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Simple Summary: The role of pericytes and their tunnelling nanotubes (TNT) in the early phases of
angiogenesis in brain physiological conditions and brain tumors is debated. The concept of pericyte-guided
vessel sprout formation and the possible role of pericyte TNT in driving the neo-formed, growing vessel is
supported by pioneering data obtained by electron microscopy studies. The chosen approach, by high-
resolution confocal microscopy on thick 20pum sections and the use of specific markers together with molecules
of the basal lamina, allows identifying the pericyte origin of tunnelling nanotubes bridging the gap between
two facing microvessels. The investigation on c-KIT indicates a possible role for the receptor activated by its
ligand in both brain vascularization and glioblastoma neo-vessel formation based on pericyte-TNT-driven
angiogenesis.

Abstrac: tPericyte and their tunnelling nanotubes (P-TNTs) have been described as involved in the early phases
of angiogenesis in the human normal developing brain and glioblastoma, being a common feature of combined
endothelium/pericyte vessel sprouts. Based on the few data available so far about this ‘alternative’ pericyte-
TNT-driven mode of angiogenesis, whose precise function in vessel growth through vascular cells
communication, has still to be determined, this study aims to cast light on the regulative molecules involved
in this process, governed by intimate pericyte-endothelial interactions. After considering the existence of the
sprout guiding pericyte and P-TNT, as shown by pioneering ultrastructural studies as well as by more recent
observations with NG2/CD146 pericyte markers and basal lamina molecules, a step-by-step profile of the
process has been suggested and an investigation undertaken on ‘unconventional’, pro-angiogenic
ligand/receptor systems, that may have a role aside from the canonical pathways. In this context, a possible
candidate worthy of investigation is the c-KIT receptor, a member of the tyrosine kinase family of proteins,
which also includes the well-known VEGFR and PDGFR. According to the obtained results showing a primary
localization of c-KIT on endothelial cells and pointing out a differential distribution of the receptor on normal
vs glioblastoma vessels, it seems conceivable to propose the stem cell factor/c-KIT signaling as a key factor in
pericyte-TNT-driven angiogenesis, advancing this alternative mode of angiogenesis and the c- KIT pathway as
possible targets for devising effective antiangiogenic therapeutic strategies.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Introduction

Among the variety of cell nanostructures, denoted as tunnelling nanotubes (TNTs), a specific
type, whose cell source has been identified as pericytes of the central nervous system (CNS),
intervenes in angiogenesis, neurovascular coupling, and in cell cross-talk within the neurovascular
unit (NVU) [1-3]. In previous studies on human fetal brain and human glioblastoma vascularization,
pericyte-TNTs (P-TNTs) have been unveiled by NG2 and CD146 as markers of pericytes, in
association with the endothelial cell-specific marker CD31 and vessel basal lamina (VBL) molecules,
such as fibronectin, laminin, collagen (COL) IV, COL VI [1,4]. Interactions between cell surface
integrins and fibronectin or laminin have been demonstrated to be essential in the formation of
immune cell TNTs [5], and retinal vessel pericytes, labelled by NG2-DsRed/laminin, have been
detected to give origin to TNTs enwrapped by basal lamina molecules [2]. These observations
support the effectiveness of the VBL in revealing pericyte conduits and P-TNTs, distinguishing them
from ‘string vessels’, described as formed by VBL residues after endothelial cell death and vessel
remodeling in stroke pathology [6]. Indeed, after exposure to experimental conditions of hypoxia and
ischemia, aspects of neo-angiogenesis, characterized by P-TNT-like structures, have been detected as
a tissue response and an attempt at vascular recovery [7]. Endothelium-free pericyte conduits and
segments of growing sprouts were firstly revealed by Ozerdem and colleagues in mouse retina and
gliomas [8,9], and have subsequently been confirmed in human developing brain and glioblastoma,
where P-TNTs have also been unveiled, and appear to be involved in the pericyte-driven mode of
vessel growth [1,4,10-13].

Human Brain Vascularization Analyzed by Transmission Electron Microscopy (TEM) - A Lesson Learned
from the Pioneering Studies by G. Allsopp and H. ]. Gamble

An important pillar of the understanding of the pericyte-guided mode of vessel growth lies in
the pioneering ultrastructural studies by G. Allsopp and H. J. Gamble. These Authors analyzed the
complex interrelationships that govern endothelial cells and pericytes during human brain
vascularization on TEM serial sections, [14,15]. In these studies, very early aspects of angiogenesis
were revealed by the presence of single cell capillaries, without junctional complexes, enwrapped in
a basal lamina and pericyte processes (Supplementary Figure 1A; see also [4]). Thanks to serial
sections, ‘seamless' capillaries and their blind end were also reconstructed (Supplementary Figure
1B, C) and show endothelial filopodial processes that pass through pericyte gaps (Supplementary
Figure 1D) and pericyte processes that leave the capillary to penetrate the surrounding
microenvironment (Supplementary Figure 1E). In addition, “a long endothelial cell process enwrapped by
a pericyte, dissecting its way through the surrounding neuropil”, associated to a very electrodense VBL, is
reported as the ‘most striking’ observation in the study (Supplementary Figure 1F). The ultrastructural
details of the earliest phases of angiogenesis revealed in the human developing brain support the
existence of P-TNTs and endothelial cells in combined forms of sprouts that identify a P-TNT-driven
mode of angiogenesis [1,4]. As discussed by Gerhardt and Betsholtz [16], the common view of a late
recruitment and stabilizing role of pericytes during vessel growth, in both brain and retina vascular
networks, conflicts with evidence of pericytes as plastic, dynamic, and challenging cells, with
mesenchymal (or better ectomesenchymal) background and, therefore, running close to assume the
role of other cells, including endothelial cells, according to specific angiogenic timing and
environment signals [17-19].
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Investigating Pericyte-TNT-Driven Angiogenesis by c-KIT Receptor, a Member of the Tyrosine Kinase
(RTK) Family of Proteins

Pro-angiogenic molecules and signaling pathways, involved in the canonical endothelial mode
of angiogenic vessel sprouting, have been deeply investigated in normal and pathological conditions
[20-30]. Among these are the kinase receptors VEGFR, PDGFR, RET, and c-KIT; the latter, having
received little attention as a pro-angiogenic molecule, is the focus of the present study, which aims to
investigate regulative molecules possibly involved in the ‘unconventional’ pericyte-TNT-driven
mode of angiogenesis. In humans, 58 receptor tyrosine kinases (RTKs) are divided into classes
according to specific structures of the amino (N)-terminal ligand binding ectodomains [31]. c-KIT
belongs to Class III, which also includes platelet-derived growth factor o and 3 receptors (PDGFR
a/p), colony-stimulating factor 1 receptor, fms-like RTK 3 [32]. Platelet-derived growth factor-BB
(PDGEF-BB), and its receptor PDGFR-{ play well-established roles in endothelial-pericyte interactions,
vessel growth/stabilization and, blood-brain barrier differentiation [33,34]. c-KIT RTK protein is also
referred to as CD117 or stem cell factor (SCF) receptor due to its association with the ligand SCF.
SCF/c-KIT interaction induces the dimerization of the receptor and its activity as both an enzyme and
a self-substrate, as initially demonstrated in hemangioblastic progenitors [35]. Human umbilical vein
endothelial cells (HUVECs) express both the ligand and the receptor, whose signaling promotes
endothelial cell survival, migration, and capillary tube formation, thus replicating the pro-angiogenic
activities of the vascular endothelial growth factor (VEGF) [36] but with different levels of
phosphorylation of the Erk1/2 and PI3K-Akt pathways [36]. In our studies of human brain and
human glioblastoma vascularization [1,4,10-12,37-42], we have focused our attention on analysis of
¢-KIT protein and its relations with the pericyte-TNT-driven mode of angiogenesis. To allow the 3D
reconstruction of pericyte-guided angiogenesis led by P-TNT, that are in the front line tracing the
way for the pericyte growing sprout, we have carried out our analysis ‘ex vivo’ on human fetal brain
and glioblastoma samples, according to protocols previously established for preserving TNT
structure, on free-floating 20-um vibratome sections examined under high-resolution confocal
microscopy [1]. Cellular and subcellular c-KIT immunolocalization was performed by double
staining with COL IV as a major component of the vessel basal lamina (VBL) functionally shared in
the intimate pericyte/endothelial cells coupling.

Material and Methods

Fetal Specimen Histology and Immunostaining

Fetal brain specimens were dissected from fetuses at 18 and 22 weeks of gestation (wg; 2 for each
of the examined ages) spontaneously aborted due to preterm rupture of the placental membranes
and with no history of neurological pathologies. Fetal tissue was collected after informed consent
from the mother at the end of the abortion procedure. The sampling and handling of the specimens
conformed to the ethical rules of the Department of Emergency and Organ Transplantation, Division
of Pathology, University of Bari School of Medicine, and approval was gained from the local Ethics
Committee of the National Health System in compliance with the principles stated in the Declaration
of Helsinki. The fetal age was estimated based on the crown-rump length and/or pregnancy records
(counting from the last menstrual period). At autopsy, the fetuses did not reveal macroscopic
structural abnormalities and/or malformations of the central nervous system. The dorso-lateral wall
of each telencephalic vesicle (future cerebral cortex), was dissected, along the coronal planes, in slices
(n=6) about 0.5 cm thick, fixed for 2-3 h at 4 °C by immersion in 2% paraformaldehyde (PFA) plus
0.2% glutaraldehyde in phosphate-buffered saline solution (PBS, pH 7.6) and then washed in PBS.
For each fetus, 3-4 samples were serially cut using a vibrating microtome (Leica Microsystem; Milton
Keynes, UK) into 20-um sections, parts of which were processed for routine histological analysis with
toluidine blue staining to rule out the presence of microscopic malformations. All the other sections
were stored at 4 °C in PBS plus 0.02% PFA for immunolabeling and fluorescence microscopy. Single
and multiple immunostainings were carried out with the following polyclonal (pAb) and monoclonal
(mADb) antibodies diluted in blocking buffer (BB; 1% bovine serum albumin and 2% fetal calf serum
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in PBS): pAb anti-NG2 (kindly provided by William Stallcup, The Sanford-Burnham Institute for
Medical Research, La Jolla, CA, USA), mAb anti-CD146 (Abcam; Cambridge, UK; Cat. AB49492),
mADb anti-CD31 (Dako; Santa Clara, CA, US; Cat. M0823), pAb anti-c-KIT (Dako, Cat. A4502), mAb
anti-COL type IV (Dako, Cat. M0785). Free-floating sections were incubated with 0.5% Triton X-100
in PBS for 30 min at room temperature (RT), BB 30 min at RT, followed by incubation, with single or
combined primary antibodies, overnight at 4 °C and with appropriate fluorophore-conjugated
secondary antibodies (fluorophore 488, 555, and 633; Thermo Fisher Scientific; Waltham, MA, USA)
or biotinylated secondary antibodies for 45 min at RT, the latter subsequently revealed by
fluorophore-conjugated streptavidin (Streptavidin-Alexa 488, Streptavidin-Alexa 555; Thermo Fisher
Scientific). After each incubation step the sections were washed 3 times for 5 min with PBS. The
sections were then post-fixed in 4% PFA for 10 min and nuclear counterstaining was performed by
incubations in TOPRO-3 (diluted 1:10 K in PBS; Thermo Fisher Scientific). Finally, the sections were
allowed to adhere on polylysine slides (Menzel-Glaser, GmbH, Braunschweig, Germany) by drying
for 10 min at RT, coverslipped with Vectashield (Vector Laboratories Inc., Burlingame, CA, USA),
and sealed with nail varnish. Negative controls were prepared by omitting the primary antibodies
and by mismatching the secondary antibodjies.

Glioblastoma Histology and Immunostaining

Glioblastoma samples (n=6) were collected from primary tumors specimens obtained in a
previous study, in which the imaging techniques and histological analysis were specified in detail
[38]. The six GB patients were 4 males, aged 30 to 55 years-old, and 2 females, of 52 and 53 years-old,
who underwent surgery at the Department of Neurosurgery, University Hospital Zurich
(Switzerland). Written informed consent was obtained from patients before study entry. All
procedures were approved by the Ethics Committee of the University of Bari Medical School and by
the Ethics Committee of Canton Zurich, in accordance with the Declaration of Helsinki. Glioma
samples were classified according to the WHO 2021 criteria. The samples were dissected (< 0.5 cm in
thickness) and then fixed for 2-3 h at 4 °C by immersion in 2% PFA plus 0.2% glutaraldehyde in
phosphate-buffered saline solution (PBS, pH 7.6). Specimens were then washed in PBS, and serially
cut using a vibrating microtome (Leica Microsystem; Milton Keynes, UK); 20-pum sections were stored
at 4 °C in PBS plus 0.02% PFA for immunolabeling and fluorescence microscopy. Double
immunostainings were carried out with pAb anti-c-KIT and mAb anti-COL type 1V, as described for
fetal section. Negative controls were prepared by omitting the primary antibodies and by
mismatching the secondary antibodies.

Laser Confocal Microscopy Analysis

Sections were examined with a Leica TCS SP5 confocal laser-scanning microscope (Leica
Microsystems, Mannheim, Germany) using a sequential scanning procedure and, when appropriate,
an overexposed laser setting. Confocal images were taken at 0.35 pm intervals through the z-axis of
the sections, with 40x and 63x oil lenses associated with zoom factors from 1.5 to 3. Single, serial
optical planes and z-stacks (projection images) were analyzed by Leica confocal software
(Multicolour Package; Leica Microsystems).

Results

Preliminary Analysis of Steps That Characterize the Pericyte-TNT-Driven Neuro-Angiogenesis

The alternative, pericyte-guided mode of vessel growth, described in human developing brain
and glioblastoma tissues [1,4,10], can be suggested to take place according to a sequence of steps that
also includes a role for P-TNTs and can be summarized as follows: i) appearance on the parental
vessel of a pericyte ‘cone of extrusion’, ii) emergence of the leading P-TNT, iii) elongation of the
pericyte proximal cone in a pericyte conduit, iv) engagement of the endothelial tip cell in the pericyte
conduit, v) endothelial lumen formation (Supplementary Figure 2). Similar pericyte-guided vessel
growth events have also been described in corpus luteus vascularization, including elongation and
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migration of pericytes at the leading tip of the sprout and the presence of endothelial cells behind the
leading front [43]. According to our previous results, and as a preliminary step in this study, the pro-
angiogenic potency of pericytes involved in the pericyte-guided angiogenesis has been further
investigated by double labelling with NG2/CD146, as pericyte markers, and by NG2/CD31, the latter
as a reliable endothelial cell marker, on sections from developing fetal brains (Supplementary Figure
2). The results show NG2* pericyte conduits inhabited by engaged CD31* endothelial tip cells and
NG2* pericyte-TNTs at the leading front of the combined sprouts (Supplementary Figures 2A-D).
Pericyte-TNTs, bridging facing capillaries, are also revealed by NG2/CD146 double staining
(Supplementary Figure 2E, F, F’). On these fields, the pericyte-guided sprout and the entire length of
the leading pericyte-TNT are clearly shown by the pericyte marker CD146 (Supplementary Figures
2F, F’). The analysis of gene expression in retinal pericytes and mesenchymal stem cells (MSCs), and
the evaluation of their similarity in angiogenesis-related gene expression, confirmed a direct
correlation between CD146 expression and the angiogenic pericytes differentiation pathway [17].
CD146* pericytes co-seeded with endothelial cells on Matrigel™ revealed their angiogenic potential
to support neovascularization [19] and improve sprout integrity and formation of pericyte-
endothelial cords in cocultures [44]. Moreover, more recent studies have demonstrated that subsets
of CD146* pericytes develop strong angiogenic interactions with endothelial cells and stimulate
endothelial cell proliferation and angiogenesis in spheroid assays [45], and that CD146 identifies
MSC-like pericytes that play an important pro-angiogenic role in the growth phase of infantile
hemangiomas [46].

¢-KIT Cellular and Subcellular Immunolocalization in Human Developing Brain

On sections of the human fetal brain, double immunolabeled for c-KIT and COL IV, a high
number of neuronal cell progenitors migrating through the layers that form the fetal telencephalon
(future cerebral cortex and subcortical white matter) are recognizable as c-KIT* cells. Neuroblasts,
clearly distinguishable by their rounded euchromatic nucleus, reveal a dual ¢-KIT immunostaining
on the nucleus and their leading process (Figure 1A, B, D). On these fields, penetrating, radial
capillaries, whose vascular profile appears well marked by their COL IV-enriched VBL, often appear
bridged by regularly spaced pericyte-TNTs marked by COL IV (Figure 1A, B). This developing
vascular network includes c-KIT immunolabeled capillaries (Figure 1) and capillaries that do not
stain for the receptor (Figure 2A, B). The in-depth analysis of the c-KIT* developing microvessels
allowed us to recognize details of the receptor subcellular distribution on vascular cells. The
endothelial cells appear c-KIT*, whereas pericytes, recognizable as embedded in the COL IV VBL, do
not show any c-KIT signal (Figures 1-3). As observed for cerebral cortex neuroblasts, the endothelial
cells are characterized by a dual subcellular c-KIT reactivity, a strong nuclear reactivity together with
a well detectable c-KIT staining of the endothelial cell membrane (Figure 1-3). At the sites of pericyte-
TNT emergence, endothelial cells, pre-engaged/engaged in the pericyte conduit, are c-KIT* on both
their nucleus and cell membrane, as the other endothelial cells of the parental vessel to which they
belong (Figures 1-3). Analyzing P-TNTs bridging two facing microvessels, it seems that only the one
that corresponds to the pre-engaged endothelial cell is c-KIT reactive (Figure 1A-C), whereas at the
opposite side, the purported receiving capillary shows endothelial cells with a weak or absent c-KIT
staining both at the nucleus and cell membrane (Figure 1D). It is noteworthy that in the combined
endothelium/pericyte vessel sprouts, the leading pericytes placed at the origin of the P-TNT do not
reveal any c-KIT reactivity (Figures 2A, C, D and 3C).
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Figure 1. (A-D) Representative confocal microscopy images of pericyte-TNTs in the human fetal
brain, as shown by double staining with c-KIT and COL IV. Neuroblasts reveal a dual c-KIT staining,
in the nucleus (white arrows) and on their leading process (arrowheads) (A, B, D). Two penetrating,
radial vessels, whose profile is shown by COL 1V, appear connected by a COL IV* pericyte-TNT and
show nuclear c-KIT staining on some of their endothelial cells (yellow arrows in A and B). (C, D)
Subcellular details of endothelial c-KIT immunoreactivity are shown on the single optical planes from
the z-stack depicted in (B); the dual c-KIT expression is recognizable on both the endothelial nucleus
(yellow arrows) and the cell membrane (yellow arrowheads) in (C), whereas the purported receiving
vessel shows a very low ¢-KIT nuclear labeling (D, double arrows). Nuclear counterstaining TOPRO-3.
TNT, tunnelling nanotube. Bars A, 25 pm; B-D 15 pm.
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Figure 2. (A-D) Representative confocal microscopy images of pericyte-TNTs in the human fetal
brain, as shown by double staining with ¢-KIT and COL IV. (A, B) Two COL IV* pericyte-TNTs
bridging the gap between two capillaries; the leading pericytes are c-KIT-negative (white arrows),
whereas the engaged endothelial cells show a nuclear (yellow arrows) and a membrane (yellow
arrowhead) c¢-KIT immunolocalization: note in the upright corner a c-KIT unstained microvessels,
better shown on the enlargement of a single optical plane in (B). (C, D) Enlargements of single optical
planes from the z-stack depicted in (A) allow us to better recognize the c-KIT-negative leading
pericyte (white arrow), the c-KIT-reactive nucleus of the engaged endothelial cells (D, yellow arrow),
and the cell membrane endothelial staining (C, yellow arrowheads). Nuclear counterstaining TOPRO-
3. TNT, tunnelling nanotube. Bars A, 25 um; B-D 15 pum.
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c-KIT

Figure 3. (A-D) Representative confocal microscopy images of pericyte-TNTs in the human fetal
brain, as shown by double staining with c-KIT and COL IV. (A, B) On a nuclear ¢-KIT* background
formed by fetal brain neuroblasts, COL IV*/c-KIT* microvessels are recognizable and show a strong
cell membrane c-KIT staining (A, yellow arrowhead), better demonstrated by the enlargement (B,
(vellow arrowheads) of a single optical plane from (A). (C) A pericyte-TNT growing sprout showing the
¢-KIT unstained leading pericyte (white arrow) and the c-KIT* nucleus of the engaged endothelial cell
(vellow arrow). (D) The c-KIT* nucleus of the engaged endothelial cell in (C) is better shown by the
enlargement of a single optical plane (yellow arrow). Nuclear counterstaining TOPRO-3. TNT,
tunnelling nanotube. Bars A-C 25 pum; D 15 pm.

c-KIT Cellular and Subcellular Immunolocalization in Glioblastoma

In glioblastoma samples, tumoral cells mainly show a nuclear c¢-KIT reactivity (Figures 4), while
only a few are characterized by a plasmalemmal c-KIT staining (Figure 4B, D). Interestingly, some of
these cells can be recognized as tumoral astrocytes, whose processes appear also stained by c-KIT
(Figure 4A). The tumoral vessels, revealed by their COL IV-enriched VBL, appear irregularly
arranged and connected by a network of P-TNTs (Figure 4). At a subcellular level, the endothelial
cells of glioma vessels show a low ¢-KIT* plasma membrane and an unlabelled nucleus (Figure 4B-
D). As already observed in the developing brain, on glioblastoma sections, pericytes at the origin of
TNTs do not appear immunostained by ¢-KIT (Figure 4C, D).
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Figure 4. (A-D) Representative confocal microscopy of human glioblastoma sections, as shown by
double staining with ¢-KIT and COLIV. (A) Tumoral cells with c-KIT* nuclei, a tumoral astrocyte-like
cell with both nuclear and membrane c-KIT staining (asterisk), and COL IV* tumoral vessels and
pericyte-TNTs. (B-D) Details of the tumoral vessels show c-KIT unstained endothelial nuclei (double
arrow) and weakly stained cell membranes (B, yellow arrowheads); c¢-KIT unstained nuclei are
recognizable at the origin of the pericyte-TNTs (C, D; arrow); note in (B) and (D) the nuclear and
cytoplasmic c-KIT staining of tumoral cells (white arrowheads). Nuclear counterstaining TOPRO-3.
TNT, tunnelling nanotube. Bars A, 25 um; B-D 15 pm.

Discussion

Cellular Expression of c-KIT and Its Subcellular Localization in Human Developing Brain and Human
Glioblastoma

The evaluation of c-KIT receptor tyrosine kinase by confocal microscopy immunofluorescence,
during fetal development and in human glioblastoma, allowed us to trace the general distribution of
the receptor in these tissues and to focus on the analysis of c-KIT on their vascular cellular
components. The core findings of the study are: the detection of a dual localization of ¢-KIT, in the
nucleus and at the cell membrane of neural, tumoral and vascular cell types; the demonstration of a
differential expression of c-KIT on vascular cells, c-KIT* endothelial cells vs c¢-KIT- pericytes; the
observation of different levels and distribution of the endothelial ¢-KIT in glioma vessels, c-KITlv,
compared to normal brain microvessels, c-KIThigh. Overall, during cerebral cortex neurogenesis, the
c-KIT immunosignal was detected on both the nucleus and the leading process of neural cell
precursors, a similar dual localization being observed on a subset of glioblastoma tumor cells. These
results are consistent with the demonstrated activity of the SCF/c-KIT signal on cell proliferation,
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survival, and migration during human normal and tumoral tissues development [36] and should be
further investigated by ‘specific’ essential markers for phenotyping and identifying c-KIT* cells in
human developing brain and glioblastoma.

Endothelial c-KIT and Angiogenically Activated Microvessels

The focus of the study on fetal brain and glioblastoma vascular components and on pericyte-
TNT-driven vessel growth contributed original data to the pro-angiogenic profile of ¢-KIT and,
indirectly, to the involvement of the ¢-KIT ligand, the SCF, as an angiogenic cytokine [36]. During
brain vascularization, angiogenically activated microvessels have been identified by the endothelial
dual localization of c-KIT. In glioblastoma tissue, the endothelial cells of the tumoral vessels also
express the tyrosine kinase receptor ¢-KIT, although on these cells, its immunosignal is lower and the
receptor appears to be restricted to the cell membrane. Pioneering studies have demonstrated that
human umbilical vein endothelial cells (HUVECs) constitutively express SCF and ¢-KIT mRNA and
that SCF-specific transcripts increase by inflammatory stimuli [47-49]. Early studies have also
demonstrated a role of endothelial SCF in endothelial survival and migration, as well as in capillary
tube formation; activities that are independent from those of angiogenic factors, such as VEGF, bFGF,
and HGF [36]. The exposure of HUVECs to SCF triggers tyrosine phosphorylation of Akt, Erk1/2, and
¢-KIT, while the c-KIT inhibitor STI-571 has been reported to inhibit the SCF-promoted formation of
capillary tubes [36]. Especially Akt, strongly phosphorylated by SCF, in comparison to VEGF,
promotes tube formation by endothelial cells at a locus downstream of SCF/c-KIT signaling,
confirming that overall the SCF and VEGF pathways are partly different and independent and that
Akt and Erk1/2 have a dominant role in capillary tube formation under SCF/c-KIT control [36]. In
addition, it has been highlighted that c-KIT deficiency hindered vascular endothelial stem cell
proliferation and blocked angiogenesis in vivo [50].

¢-KIT and Pericyte-TNT-Driven Vessel Sprouting

The importance of SCF/c-KIT system activation in angiogenesis has been associated with the
canonical mechanisms of endothelial sprouting in normal and pathological conditions [51,52].
Herein, we investigated cell distribution and immunolocalization of the c-KIT receptor to unveil its
possible involvement in ‘alternative’ pro-angiogenic signaling pathways associated with
“unconventional’ pericyte-TNT-driven vessel sprouts to promote endothelial proliferation,
migration, and lumenization. The results support this hypothesis, detecting high levels of c-KIT
protein on the nucleus and cell membrane of endothelial cells engaged in the pericyte conduit during
brain vascularization, as well as lower levels of the receptor localized at the cell membrane of tumoral
endothelial cells. During both brain vascularization and glioblastoma tumor vessel growth, like in
the physiological, repetitive event of bovine corpus luteum vascularization, pericytes establish close
interactions with endothelial cells and play an active role in vessel sprouting being regularly
associated with the leading front of the capillary sprouts, where they serve as guiding structures
aiding the outgrowth of the endothelial cells [43]. Ultrastructural analysis has shown early capillary
sprouts preceded by slender, bipolar pericytes, surrounded by a basal lamina, and migrating at the
tips of the sprouts, together forming combined cylindrical projections with comigrating endothelial
cells that soon acquire a slit-like lumen [43]. The results obtained by high-resolution confocal
microscopy were able to add further details to this description of pericyte-guided angiogenesis,
demonstrating the presence of a ‘sensing’ pericyte-TNT at the leading front of the growing sprout.
During corpus luteum angiogenesis, in response to the hypoxia conditions, endothelial cell-released
nitric oxide (NO), together with VEGF/VEGFR1 endothelium/pericyte signaling, spark endothelial
and pericyte paracrine as well as autocrine loops, coordinating the earlier angiogenesis steps [53-56].
It should be emphasized that hypoxia also stimulates quiescent pericytes to an effective response,
including their activation to a pro-angiogenic state [57,58]. Therefore, pericyte SCF and endothelium
SCF, as biologically active soluble and membrane-bound forms, may activate c-KIT receptors on
endothelial cells and intervene in both the loops. Endothelial SCF may prevent the endocytosis of c-
KIT receptor on endothelial cells and offer a mechanism of self-survival, while pericyte SCF can
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trigger the c-KIT signaling, stimulating endothelial cell proliferation, survival, and migration [49,59],
intervening in NO production from endothelial cells, and increasing vascular leakage [60]. In human
fetal and adult bone marrow the subset of CD146* CXCL12* JAGGED-1* ANGPT-1* pericytes
surrounding the sinusoids has been demonstrated to be the major producer of SCF [61] followed by
endothelial cells [59] [49]. These data suggest the possible role of pericytes in a paracrine/juxtracrine
SCF/c-KIT-mediated regulative loop of the described pericyte-guided vessel sprouting.

The Dual, Nuclear and Cell Membrane, Endothelial c-KIT Protein Immunolocalization

This study, therefore, confirms and adds new data to the pioneering studies that revealed the
unconventional nuclear localization of c-KIT in addition to its classical transmembrane localization
[62] and offers confirmation that c-KIT, like several other transmembrane RTKSs, is not only expressed
at the cell membrane level but can also translocate in the nucleus, where it can play a number of roles
including acting as a transcriptional factor. It has been suggested that the localization of the c-KIT
receptor in the nucleus may be a result that suffers from potential artifacts [63]. The improved
methodological approach adopted allowed the analysis of subcellular compartments providing
morphofunctional data supporting the understanding of the mechanistic roles of the tyrosine kinase
receptor in its translocation to the nucleus [64]. Transmembrane proteins, that can move to the cell
nucleus through a variety of mechanisms, at this site may provide a number of functions and are
defined as nuclear localized membrane proteins (NLMPs). The receptor tyrosine kinases (RTKs) are
among the more representative in the class of NLMPs. RTKs also play roles as transcription factors
in cancer cells, thereby becoming important targets for possible cancer therapies [65,66]. Interestingly,
it has recently been demonstrated that a member of the RTK family, the receptor MET, in its nuclear
form, regulates cancer stem-like cells self-renewal, thus promoting cancer recurrence and playing a
Janus role in cell death and cell survival [67]. Although the association of the nuclear form of a
number of human RTK subfamilies has been associated with pharmacological resistance and
signaling related DNA replication, few data are so far available about c-KIT behavior as an NLMP
[66-68]. Accordingly, the finding of a dual, nuclear and plasmalemmal, c-KIT immunolocalization in
endothelial cells opens a new perspective on a potential different role in developing brain vs
glioblastoma. In the latter, c-KIT is absent in the endothelial nucleus, while barely detectable at the
endothelial cell membrane. It is noteworthy that in chronic myeloid leukemia, therapy-resistant
hemopoietic stem cells responsible for the disease relapse and drug-resistance have been identified
by a low c-KIT expression and pose a challenge to the efficacy of tyrosine kinase inhibitor-based
therapies [69].

Conclusions

In conclusion, our data clearly emphasize the importance of c-KIT expression in endothelial cells
of the developing and tumoral brain vascular networks and at the site of pericyte-guided vessel
growth, suggesting that in both the examined conditions, SCF/c-KIT signaling may play complex and
cell-specific autocrine and paracrine/juxtracrine pro-angiogenic roles, as well as being involved as an
‘alternative’ signaling pathway in the activation of the ‘unconventional’ pericyte-TNT-driven mode
of human brain angiogenesis. These data extend the comprehension of the mechanisms involved in
pathophysiological angiogenic events, suggesting the c-KIT pathway as a potential target for devising
effective antiangiogenic therapeutic strategies.
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