR3) catalytically induce
intracellular tyrosine kinase autophosphorylation that recruits
cytoplasmic secondary messengers (Koch et al., 2011; Alam et al.,
2004). VEGFR2-VEGFR3 heterodimer formation preferentially
promotes phosphoinositide 3-kinase (PI3K)–dependent activation
of protein kinase B (AKT), while VEGFR3 homodimers
preferentially stimulate p42/p44 mitogen–activated protein kinase
(MAPK, also known as ERK1/2) activation (DENG et al., 2015;
Mäkinen et al., 2001b). AKT and ERK serve as the principal
downstream effectors of the VEGFR3 axis; however, activation of
other effectors, such as the c-Jun N-terminal kinase (JNK) axis, is
also important (Koch et al., 2011; Mäkinen et al., 2001b). This review
will focus on outlining knockout or gain of function experiments
revealing what is known about VEGFR3 activation, intracellular
signal transduction, and expression under normal conditions.
Further information correlating known alterations in
VEGFR3 regulation in clinically relevant disease states is outside
the scope of this review and are explored in more detail by another
review recently published by our group (Kuonqui et al., 2023).

Three distinct VEGFR orthologs have been described: VEGFR1,
VEGFR2, VEGFR3 (Galland et al., 1993; Aprelikova et al., 1992).
VEGFR1 is expressed on blood endothelial cells (BECs) and myeloid
cells, while VEGFR2 and VEGFR3 are most abundantly expressed
on BECs and LECs, respectively (Koch et al., 2011; Olsson et al.,
2006; Kerber et al., 2008; Murakami et al., 2008; Muramatsu et al.,
2010). Structurally, VEGFRs are comprised of five main regions: 1)
extracellular Ig-like ligand–binding domains, 2) a transmembrane
domain, 3) a juxtamembrane domain, 4) a split tyrosine kinase
domain, and 5) a C-terminal tail (Koch et al., 2011; Pajusola et al.,
1992). Of note, VEGFR3 uniquely undergoes proteolytic cleavage of
its fifth extracellular Ig-like-ligand-binding domain, resulting in the
formation of two disulfide bridge-linked polypeptide chains
(Pajusola et al., 1994). The human Fms-like tyrosine 4 (FLT4)
gene can encode the production of 5.8 kb and 4.5 kb
VEGFR3 mRNA transcripts via alternative splicing, with the
longer isoform being most commonly found in the majority of
tissues (Pajusola et al., 1992; Pajusola et al., 1993). The longer
isoform (FLT41) undergoes translation to form a 195 kDa
VEGFR3 polypeptide precursor that is 65 residues longer at its
C-terminus compared to its shorter counterpart (FLT4s), which
subsequently undergoes proteolytic cleavage to form a functionally
mature VEGFR3 transmembrane protein (Koch et al., 2011;
Pajusola et al., 1992; Pajusola et al., 1993). Within the long
VEGFR3 isoform, the additional residues are thought to confer
additional autophosphorylation sites necessary for intracellular
adapter protein recruitment, leading to differing functional
capacities between the two isoforms (Borg et al., 1995; Hughes,
2001; Fournier et al., 1996). In contrast, mice have been found to
produce a single VEGFR3 mRNA isoform (Hughes, 2001).

The human VEGFC gene encodes an unprocessed 58 kDa
vascular endothelial growth factor C (VEGFC) precursor
polypeptide, which contains N-terminal and C-terminal domains
which must be proteolytically cleaved to allow proper functional
interactions with VEGFR3 and VEGFR2 to promote
lymphangiogenesis (Joukov et al., 1996; Joukov et al., 1997).
Intracellularly, proprotein convertases, such as furin, cleave

C-terminal domains from unprocessed polypeptide precursors to
form pro-VEGFC molecules, which can only bind VEGFR3
(Siegfried et al., 2003). Extracellularly, Collagen- and calcium-
binding epidermal growth factor domains 1 (CCBE1) indirectly
promotes further proteolytic VEGFC cleavage via activation of the A
disintegrin and metalloprotease with thrombospondin motifs-3
(ADAMTS3) metalloprotease, ultimately resulting in removal of
the N-terminal domain to produce a mature 21/23 kDa VEGFC
ligand, which can bind both VEGFR2 and VEGFR3 (Jeltsch et al.,
2014; Bui et al., 2016).

VEGFR-binding domains on VEGFC ligand mediate binding to
both VEGFR3 and VEGFR2 tyrosine kinase receptors (Joukov et al.,
1996). VEGFC interacts with Ig-like loops 1 and 2 on the
VEGFR3 extracellular ligand-binding region, while VEGFC
interacts with Ig-like loop 2 on the VEGFR2 extracellular ligand-
binding region (Jeltsch et al., 2006). Following ligand binding,
VEGFR tyrosine kinase receptors dimerize to initiate an
intracellular signal transduction cascade. Subsequent engagement
of extracellular Ig-like loops 5 and 7 have been implicated in
facilitating functional VEGFR3 homodimerization and activation
(Leppänen et al., 2013). In LECs, VEGF-C can induce receptor
homodimerization (VEGFR3-VEGFR3) or heterodimerization
(VEGFR2-VEGFR3). VEGFC activation of the intracellular
tyrosine kinase region stimulates autophosphorylation of tyrosine
residues, leading to the recruitment of cytoplasmic adapter proteins
that activate downstream signaling cascades (Koch et al., 2011;
Fournier et al., 1999; Fournier et al., 1996). Notably,
VEGFR3 homodimerization leads to autophosphorylation of
5 tyrosine residues (Tyr1230, Tyr1231, Tyr1265, Tyr1337, Tyr1363) on
each receptor, while VEGFR3-VEGFR2 heterodimerization fails
to phosphorylate 2 tyrosine residue sites (Tyr1337, Tyr1363) on
VEGFR3, thereby suggesting differential downstream signaling
activities, which are further explored in subsequent sections
related to intracellular VEGFR3 signaling pathways (Dixelius
et al., 2003).

Initiation and Co-modulation of
transmembrane VEGFR3 signaling

Regulation of VEGFR3 signaling by co-receptors
and membrane-associated proteins

Several co-receptors and membrane–associated proteins
increase VEGFR3 signaling or activation, which are summarized
in Figure 1A. For example, interactions between VEGFC and co-
receptor neuropilin-2 (Nrp2) directly engage VEGFR3 to increase
downstream signal transduction, supporting functions such as tip
cell activation during lymphatic network sprouting (Xu et al., 2010;
Parker et al., 2015). Likewise, EphrinB2-EphB4 receptor activity in
LECs augments VEGFR3-dependent AKT and ERK activation by
facilitating growth factor/receptor internalization (Wang et al., 2010;
Wu et al., 2019). Urokinase plasminogen activator receptor-
associated protein (uPARAP) inhibits VEGFR2-VEGFR3
heterodimer formation and VEGFR2 signaling, thereby favoring
VEGFR3 activation and cellular migration in response to VEGFC
(Durré et al., 2018). Angiopoietin 2/Tie receptor axis signaling also
induces downstream activation of the PI3K/AKT pathway, which
promotes LEC responsiveness to VEGFC stimulation by
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maintaining VEGFR3 cell surface availability (Korhonen et al.,
2022). Specifically, the Ang2/Tie/PI3K signaling axis increases cell
surface VEGFR3 expression by augmenting early endosomal
VEGFR3 recycling to the plasma membrane and circumventing
late endosomal degradation pathways. (Korhonen et al.,
2022) (Figure 1A).

Other co-receptors or membrane-associated proteins decrease
VEGFR3 activation. In cultured human dermal LECs (but not in
vivo LECs), vascular endothelial phosphotyrosine phosphatase (VE-
PTP) attenuates VEGFR3 signaling bymediating dephosphorylation
of its tyrosine kinase domains (DENG et al., 2015; Souma et al.,
2018). Deng et al also found that VE-PTP knockdown in cultured
LECs promotes increased VEGFC-induced
VEGFR3 internalization, illustrating a receptor trafficking-based
mechanism by which VE-PTP inhibits VEGFR3 signal
transduction (DENG et al., 2015). In contrast to increased
VEGFR3 signaling resulting from binding of Nrp2 by VEGFC,
binding of Nrp2 by semaphorin 3F (SEMA3F) or
PlexinA1 ligands dampens VEGFR3-PI3K-AKT activation and
decreases lymphatic sprouting (Nakayama et al., 2015; Uchida
et al., 2015). Similarly, increased expression of membrane
scaffolding protein caveolin-1 inhibits VEGFR3 activation by
attenuating VEGFR3 autophosphorylation and ERK1/2 activation.
(Galvagni et al., 2007) (Figure 1B).

Modulation of VEGFR3 activation by the
extracellular matrix (ECM)

The composition of the ECM exerts significant influence on LEC
function by modulating VEGFR3 activation. For example, the
matrix proteoglycan heparan sulfate (HS) interacts with VEGFC
via the syndecan-4 proteoglycan co-receptor on LECs to promote
VEGFR3-mediated activation of ERK1/2 (Yin et al., 2011; Johns
et al., 2016). The carbohydrate-binding protein C-type lectin

domain family 14 member A (CLEC14A) receptor increases
cellular responsiveness to VEGFC by increasing cellular
VEGFR3 protein expression (Lee et al., 2017). The
carbohydrate–binding protein galectin-8 is also thought to
promote VEGFC-mediated lymphangiogenesis by coordinating
crosstalk at the plasma membrane between podoplanin, integrins,
and VEGFC/VEGFR3 (SIMONS et al., 2016). Matrix
metalloproteinase protein (MMP) ADAMTS3, in cooperation
with CCBE1, is essential for proteolytic activation of mature
VEGFC (Jeltsch et al., 2014; Jha et al., 2017). Initial studies by
Bos et al. revealed that CCBE1 deletion alone did not alter
VEGFR3 activation in mice, but subsequent studies have revealed
that CCBE1 and ADAMTS3 can greatly increase the efficiency of
lymphangiogenesis via promoting activation of mature forms of
VEGFC (Bos et al., 2011). Other MMPs, such as MMP-2 and MMP-
9, directly and indirectly facilitate LEC tube formation and
lymphangiogenesis by modulating VEGFC/VEGFR3 signaling via
incompletely understoodmechanisms (Bruyère et al., 2008; Du et al.,
2017). Lysyl oxidase-like protein 2 (LOXL2), an enzymatic regulator
of matrix composition, promotes lymphangiogenesis by stimulating
downstream AKT and ERK phosphorylation, at least partially via
VEGFR3 and Snail-dependent mechanisms (Wang et al., 2019;
Wang et al., 2017).

Modulation of VEGFR3 signaling by
mechanical forces

Integrins are the proteins found on cells that help attach cells to
other cells and extracellular matrix (ECM). Thus, integrins and help
cells receive signals from surrounding environment and control
expression of gene activity (TAKADA et al., 2007). Changes in
mechanical forces and interactions between matrix fibronectin and
transmembrane integrin receptor α5 β1 increase VEGFR3 kinase
transactivation and PI3K-AKT signaling (ZHANG et al., 2005).

FIGURE 1
Initiation and co-modulation of transmembrane VEGFR3 signaling; Transmembrane receptors and intracellular adapter proteins regulate
VEGFR3 tyrosine kinase domain activation and signal transduction. Neuropilin-2 and EphB4 receptors promote internalization of VEGF-C/
VEGFR3 complexes, which is necessary for downstream signal propagation (A). In contrast, Plexin A1 signaling attenuates VEGFR3 via Neuropilin-2
inhibition, while uPARAP inhibits VEGFR2-VEGFR3 heterodimer formation, thereby fine-tuning lymphangiogenic activity (B). Other transmembrane
proteins including the PECAM-1/VE-Cadherin mechanosensory complex and membrane integrins, enhance downstream VEGFR3 signaling (A).
Intracellular adapters including Shc and Grb2 activate principal downstream VEGFR3 effectors AKT and ERK, which can be enhanced or attenuated by
cytoplasmic proteins ARRB1 and SPREDS (A, B).

Frontiers in Cell and Developmental Biology frontiersin.org03

Kuonqui et al. 10.3389/fcell.2025.1527971

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1527971


Integrin-mediated VEGFR3 transactivation depends on the
recruitment of c-Src, a non-receptor–associated tyrosine kinase
(Galvagni et al., 2010). A number of endothelial cell integrins are
implicated in the regulation of angiogenesis by modulation of
VEGFRs and integrin α9β1 is implicated in embryonic lymphatic
development (Jin and Varner, 2004; Huang et al., 2000). However,
nothing is known about how and which integrins regulate
pathological lymphangiogenesis. Findings that α4 β1, but not α5
β1, αvβ3, or α v β5, is essential for mediating LEC adhesion and
migration through cellular fibronectin suggest defined roles for
distinct integrin isotypes (Garmy-Susini et al., 2010).
Experimental knockout of the integrin β1 subunit leads to
reduced ERK phosphorylation following VEGFR3 activation,
highlighting the importance of distinct integrin protein domains
in regulating lymphangiogenic activity (Kumaravel et al., 2020).
Periostin, a secreted ECMprotein, binds α V β3 integrins and induces
lymphatic AKT signaling by promoting Src–induced VEGFR2/
VEGFR3 transactivation (Kudo et al., 2012). Periostin–treated
LECs have increased formation of focal adhesions and increased
migration (Kudo et al., 2012). Integrin-linked kinase (ILK)
constitutively dampens integrin activity by physically blocking
VEGFR3 and β1 integrin interactions until threshold levels of
mechanical stimulation are met to prevent excessive
lymphangiogenesis, illustrating tightly controlled coordination of
LEC responses to environmental cues (Urner et al., 2019). Within
the cytoplasm, ADP ribosylation factor 6 (Arf6), a small GTPase,
attenuates β1 integrin internalization and matrix-directed
lymphangiogenesis (Lin et al., 2017).

Notch signaling has been implicated in modulating
lymphangiogenic activities in LECs, through VEGFR3 regulation
causing both positive and negative effects on lymphatic sprouting,
suggesting highly context-dependent regulatory functions (Niessen
et al., 2011; Zheng et al., 2011; Fatima et al., 2014; Geng et al., 2020;
Choi et al., 2017b; Min et al., 2016). Mechanistically, Niessen et al.,
proposed inhibition of Notch1-Dll4 signaling attenuates
EphrinB2 expression, thereby altering VEGFR3 signal
transduction (Niessen et al., 2011). In contrast, Zheng et al
reported attenuation of LEC responsiveness to VEGF-A
stimulation (but not VEGFC) most likely via downregulated
VEGF/VEGFR2 pathway-associated downstream signaling (Zheng
et al., 2011). Importantly, Dll4-Notch1 activity did not appear to
alter VEGFR2 phosphorylation, but rather exerted its effects by
decreasing downstream signaling by an unknown related secondary
messenger (Zheng et al., 2011). Later on, Murtomaki et al.
demonstrated Notch1 modulates LEC responsiveness to VEGFC
stimulation by attenuating ERK activation (Niessen et al., 2011;
Shawber et al., 2007; Muley et al., 2022). Following translocation of
its proteolytically cleaved intracellular domain into the nucleus,
Notch1 mediates recruitment of the CBF-1/Suppressor of Hairless/
Lag1 (CSL) transcription factor complex to increase
VEGFR3 transcription and decrease VEGFR2 mRNA synthesis in
LECs (Shawber et al., 2007; Muley et al., 2022). Subsequently,
Bernier-Latmani et al reported VEGFR3-driven Dll4 expression
was necessary for LEC survival and sprouting activity (Bernier-
Latmani et al., 2015). Laminar shear stress (LSS) stimulation of
mechanosensitive ion channel protein PIEZO1 also inhibits Notch
signaling in LECs, which results in increased lymphatic sprouting
activity (Choi et al., 2017b).

Shear stress induced by flow stimulates PIEZO1mechanosensors
that activates the transmembrane ion channel calcium
release–activated calcium channel protein 1 (ORAI1), which in
turn increases VEGFC gene transcription by recruiting
transcription factors Kruppel-like factors 2 and 4 (Choi et al.,
2022; Choi et al., 2017a).Indeed one study indicated that LECs
migrated and formed vessels in the location of preformed fluid
channels, suggesting that fluid flow precedes vessel formation
(Boardman and Swartz, 2003; Planas-Paz et al., 2012; Fontana
et al., 2020). Increased interstitial fluid pressure was associated
with increased rates of peritumor lymphangiogenesis and
metastases (ROFSTAD et al., 2014). Laminar shear stress-
mediated activation of surface CD31 and subsequent recruitment
of adherens junction protein VE-cadherin promotes
phosphorylation of VEGFR2 and VEGFR3 via VEGF
ligand–independent mechanisms (Coon et al., 2015). VE-
cadherin transmembrane domains also physically interact with
VEGFR3 to promote integrin co-activation and downstream
PI3K-AKT axis signaling (Coon et al., 2015; Chen and Tzima,
2009). Additionally, VE-cadherin is required for VEGFR3 surface
presentation in LECs, thereby regulating endothelial responsiveness
to VEGFC stimulation (Harris et al., 2022). In mature lymphatic
valves, VE-cadherin requires an intact AKT signaling node to
mediate continuous expression of the transcription factor
FOXC2 to prevent lymphatic valvular regression (Yang et al., 2019).

Environmental stimuli also affect VEGFR3 expression and
signaling. For example, changes in matrix stiffness result in
activation of the transcription factor GATA2, which directly
increases VEGFR3 expression by binding intron 1 of the
VEGFR3 gene (Frye et al., 2018). Similarly, flow shear stress
increases VEGFR3 transcription in uterine microvascular
endothelial cells via incompletely understood mechanisms (Park
et al., 2017). Wnt secretion from LECs in response to shear stress is
regulated by PROX-1, leading to the expression of transcription
factor forkhead box protein C2 (FOXC2) and GATA2 (Cha et al.,
2018). In experimental hypertensive heart failure models, chronic
pressure overload leads to reduced VEGFR3 and VEGFC mRNA
transcription within cardiac lymphatics (Lin et al., 2021).

Cellular regulation of VEGFR3 expression
and processing

Lymphangiogenesis is also modulated by regulating
VEGFR3 expression and processing. This control within the cell
may occur at the level of VEGFR3 transcription and post-
translational modification, or cell membrane receptor expression,
which are summarized in Figure 2. Transcriptional Regulation of
VEGFR3 expression occurs at many levels and is modulated by
transcription factors, hypoxic environment, and epigenetic
modifications of the regulatory regions of the VEGFR3 gene. In
addition to transcriptional regulation VEGFR3 is also regulated at
post-translational level as described below.

Transcription factors
Many transcription factors regulate VEGFR3 expression.

PROX-1, the most notable, is necessary for LEC differentiation
during development and maintenance of postnatal lymphatic
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phenotype (Johnson et al., 2008). PROX-1 dose-dependently
increases LEC VEGFR3 transcription by binding promoter
regions of VEGFR3 gene (Srinivasan et al., 2014). The expression
and function of PROX-1 itself is also regulated by other
transcription factors and signaling molecules. For example, MafB
increases PROX-1 expression in developing lymphatics and
pathologic tumor lymphangiogenesis and is important in the fine
patterning of lymphatics and smooth muscle coverage of developing
lymphatic networks (Dieterich et al., 2015; Dieterich et al., 2020;
Rondon-Galeano et al., 2020). During development, Sox18–binding
of the promoter region increases the expression of PROX-1
(Cermenati et al., 2013; François et al., 2008). Transcription
factor NF-κ B also increases PROX-1 and VEGFR3 expression in
the lymphatic vessels of some organs (Flister et al., 2010). This
regulatory interaction is noteworthy since it allows inflammatory
signaling pathways, such as the tumor necrosis factor superfamily-
15 (TNFS15)/death receptor 3 (DR3) axis, to increase
VEGFR3 transcription via NF-κ B activation (Qin et al., 2015;
Zhang et al., 2019).

VEGFC-VEGFR3 signaling activates a positive feedback loop
that increases the expression of VEFGR3 and PROX-1 (Srinivasan
et al., 2014). The mechanisms that regulate this positive feedback
loop are incompletely understood. However, VEGFR3 stimulation

selectively increases the expression of transcription factors,
including MafB and Sox-18, that directly regulate Prox-1
expression (Dieterich et al., 2015). Additionally, post-translational
modification of PROX-1 by Small ubiquitin-like modifier 1 (SUMO-
1) enhances its capacity to increase VEGFR3 mRNA transcription
and increases LEC proliferation, sprouting, and tube formation (Pan
et al., 2009).

The expression of PROX-1 (and VEGFR3) is also negatively
controlled by transcription factors that are activated in the
developing embryo or in response to inflammation. For example,
hyperactivation of Hippo pathway effectors YAP and TAZ during
embryogenesis decreases PROX-1 expression and impairs lymphatic
development (Cho et al., 2019). Similarly, activation of these
transcription factors in adult mice decreases lymphangiogenesis
in corneal lymphangiogenesis assays (Cho et al., 2019). Atypical
E2f transcription factors 7 and 8 also decrease
VEGFR3 transcription during developmental lymphangiogenesis
by suppressing VEGFR3 gene promoter activity (Weijts et al., 2013).

Tbx1, which encodes a T box transcription factor involved in
DiGeorge syndrome, activated VEGFR3 transcription via enhancer
binding. In the absence of this gene, VEGFR3 expression levels in
LECs are not sustained, leading to a failure of lymphatic vessel
maintenance (Chen et al., 2010). Similarly, Etv2, an ETS

FIGURE 2
Cellular regulation of VEGFR3 expression; (A) The FLT4 (VEGFR3) gene promoter is primarily under Prox-1 transcription factor control.
Environmental stressors such as hypoxia and inflammation can stimulate lymphangiogenesis by increasing Prox-1 activation. MAFB and
SOX18 transcription factors, which play important roles in early lymphatic development, can also directly increase Prox-1 activity, while Yap/Taz
transcription factors decrease Prox-1 activity and downstream VEGFR3 transcription (B) Transmembrane and intracellular proteins control
VEGFR3 trafficking within lymphatic endothelial cells, which alters lymphangiogenic stimulatory capacity. Robo4 and EphB4 receptors promote
VEGFR3 internalization, while VE-Cadherin maintains surface VEGFR3 availability. Cytoplasmic adapter proteins Epsin 1/2 and AIP1 promote
VEGFR3 internalization/degradation, while ARRB1 and AGS8 promote surface VEGFR3 availability.

Frontiers in Cell and Developmental Biology frontiersin.org05

Kuonqui et al. 10.3389/fcell.2025.1527971

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2025.1527971


transcription factor, is necessary for lymphangiogenesis as seen in
zebrafish through its direct upregulation of flt4 expression (Davis
et al., 2018).

Hypoxic environments
Although the role of hypoxia in the regulation of blood

endothelial cell VEGFR signaling has been studied extensively,
little is known about its effect on VEGFR3 signaling in LECs. In
cultured human lung–derived LECs, hypoxia increases expression of
transcription factor C/EBP-δ, which in turn increases expression of
hypoxia–inducible factor-1 alpha (HIF-1a), VEGFC, and
VEGFR3 mRNAs (Min et al., 2011; Han et al., 2019; Zampell
et al., 2012). In cultured human umbilical vein endothelial cells,
HIF-1a and HIF2a bind the hypoxia response element (HRE)
sequence at the Prox-1 promoter, leading to increased Prox-1
transcription (Zhou et al., 2013). Blocking HIF-1a activity
prevents C/EBP- δ–mediated increased expression of
VEGFR3 and VEGFC in cultured human LECs (Min et al.,
2011). C/EBP-δ knockout mice have decreased lymphatic (but
not tumor cell or bone marrow cell) expression of VEGFR3 and
VEGFC, increased LEC apoptosis, and decreased
lymphangiogenesis in response to lung tumors (Min et al., 2011).
The expression of C/EBP-δ is also regulated by inflammatory
cytokines such as interleukin-1 β, IL-6, and tumor necrosis factor
alpha, suggesting that this transcription factor may also play a role in
inflammatory lymphangiogenesis (Takata et al., 2002).

Epigenetic modification
Regulatory regions around the VEGFR3 gene exhibit functional

susceptibility to epigenetic modification (Hertel et al., 2014;
Quentmeier et al., 2012; Yoo et al., 2020; Koltowska et al., 2021;
Gauvrit et al., 2018). Activation of transcription factor Ets-2 by Ras/
MAPK cascade signaling promotes p300 histone
acetyltransferase–mediated acetylation of VEGFR3 gene
regulatory domains to enhance transcription (ICHISE et al.,
2012). Ets-2 also physically interacts with PROX-1 to
synergistically stimulate the expression of VEGFR3 (Yoshida
et al., 2015; Hong and Detmar, 2003). Experimental inhibition of
histone deacetylase activity promotes sustained histone acetylation
and increased Sp1/Sp3 transcription factor–mediated
VEGFR3 expression, while reciprocal blockade of histone
methylation also increases VEGFR3 gene transcription (Hertel
et al., 2014). Clinically, VEGFR3 gene hypomethylation has been
identified in early gastric cancer tissues and is correlated with lymph
node metastasis (LI et al., 2020).

Metabolic pathways involved in cellular energy homeostasis also
exert epigenetic control of VEGFR3 transcription. For example, fatty
acid β-oxidation product acetyl-CoA increases the activity of
p300 histone acetyltransferase in LECs, thus interacting with
PROX-1 (Wong et al., 2017). Carnitine palmitoyltransferase 1A
(CPT1A), the enzyme responsible for acetyl-CoA synthesis during
fatty acid β-oxidation, is under the transcriptional control of PROX-
1, highlighting reciprocal and complex regulatory interactions
between these pathways (Wong et al., 2017). Mitochondrial
respiration–associated electron transport chain (ETC.) activity
also promotes VEGFR3 and PROX-1 gene expression in vitro
and during in vivo lymphatic development (Ma et al., 2021). This
control results from H3K4me3 and H3K27ac histone modifications

in the promoter regions of PROX-1 and VEGFR3 (Ma et al., 2021).
Recently, dysfunctional lipid droplet autophagy was shown to
attenuate PROX-1 and VEGFR3 expression in LECs by impeding
fatty acid delivery to the mitochondria (Meçe et al., 2022). Likewise,
LEC exposure to oxidized low-density lipoprotein (LDL) reduces
PROX-1 expression by dysregulating fatty acid metabolism and
mitochondrial function (Burchill et al., 2021). Cystathionine
β-synthetase (CBS), an enzyme involved in homocysteine
metabolism and H2S production, promotes VEGFR2 and
VEGFR3 transcription in human dermal lymphatic endothelial
cells through unclearly defined mechanisms (Hatami et al., 2022).

Post-translational regulation of
VEGFR3 expression

Cell surface VEGFR3 expression is regulated by a complex series
of post-translational events, including changes in receptor
internalization, receptor degradation, and receptor trafficking from
the cytoplasm to the plasma membrane. VEGFC stimulation is an
important modulator of VEGFR3 protein expression, likely as part of
an autoregulatory feedback loop. VEGFC treatment dose-dependently
decreases total VEGFR3 levels in cultured LECs, and this response is,
at least partially, mediated by enhanced lysosomal degradation and
decreased VEGFR3 transcription (Han et al., 2014). VEGFC-
mediated VEGFR3 trafficking is also modulated by other signaling
pathways. For example, EphB4 receptor activation by EphrinB2 or
intracellular activation of ASK1-interacting protein (AIP1) increases
VEGFC–induced VEGFR3 internalization and decreases the half-life
stability of internalized VEGFR3 (Wang et al., 2010; Zhou et al., 2014).
Epsins, ubiquitin–binding endocytic clathrin adapter proteins, also
increase VEGFR3 membrane internalization and degradation by
increasing proteolytic degradation of Golgi-bound VEGFR3
(Bhattacharjee et al., 2021; Liu et al., 2014; Wu et al., 2018).
Conversely, within the cytoplasm, ARRB1 counteracts
VEGFC–induced VEGFR3 internalization and degradation (Ma
et al., 2019).

Other signaling cascades regulate cell surface expression of
VEGFR3 independent of VEGFC. For example, Slit homolog
2 protein (Slit2), a ligand of the roundabout receptors (Robo),
decreases surface VEGFR3 levels by increasing receptor
internalization without altering VEGFR3 transcription (Yu et al.,
2014). In contrast, VE-cadherin increases the stability of cell surface
VEGFR3 molecules, which is more fully explored in subsequent
sections (Harris et al., 2022). Likewise, the activator of G-protein
signaling 8 (AGS8)—a receptor–independent accessory protein for
heterodimeric G-proteins—increases cell surface presentation of
VEGFR3 possibly by increasing receptor trafficking from the
cytoplasm to the plasma membrane (Sato et al., 2006; Sakima
et al., 2018).

Intracellular
VEGFR3 signaling pathways

VEGFR3-PI3K/AKT signaling

Activated VEGFR3 phosphorylates PI3K, which canonically
converts membrane–bound phosphatidylinositol 4,5-bisphosphate
(PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) (PORTA
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et al., 2014; Martinez-Corral et al., 2020; Coso et al., 2012). PIP3
subsequently promotes AKT phosphorylation, thereby activating a
variety of downstream mediators (e.g., mammalian target of
rapamycin [mTOR], ribosomal protein S6 kinase beta-1
[P70S6K], endothelial nitric oxide synthase [eNOS], and
phospholipase C, gamma 1 [PLCγ1]) that regulate LEC
migration, proliferation, nitric oxide synthesis, and protection
from apoptosis, as shown in Figure 3 (Coso et al., 2012; Luo
et al., 2012; Hori et al., 2020). Specifically, PI3K regulatory
subunits (p85 α, p55 α, p50 α) encoded by the Pik3r1 gene play
important roles in promoting normal lymphangiogenic signaling
(but not angiogenesis), as seen in experiments byMouta-Bellum et al
revealing insufficient dermal, diaphragmatic, and intestinal
lymphatic development in Pik3r1 knockout mice (Mouta-Bellum
et al., 2009). Phosphoinositide-dependent kinase 1 (PDK1)
stimulates downstream PI3K signaling by increasing AKT
activation by PI3K (Harris, 2003). PDK1 activity is critical for
AKT activation under normal conditions (Harris, 2003). In
contrast, phosphatase and tensin homolog (PTEN), an enzyme
that catalyzes dephosphorylation of PIP3 to PIP2, attenuates AKT
activation by PI3K (Jiang and Liu, 2009).

Intracellular changes in PI3K/AKT signaling may potentially
contribute to increased LEC proliferation, migration, and
differentiation, which is important to consider in some
pathologic settings. For example, LECs with PIK3R3 and PIK3CA

gene mutations derived from lymphatic malformation lesions
exhibit PI3K overexpression, constitutive AKT
hyperphosphorylation, and increased mTOR activation (Boscolo
et al., 2015; Osborn et al., 2015). In one particular study, these
patient-derived LECs also exhibited elevated VEGFR3 and
Neuropilin-2 expression, thus making it difficult to determine if
downstream secondary messenger changes primarily account for the
apparent upregulation in in vitro lymphangiogenic capacity
(Boscolo et al., 2015). In another similar in vitro study, however,
lymphatic malformation-derived LECs were highly susceptible to
treatment with the mTOR pathway inhibitor sirolimus, but not
VEGFR3 blockade, initially suggesting upstream VEGFC-VEGFR3
signaling does not play a significant role in the development of
hyperproliferative phenotypes in lymphatic malformations (Osborn
et al., 2015). Later experiments in 2020 by Martinez-Corral et al
suggest that elevated lymphangiogenesis seen in PIK3CAH1047R-
driven microcystic lymphatic malformations requires intact
upstream VEGFC-VEGFR3 signaling, with maximal regression of
lymphatic overgrowth phenotypes following in vivo treatment with
both VEGFC trap and sirolimus, suggesting the need for a multi-
pronged therapeutic approach in the management of these disorders
(Martinez-Corral et al., 2020).

As suggested by the studies in the previous paragraph,
modulation of intracellular PI3K/AKT signaling continues to
have clinical implications for drug development. For example,

FIGURE 3
Intracellular VEGFR3 signaling; VEGFR3 signaling can be strategically enhanced or inhibited at various levels via targeting of molecular proteins
located upstream or downstream from AKT and ERK. Downstream ERK effectors CREB and Ets-2 promote cell proliferation and differentiation, while
downstream AKT effectors mTORC1 and eNOS primarily promote cell survival and growth functions. Crosstalk between the AKT and ERK signaling
cascades allows context-dependent fine-tuned control of lymphatic endothelial cell function.
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our group recently showed that LEC–specific deletion of PTEN
increases AKT phosphorylation, leading to increased
lymphangiogenesis and lymphatic function in a variety of organ
systems, including the skin, heart, lungs kidney, and intestines
(Kataru et al., 2021). New lymphatics that were generated in LEC
PTEN knockout mice, in contrast to those formed in response to
recombinant VEGFC injection, were not leaky and had normal
expression of tight junction proteins. These findings suggest that
modulation of intracellular signaling pathways in LECs may be a
viable andmore targetedmethod to improve lymphatic function and
may avoid off-target effects of supraphysiological doses of VEGFC.

VEGFR3-Ras/MAPK signaling

During embryonic lymphatic development, the Ras signaling
axis plays a critical role in promoting LEC differentiation through
activation of the downstream effector p42/MAPK, otherwise known
as ERK1/2. During embryologic lymphatic sprouting and
differentiation, VEGFC-VEGFR3-ERK signaling promotes G0/G1

cell cycle arrest by increasing p53/p21 and p27 activity (Jerafi-Vider
et al., 2021). ERK blockade decreases cellular p53 and p27 levels and
attenuates endothelial sprouting activity; this effect is rescued by
p53 and p21 overexpression, suggesting that the Ras/MAPK axis has
a context–dependent role in regulating lymphatic mitogenesis
(Jerafi-Vider et al., 2021). Notably, VEGFR3–autonomous ERK
activity alone is not sufficient for the regulation of dorsal cell
migration following LEC separation from the cardinal vein,
suggesting that other signaling pathways activated by
VEGFR3 are also needed for regulating lymphangiogenic activity
(Jerafi-Vider et al., 2021).

Much less is understood about the role of Ras signaling in post-
developmental lymphangiogenesis. In many cell types,
G-protein–coupled receptor (GPCR)–mediated Ras activation is
the major driver of ERK1/2 phosphorylation via the canonical
Ras-Raf-MEK-ERK signaling cascade (TAKAHASHI et al., 1999).
In contrast, in blood and lymphatic endothelial cells, vascular
growth factor–induced Raf-MEK-ERK1/2 stimulation is indirectly
mediated by protein kinase C (PKC) (Mäkinen et al., 2001b).
Activated ERK primarily stimulates cell proliferation and
differentiation in LECs, and has physiologic crosstalk with the
PI3K/AKT axis (Bui and Hong, 2020; Heckman et al., 2008;
Deng et al., 2013). For example, partial inhibition of PI3K-AKT
signaling in cultured LECs increases ERK1/2 phosphorylation via
release of AKT1–mediated negative feedback inhibition of Raf1
(Boscolo et al., 2015; Ren et al., 2010).

To determine the role of upstream Ras activity in post-
differentiated LECs, Ichise et al developed a LEC-specific Ras
overexpression model in mice (ICHISE et al., 2010). In cultured
cells derived from these mutant mice, constitutive GTP-Ras activity
promoted sustained MAPK phosphorylation and tube formation
under serum deprivation conditions, while wildtype LECs failed to
form tubular networks (ICHISE et al., 2010). Ras blockade reduced
mutant LEC viability without altering cell apoptosis (ICHISE et al.,
2010). The pro-lymphangiogenic effects of Ras hyperactivation were
attenuated by VEGFR3 kinase inhibitors, supporting the hypothesis
that Ras activation can induce cross-talk with the PI3K signaling
cascade (ICHISE et al., 2010). Additional knockout experiments

revealed that Ras stimulates transcription of VEGFR3 in a
dose–dependent manner and that this response is required for
Ras–mediated lymphangiogenesis (ICHISE et al., 2010). The Ras-
GTPase RASA1, a negative regulator of Ras activity, plays an
important role in modulating LEC responses to environmental
VEGFC gradients (Lapinski et al., 2012). RASA1 deletion
increases lymphatic proliferation and survival in vitro by
increasing VEGFC activation of ERK and AKT (Lapinski et al.,
2012). Consistent with this, in vivo lymphatic hyperplasia resulting
from RASA1 knockout is reversed by anti-VEGFR3 antibody
treatment (Lapinski et al., 2012).

Downstream ERK1/2 phosphorylation targets include cAMP
response element (CRE)–binding protein (CREB), a transcription
factor that increases expression of cell survival–promoting genes,
and nuclear transcription factors Ets-1 and Ets-2 that regulate
VEGFR3 mRNA and protein expression, as summarized in
Figure 3 (Mäkinen et al., 2001b; Heckman et al., 2008; ICHISE
et al., 2012). Phospho-CREB, along with molecular coactivator
CREB–binding protein (CBP), interacts with regulatory CRE
regions of gene promoters to increase transcriptional activity
(Andrisani, 1999; Vo and Goodman, 2001). Ets-1/2 knockdown
in mouse LECs also decreases VEGFR2 and PECAM1 gene
expression; however, these reductions are not as significant as
those noted for VEGFR3 (ICHISE et al., 2012).

Intracellular modulation of VEGFR3 tyrosine
kinase domains

Within the cytoplasm, intracellular VEGFR3 tyrosine kinase
domains mediate the recruitment of molecular adapters such as
growth factor receptor–bound protein 2 (Grb2) and Src homology
and collagen (Shc) domain proteins to promote the activation of the
PI3K-AKT and Raf-ERK1/2 signaling axes (Salameh et al., 2005;
DENG et al., 2015). Multifunctional adapter protein β-arrestin 1
(ARRB1) interacts with VEGFR3 kinase domains to preferentially
promote AKT activation (Ma et al., 2019). In contrast, Sprouty-
related, EV1H domain-containing proteins (SPREDS) compete with
Grb2 to inhibit ERK axis engagement (Taniguchi et al., 2007). Other
adapter proteins such as CRKI/II, which are responsible for
activating pathways such as the JNK and p38 cascades, may also
relay lymphangiogenic signals (reviewed elsewhere in more detail)
(YOSHIMATSU et al., 2016; Koch et al., 2011; Mäkinen
et al., 2001b).

Accessory crosstalk with VEGFR3/AKT/ERK
signal transduction

Other signaling pathways also regulate lymphangiogenesis by
modulating VEGFR3 activation or by interacting with shared
downstream signaling cascades.

Adrenomedullin-calcitonin-like receptor (CLR)/
RAMP2 signaling is capable of transactivating VEGFR3 via
c-Src–dependent mechanisms and may also indirectly regulate
VEGFC signaling in LECs by stimulating Dll4 Notch ligand
expression (Geng et al., 2020; Harris et al., 2022). In
inflammatory settings, COX-2 and prostaglandin E2 (PGE2)
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stimulate the receptor EP4 to increase lymphangiogenesis (Nandi
et al., 2017; Lyons et al., 2014). EP4 receptor activation directly
promotes lymphatic AKT and ERK phosphorylation via a non-
canonical mechanism and indirectly stimulates VEGFR3 signaling
by increasing VEGF-D expression (Nandi et al., 2017).

Fibroblast growth factor 2 (bFGF) synergistically increases LEC
responsiveness of VEGFR3 to VEGFC by enhancing downstream
AKT and ERK activation (Kumaravel et al., 2020; Cao et al., 2012).
Other growth factors, such as insulin-like growth factor 1 (IGF-1)
and hepatocyte growth factor (HGF), also activate AKT and ERK
with resultant increased lymphangiogenesis; however, these
responses are independent of VEGFR3 (Björndahl et al., 2005;
Cao et al., 2006; Kajiya et al., 2005).

Endothelin receptor B, (a GPCR) in LECs, when stimulated by
endothelin-1 promotes Src–dependent VEGFR3 transactivation
and synergistically increases AKT and MAPK signaling in
response to VEGFC administration (Spinella et al., 2009;
Spinella et al., 2013). In contrast, sphingosine-1-phosphate
receptor 1 (S1PR1), another GPCR, dampens LEC
responsiveness to VEGFC stimulation under LSS culture
conditions but not static culture conditions, primarily via β-
arrestin pathway signaling (Geng et al., 2020). S1PR1 deletion
results in lymphatic hyper sprouting and aberrant vessel
morphogenesis during embryonic lymphatic development (Geng
et al., 2020). Endostatin serves as a negative regulator of
lymphangiogenesis in LECs by stimulating cell surface
nucleolin, which attenuates ERK1/2 activation resulting from
VEGFC stimulation (Zhuo et al., 2010).

Activation of VEGFR3 in LECs is coordinated by a variety of
mechanisms, including regulation by co-receptors, modulation by
the ECM and mechanical forces, regulation of VEGFR3 mRNA
expression and post-translational modification, cell surface
expression, and intracellular signaling pathways. Downstream
stimulation of the PI3K-AKT and Ras-MAPK signaling axes
directly or indirectly activates interdependent pathways that
regulate cellular proliferation, survival, migration, responsiveness
to lymphangiogenic cytokines, and tubule formation. For future
directions it will be interesting to investigate how VEGFR3 signaling
pathway is regulated in different organs systems of mammalian
body. For example, adult intestine and meningeal lymphatics needs
constant VEGFR3/VEGFC signaling for maintenance but not skin
lymphatics (Nurmi et al., 2015; Antila et al., 2017). Additionally,
considering VEGFR3 signaling is critical for sprouting angiogenesis
and blood vascular growth it will be interesting to learn how
signaling pathways are activated in vascular endothelial cells
compared to LECs (Tammela et al., 2008). In addition, aspects
related to VEGFR3 internalization, localization and overall
availability still needs to be thoroughly studied. Further
characterization and understanding of these signaling interactions
will allow researchers to design targeted interventions that can either
increase or decrease lymphangiogenesis with limited off-target
effects, depending on the clinical scenario.
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