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Abstract

VEGF-driven tumor angiogenesis has been validated as a central target in several tumor types
deserving of continuous and further considerations to improve the efficacy and selectivity of
current therapeutic paradigms. Epsins, a family of endocytic clathrin adaptors, have been
implicated in regulating endothelial cell VEGFR2 signaling, where its inactivation leads to
nonproductive leaky neo-angiogenesis and therefore impedes tumor development and progression.
Targeting endothelial epsins is of special significance due to its lack of affecting other angiogenic
signaling pathways or disrupting normal quiescent vessels, suggesting a selective modulation of
tumor angiogenesis. This review highlights seminal findings on the critical role of endothelial
epsins in tumor angiogenesis and their underlying molecular events, as well as strategies to
prohibit the normal function of endogenous endothelial epsins that capitalize on these newly
understood mechanisms.

Tumor angiogenesis, therapeutic approaches, and targets

Recent advances have established tumor angiogenesis, an intricate process involving the
coordination between multiple signaling pathways and cell types, as an important target in
tumor biology and clinical settings [1-3].

Solid tumor growth, largely driven by the secretion of VEGF, requires neo blood vessel
formation through the expansion of the host tumor vasculature; and these newly formed
vessels can also potentiate tumor dissemination and progression. One such cancer treatment
approach is to block this angiogenic process by inhibiting VEGF signaling [1, 4], where
anti-VEGF therapies like bevacizumab (also known by the trade name Avastin, a humanized
monoclonal anti-VEGF-A antibody) have been proven to be effective on a wide variety of
cancers [5]. VEGF family members act through the receptor tyrosine kinases VEGFR1-3,
and receptor tyrosine kinase inhibitors such as sorafenib and sunitinib, two FDA-approved
drugs, have also been shown to exhibit potent anti-tumoral effects [2, 6]. However, an
imperative issue in the field is that not all patients benefit from therapies involving the
blockade of VEGF signaling. For patients who respond, compensation of other signaling

"Correspondence to Hong Chen, Ph.D., Harvard Medical School, Boston Children's Hospital, Karp Family Research Laboratory,
12.214, 300 Longwood Avenue, Boston, MA 02115. hong.chen@childrens.harvard.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Epsins as

Page 2

pathways (e.g. FGF, PIGF et al) often results in resistance due to metabolic and proteomic
changes in the tumor cells that permit tumor cell adaptation [7-9].

A better understanding of the molecular events governing tumor angiogenesis can provide
alternative or complementary strategies to combat tumor formation. VEGF dynamically
regulates the tumor endothelial expression of a Notch receptor ligand, Delta-like ligand 4
(Dl14), where its deletion or blockade results in excessive angiogenesis and paradoxically-
reduced tumor growth. As a result, the deregulating vascularity is non-functional as shown
by poor perfusion [10, 11]. Inhibitors or antibodies targeting the Notch receptors show
capability to partially block tumor growth through the generation of poorly functioning
tumor vasculature in other pre-clinical studies [12, 13]. Currently, it is of major interest to
investigate such approaches for angiogenic signaling pathways to be rallying for unstrained
and dysfunctional tumor angiogenesis. Particularly, epsins have emerged as new targets for
the development of anti-angiogenic strategies.

regulators and targets for anti-angiogenic cancer therapy

Epsins: endocytic adaptor proteins that select specific cargos for endocytic internalization
through clathrin-coated pits or vesicles, are reported to have additional functions in the
regulation of GTPases involved in actin remodeling [14-17]. Structurally, epsins contain a
conserved NH,-terminal homology (ENTH) domain anchoring it to the plasma membrane,
ubiquitin interacting motifs (UIM) providing specificity with which epsins interact with the
ubiquitinated cargo, and an unstructured carboxyl-terminal tail for bringing the cargo to
coated vesicle formation sites for subsequent internalization [16, 18, 19].

Mammals express three different epsin isoforms. Besides epsin 3, which is primarily
distributed in the stomach and epidermis, epsins 1 and 2 are ubiquitously expressed [16, 20].
Global deletion of epsins 1 and 2 (DKO) in mice leads to prenatal lethality at embryonic day
10 with profound vascular defects, but single deletion of either isoforms does not [21].
Embryos constitutively lacking endothelial epsins 1 and 2 (EC-DKO) phenocopied the
vascular defects with increased vascular density and disorganized vascular networks as
displayed in global DKO embryos, as well as exhibiting delayed lethality [22]. This
indicates that endothelial epsins are indispensable in regulating angiogenesis.

VEGF and Notch signaling pathways also have fundamental roles in embryonic
angiogenesis. Including their roles in post-natal angiogenesis, progress has been made
towards developing target-based therapies specifically for tumor angiogenesis [2, 23]. A
recent study reports the postnatal investigation of blood vessel formation in adult mice with
tamoxifen-inducible, endothelial specific deletion of epsins (EC-iDKO). Under normal
physiological conditions, the EC-iDKO mice exhibit almost unaffected morphology and
functioning of pre-existing host blood vessels. In contrast, by using both subcutaneously
implanted tumors and spontaneous tumor models, vasculature in EC-iDKO tumors are found
to be enlarged, highly disorganized with negligible mural cell coverage, and poorly perfused
—resulting in impaired tumorigenesis. The study also identifies the epsin UIM as a central
element in epsin function [24], and these intriguing findings suggest that targeting
endothelial epsins may provide a novel and alternative therapeutic target for anti-angiogenic

Cell Mol Life Sci. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al.

Page 3

therapy. However, some barriers still remain. For instance, is it possible to specifically target
endothelial epsins and circumvent a systemic effect that perturbs epsins’ function in other
cell types? Is it feasible to disturb epsin function? If yes, would it be effective to curb
established tumors?

A follow-up study makes a plausible attempt and utilizes a chemically synthesized, tumor
endothelial cell-homing, UIM-containing peptide (named epsin mimetic peptide) to
competitively and specifically prohibit endogenous epsin function in tumor vasculature. The
peptide is sophisticatedly equipped with iRGD at the UIM C-terminus to facilitate peptide
homing to and internalization by tumor endothelial cells; and with a plasma membrane-
anchoring-peptide from the Lyn kinase H4 domain, to enrich plasma membrane localization
of the UIM peptide conjugate [25-27]. The designed epsin mimetic peptide also disrupts
functional angiogenesis and generates remarkable inhibition of tumor growth in U87 and
GL261 (glioblastoma), LLC (lung), B16 (melanoma), and TRAMP (prostate) preclinical
cancer models. The viability of endothelial epsins as a therapeutic target, in particular for the
resulting effects of aberrant, nonproductive leaky tumor vessels, is further evaluated in the
study. For example, one could speculate that the epsin mimetic peptide disrupts the tumor
vasculature, and may therefore cause brain swelling and fluid buildup in orthotopic
gliobastoma models. However, this phenomenon is not observed, and the treatment is
equally as effective at inhibiting tumor growth as currently available anti-VEGF therapies.
One could also speculate that these vessels may decrease tumor perfusion and would not
allow efficient delivery of chemotherapy to the tumor. However, the results in subcutaneous
allografts of lung cancer cell models find that the treatment sustains tumor growth when
combined with cytotoxic chemotherapeutics (e.g. doxorubicin, Taxol, OKN-007). These
vessels in metastasis models could be hypothesized to provide a route of tumor
dissemination because of their leakiness despite the study demonstrating that the treatment
impedes cancer metastasis [28]. The indicated findings provide strong in vivo evidence for
endothelial epsins as druggable targets.

Mechanistically, the vascular dysfunction responsible for the previously described cancer
suppression phenotype is a result of impaired VEGFR2 internalization, degradation, and
failure to attenuate VEGF signaling. VEGF stimulates VEGFR2 internalization and
degradation in part by inducing VEGFR2 ubiquitination [29]. It is suggested that via their
UIMs, epsins recognize ubiquitinated VEGFR2 at the plasma membrane and recruits it for
clathrin-dependent endocytosis and subsequent degradation within the endosome-lysosome
pathway to downregulate VEGF signaling (Fig. 1A) [24, 29, 30]. In this capacity, loss of
endothelial epsins or epsin mimetic peptide treatment leads to the accumulation of VEGFR2
cell-surface and augmentation of VEGRF2 signaling, including phosphorylation of
VEGFR2, PLC-vy, Akt, and ERK—which induces nonproductive leaky angiogenesis and
inhibits tumor progression (Fig. 1B-C) [24, 28].

Several open questions regarding the proposed mechanism still remain. Does VEGFR2
signaling initiated at the plasma membrane differ from what is classically proposed of
originating from early endosomes [31]? How is the duration of hyperactivated VEGFR2
signaling achieved? Does the accumulation of cell surface VEGFR2 and changes in the
dynamic and distribution of other closely related, membrane-bound components reciprocally

Cell Mol Life Sci. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Song et al. Page 4

influence each other? Perhaps, could inhibition of the epsin- and clathrin-dependent
endocytic pathway shift VEGFR2 trafficking to another pathway? Given that VEGFR2
endocytosis and trafficking have been implicated as important regulatory mechanisms in
promoting VEGFR2 signaling, it is reasonable to speculate a mechanism of VEGFR2
differential regulation sorting for signaling endosomes or degradative lysosomes
(presumably by different endocytic adaptors) so that disturbance of epsin function
specifically disturbs VEGFR2 destined for degradation, while advancing VEGFR2 rapidly
recycles back to the plasma membrane through signaling endosomes (Fig. 1B). This would
lead to an increase of VEGFR2 cell surface localization and enhanced VEGFR2 signaling
originating from either the plasma membrane, signaling endosomes, or both [28, 31-35].

The original understanding suggests that overexpression of VEGF induces tortuous neo-
vessel formation in promoting tumor development and progression, where VEGFR?2 is the
key mediator of VEGF-stimulated tumor angiogenesis. Therefore, a central idea of
normalizing tumor vasculature using anti-angiogenic therapies is to reduce VEGF/VEGFR2
signaling [36]. Overstimulation of the VEGF/VEGFR?2 signaling, however, results in more
tortuous and dysfunctional leaky vessels that also inhibit tumor growth and metastasis.
Taken together, these results suggest a model in which a moderate level of VEGF signaling
is required to sustain tumor growth and the VEGF signaling extent fine-tuned by a feedback
mechanism, whereby VEGF activation of VEGFR2 induces epsins-mediated VEGFR2
internalization and degradation. Future studies may need to address at least the two
following questions: 1) When exactly will pro-angiogenic effects (due to a differential effect
of VEGFR?2 activation) be tumor promoting rather than tumor suppressive, and how could it
be controlled it in the therapy [37]? And because it still remains elusive if the resistance is
accompanied by alterations of the VEGF-mediated VEGFR2 ubiquitination pathway: 2) Is
targeting endothelial epsins beneficial for patients with tumors that are already resistant to
anti-VEGF therapies [38]?

Modulation of VEGFR2 but not other signaling pathways by endothelial
epsins

Epsins also have a fundamental role in regulating Notch, as evidenced by impaired Notch
signaling in E9 DKO embryos due to epsin loss [21]. Notch signaling activation can be
simplified into a two-step mechanism: removal and trans-endocytosis of the Notch receptor
extracellular domain upon DIl4 binding (in signal sending cells); and release of the Notch
receptor intracellular domain (in signal receiving cells). The trans-endocytosis is dependent
on the ubiquitination of DII4, and it has been postulated to form a Notch extracellular
domain/DII4/epsins triple complex from facilitation of the epsin UIM binding domain [39].
Although profound vascular defects found in DKO embryos are reminiscent of defects
caused by loss of Notch genes in the embryo proper, placenta, and yolk-sac, the phenotype is
significantly more severe than any single or double Notch deletion—suggesting a major
contribution of alternative signaling pathways other than Notch [40-42]. In both EC-iDKO
models and motif mimetic of epsin treatments, contribution of Notch is excluded because: 1)
transgenic expression of the active form of Notch fails to rescue the increased vascular leak
and retarded tumor growth phenotype; and 2) endothelial epsins attenuate VEGFR2
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signaling regardless of the presence or absence of functional Notch [24, 28]. These findings
are compatible with the notion that VEGF acts upstream of Notch signaling [43, 44].
Additionally, the embryonic lethality of the global DKO embryos may be due, in large part,
to epsins’ role in regulating Notch signaling from other cell types.

Besides Notch, loss of endothelial epsins or epsin mimetic peptide treatment do not affect
other angiogenic receptors and/or their downstream targets, including PDGFR, FGFR,
EGFR, TGFBR, and VEGFR1/3 [24, 28]. The exclusion of the contribution from other
signaling pathways raises an intriguing question: Are epsins unique adaptor proteins for
VEGFR2 endocytosis and signaling in endothelial cells? Two additional lines of evidence
are in agreement with this idea: 1) Deficiency of epsins 1 and 2 in either primary endothelial
cells or mouse embryonic fibroblasts do not seem to impair housekeeping clathrin-mediated
endocytosis such as that of transferrin receptors [21, 24]; and 2) Genetic reduction of
VEGFR? in endothelial cells decreases elevated VEGF signaling, and rescues aberrant
angiogenesis caused by epsin deficiencies [22].

In primary endothelial cells, deletion mutation of epsin UIM is sufficient to abolish binding
of epsins and VEGFR2 [24]. The binding between epsins with ubiquitinated cell surface
receptors, including that of activated VEGFR?2, is attributed to the interaction between UIM
and ubiquitin, which is highly conserved, but with low affinity and minimal specificity [19,
45-47]. A recent study unveiled a molecular binding mechanism underlying selective
interactions between epsins and VEGFR?2 via specific protein-protein interactions. Residues
E183, E184, and E185 within the epsin UIM, along with residues H891 and S1021 within
the VEGFR2 kinase domain, were identified to achieve this specificity. VEGF stimulation
reportedly induces VEGFR?2 ubiquitination via recruitment of the Casitas B-lineage
Lymphoma E3 ubiquitin-protein ligase (c-Cbl) [29]. Interestingly, c-Cbl-dependent
ubiquitination of epsin increases in response to VEGF stimulation to further promote the
interaction between epsin and VEGFR2. The two residues identified as novel interfaces for
binding to epsin 1, H891, and S1021 show potential in interacting with ubiquitin [48]. In this
scenario, residues E183, E184, and E185 determine the classical function of UIM to bind
with VEGFR2, while the novel ubiquitin-interacting-interface of the VEGFR2 kinase
domain binds with ubiquitinated epsins to thereby reinforce interactions between the two.
Remarkably, the study also demonstrates in vitro and in vivo activity of peptide-based
angiogenesis modulators targeting this interaction [48].

Perspectives

Although most studies in angiogenesis research focus on endothelial cell function within the
tumor vasculature, it is important to recognize that the synergistic interplay among tumor
cells, lymphatic endothelial cells, vascular supporting cells (e.g. pericytes), and myeloid
cells in the tumor microenvironment determines the activities of cancer therapy in terms of
efficiency and precision. Epsins are reportedly overexpressed in several types of cancer, such
as prostate, colon, breast, lung, and skin cancers [49]. A recent study using a genetic mouse
model reveals that loss of intestinal epithelial epsins protect against colon cancer by
significantly reducing the stability of the crucial Wnt signaling effector, dishevelled, and
impairing Wnt signaling [50]. Further studies are needed to delineate the intrinsic roles of
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epsins. It has been recently proposed that VEGF may have a direct effect on tumor cell
growth [51]. VEGFR?2 is also reported on many types of tumor cells, thus it would be an
intriguing question if the epsin mimetic peptide could inhibit VEGF-driven tumor cell
growth when specifically targeting tumor cells [52]. Besides blood vessels, the lymphatic
route provides an important, yet under-appreciated role for facilitating tumor development
and progression. The finding that temporal and spatial regulation of epsin abundance, as well
as the VEGFR3 signaling required for lymphatic valve formation and function, provides a
hint that epsins may also affect tumor-associated lymphangiogenesis [53]. The increasing
understanding of additional extrinsic roles of epsins will further contribute together in
maximizing tumor inhibition. To date, the potential roles of epsins in pericytes and immune
cells still remain largely unexplored. Given that VEGF action has emerged as a potent
immunoinhibitory factor as evidenced by its modulation of expression of inhibitory
checkpoints on T cells in tumors (also mediated by VEGFR2 on T cells), whether the epsin
mimetic peptide could also enhance adaptive anti-tumor immunity is of special interest [54,
55].
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Fig. 1. Proposed models of modulation of VEGFR2 signaling by endothelial epsins
(A)VEGF promotes epsin binding to ubiquitinated VEGFR2, where this interaction is

required for endocytic degradation of VEGFR2 and is relied on epsin UIMs. Endothelial
epsins function as unique attenuators of VEGFR2 signaling and produces functional tumor
angiogenesis. (B) Loss of endothelial epsins impairs endocytic degradation of VEGFR2,
which results in excessive VEGFR2 signaling and produces nonfunctional tumor
angiogenesis. (C) UPI is a tumor-endothelium-targeting chimeric peptide for inhibiting
endogenous tumor endothelial epsins by competitively binding ubiquitinated VEGFR2. This
epsin mimetic peptide stabilizes VEGFR2 protein to enhance VEGFR2 signaling and
produce excessive, but nonfunctional tumor vessels.
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