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Abstract: Extracranial arteriovenous malformations (eAVMs) are complex vascular lesions character-
ized by anomalous arteriovenous connections, vascular instability, and disruptions in endothelial
cell (EC)-to-mural cell (MC) interactions. This study sought to determine whether eAVM-MCs
could induce endothelial-to-mesenchymal transition (EndMT), a process known to disrupt vascular
integrity, in the eAVM microenvironment. eAVM and paired control tissues were analyzed using
RT-PCR for EC (CD31, CD34, and CDHb5) and EndMT-specific markers (SNAI1, SNAI2, ACTA2/a-
SMA, N-cadherin/CDH2, VIM). Immunohistochemistry (IHC) was also performed to analyze MC-
(PDGFR- and x-SMA), EC (CD31, CD34, and CDH5), and EndMT-specific markers (CDH2 and
SNAI1) in sequential paraffin-embedded sections of eAVM patient biopsies and in adjacent normal
tissue biopsies from the same patients. Furthermore, eAVM-MCs and MCs from normal paired
tissues (NMCs) were then isolated from fresh human surgical samples using flow cytometry and
co-cultured with normal human umbilical vein vascular endothelial cells (HUVECs), followed by
analysis of CD31 by immunofluorescence. RT-PCR analysis did not show a significant difference in
the expression of EC markers between eAVM tissues and controls, whereas expression of EndMT-
specific markers was upregulated in eAVM tissues compared to controls. IHC of eAVMs and paired
control tissues demonstrated regions of significant perivascular eAVM-MC expansion (PDGFR-3+,
and x-SMA+) surrounding dilated, morphologically abnormal vessels. These regions contained
endothelium undergoing EndMT as evidenced by loss of CD31, CD34, and CDH5 expression and
upregulation of the EndMT-associated genes CDH2 and SNAIL. Isolated eAVM-MCs induced loss
of CD31 in HUVECs when grown in co-culture, while NMCs did not. This study suggests that the
eAVM endothelium surrounded by expanded eAVM-MCs undergoes EndMT, potentially leading to
the formation of dilated and fragile vessels, and implicates the eAVM-MCs in EndMT initiation and
eAVM pathology.

Keywords: extracranial arteriovenous malformation; mural cells; EndMT; endothelial cells; CD31;
vascular instability; vascular anomaly

1. Introduction

Extracranial arteriovenous malformations (eAVMs) are congenital high-flow vascular
malformations containing a complex network of aberrantly connected arteries and veins
without normal intervening capillary vasculature [1-3]. eAVMs occur most commonly in
the head and neck and are the most morbid vascular anomalies due to their aggressive
growth and tendency to hemorrhage [4]. eAVMs are present at birth and progress during
adolescence and adulthood, often requiring multiple interventions throughout the patient’s
life [1,5,6]. eAVMs contain a mixture of dilated, pathologically friable blood vessels (BVs)
that infiltrate surrounding normal tissue and gradually enlarge, often leading to pain, ulcer-
ation, disfigurement, tissue destruction, obstruction of vital structures, and even congestive
heart failure [7-9]. The destructive nature of eAVMs and their tendency to hemorrhage or
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recur after traditional interventions highlights the need to develop interventions that target
the molecular processes that result in eAVM vessel pathology, which is poorly understood.

eAVM formation parallels normal BV formation in that it involves multiple cell types,
such as endothelial cells (ECs) and vascular mural cells (MCs (pericytes (PCs) and vascular
smooth muscle cells (VSMCs)) that control both the development and pathologic disease
states of BVs [10]. Development of the vascular system initiates with the formation of EC-
line tubes, either from new BVs through vasculogenesis or by sprouting of new vessels from
pre-existing parental vessels through angiogenesis [10,11]. After these EC tube networks
are formed, MC recruitment occurs along the tube abluminal surface. In angiogenesis,
sprouting ECs secrete platelet-derived growth factor (PDGF) to recruit platelet-derived
growth factor receptor-beta (PDGFR-f3) positive MCs, which then interact with ECs and
stabilize the newly formed BVs [12]. This represents a critical event controlling further tube
remodeling, maturation, and stabilization [13]. Such vessel stability is attained through
EC-MC interactions and concomitant extracellular matrix (ECM) remodeling, including
deposition and cross-linking of ECM components [14-16]. Any aberrations during this
process can lead to thin and friable vessels that tend to bleed with minimal disruption,
which is the typical phenotype of eAVMs [17,18]. MC dysfunction has been implicated in
other vascular diseases including brain AVMs (bAVMs) [19-25], and eAVM-MCs demon-
strate alterations in expression of mesenchymal markers such as smooth muscle actin
(«SMA) [26]. The possibility that eAVM-MCs are driving eAVM pathology opens a po-
tential new avenue for molecular interventions, which necessitates a deeper mechanistic
understanding of the associated molecular, cellular, and functional changes that occur in
MCs during eAVM progression.

Endothelial-to-mesenchymal transition (EndMT) is a process in which ECs lose their
cell-type-specific characteristics and acquire a mesenchymal and stem-cell-like pheno-
type [27,28]. EndMT in vascular ECs predictably results in pathology due to the loss of
expression of genes necessary for the maintenance of vascular integrity. EndMT contributes
to endothelial dysfunction in cardiovascular diseases [29-32] and occurs in the endothe-
lium of other vascular anomalies such as cerebral cavernous malformations (CCMs) and
bAVMs [33-36], but the contribution, mechanism, and therapeutic potential of targeting
EndMT in eAVMs remains unknown.

We sought to determine whether EndMT is occurring in eAVMs and to elucidate the
contribution of the perivascular eAVM-MCs to that process. We demonstrate that eAVMs
contain a mixture of BVs, which are of either normal caliber or which are grossly dilated.
These dilated vessels are lined by ECs that have lost the expression of the mature EC
markers CD31 and CD34 and are surrounded by a significantly enlarged perivasculature
containing PDGFR-f3-positive eAVM-MCs. These CD31- ECs undergo EndMT as evidenced
by expression of several EndMT-associated transcription factors and mesenchymal markers.
Finally, co-culture of HUVECs with isolated eAVM-MCs, but not wildtype MCs, induced
loss of HUVEC CD31 expression. These results suggest that eAVMs contain an abnormally
enriched MC layer that induces EndMT in the adjacent endothelium, highlighting EndMT
inhibition in mural cells as a novel potential molecular target in both eAVMs and other
vascular diseases.

2. Materials and Methods
2.1. Study Approval

All human subjects signed written informed consent giving permission for tissue
collection, use of their biologic specimens, and cellular and genetic analyses, according
to Institutional Review Board protocols (University of Arkansas for Medical Sciences
Institutional Review Board number 114012).

2.2. Primary Human Samples

Extracranial AVM tissues and normal tissue biopsies (harvested from adjacent, unaf-
fected subcutaneous tissue) were collected from patients undergoing surgical resections
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and deidentified. The cohort consisted of pediatric patients, and the biopsies were collected
from head and neck regions. After surgical harvest, tissue specimens were divided and
immediately put into 10% neutral formalin for histological staining, flash frozen in liquid
nitrogen, and transferred to a —80 °C freezer for RT-PCR, or collected in normal saline at
4 °C for cell isolation.

2.3. Isolation of Mural Cells from Extracranial AVM and Paired Normal Specimens

MCs were isolated from eAVM lesions (1 = 3) and their paired normal tissues as previ-
ously described [37]. Briefly, tissues were dissociated with 0.25% collagenase I (Worthington
Biochemical, Lakewood, NJ, USA) in explant medium (DMEM medium (Thermo-Fisher
Scientific, Waltham, MA, USA) supplemented with 20% fetal bovine serum (FBS, R&D Sys-
tems, Inc., Minneapolis, MN, USA) and 1% antibiotic-antimycotic (Thermo-Fisher Scientific,
Waltham, MA, USA) at room temperature for 1h with agitation. Dissociated cells were
filtered through a 100 um cell strainer (Corning, Glendale, AZ, USA) and then cultured in
pericyte medium (Sciencell, Carlsbad, CA, USA) and further passaged to grow sufficient
MC:s for the co-culture experiment.

2.4. Flow Cytometry

We isolated PDGFR-+ MCs from cells expanded from eAVM lesions (1 = 3) and
their paired normal tissues (n = 3). Cells were stained with PE-conjugated PDGFR-3
antibody (Table S1) and analyzed with flow cytometry (FACSAria Fusion, BD Biosciences,
San Jose, CA, USA). Sorted PDGFR-3+ cells were further cultured and expanded for
co-culture experiments.

2.5. Cell Culture

Human umbilical vascular endothelial cells (HUVECs) were purchased (PromoCell,
Heidelberg, Germany) and cultured in EBM2 medium (Lonza, Morristown, NJ, USA) sup-
plemented with 20% fetal bovine serum (FBS, R&D Systems, Inc., Minneapolis, MN, USA),
1% antibiotic-antimycotic (Thermo-Fisher Scientific, Waltham, MA, USA), and other growth
factors. HUVECs were further passaged for co-culture experiments. Two-dimensional
co-culture was performed as previously described [38,39]. Briefly, HUVECs and isolated
MCs from three different eAVM patients and paired normal tissue were plated in 24-well
plates (Corning, Glendale, AZ, USA) and cultured in EBM2 and pericyte medium in a 1:1
ratio for 5 days. Indirect co-culture was performed using these cells with 0.4 um PET insert
in between (Millipore, Burlington, MA, USA). After 5 days of culture, cells were fixed for
immunofluorescence.

2.6. Immunofluorescence Staining

Immunofluorescence staining was performed as described previously [40]. Briefly,
cells were fixed with 4% paraformaldehyde for 15 min after co-culture, permeabilized
with 0.25% Triton X-100 in PBS for 10 min, and blocked in 5% BSA for 1 h. Cells then
were incubated overnight at 4 °C with anti-CD31 and anti-PDGFR-3 antibodies (Thermo
Scientific, Waltham, MA, USA). The next day, cells were washed with PBS and incubated in
the dark for 2 h with a mixture of 2 fluorescent secondary antibodies—FITC-conjugated
anti-mouse IgG (Thermo Scientific, Waltham, MA, USA) for detecting CD31 and CD13 and
TRITC-conjugated anti-rabbit IgG (Thermo Scientific, Waltham, MA, USA) for detecting
PDGEFR-p cells. Details of the antibodies used are summarized in Table S1. Cell nuclei
were stained with DAPI (Thermo Scientific, Waltham, MA, USA). An Olympus BX43
microscope (Olympus, Tokyo, Japan) was used to obtain images at 20x magnification with
an Infinity 3S digital camera (Teledyne Lumenera, Ottawa, ON, Canada). Images were
taken using Infinity Analyze v7.1 software (Teledyne Lumenera, Ottawa, ON, Canada) and
further processed to 600 dpi using Photoshop CS6 (64 bit) (Adobe, San Jose, CA, USA). The
fluorescence intensity was quantified using Image] software v1.54k.
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2.7. Total RNA Isolation and Real-Time PCR

About 30 mg of tissue was used for the purification of total RNA by RNeasy Plus
Universal Mini Kit (Qiagen, Germantown, MD, USA). RNA concentration was measured
using the NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). All total
RNA samples were then converted into cDNA at the same time by High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA). The real-time
PCR amplification was performed on QuantStudio 6 Flex Real-Time PCR System (Thermo
Fisher Scientific, Waltham, MA, USA). The thermal cycling conditions were 1 cycle of 95 °C
10 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. The total reaction volume
of 10 pL contained 5 ng of cDNA template, 5 uL of 2x TagMan Universal Master Mix II
(No UNG) (Thermo Fisher Scientific, Waltham, MA, USA), and 0.5 uL of 20 x primer/probe
assay (Thermo Fisher Scientific, Waltham, MA, USA). All primers used for the mRNA assay
are shown in Table S2. GAPDH (Hs03929097_g1) was used as the endogenous control. The
relative standard curve was used for relative quantitation. The amplification amount of
mRNA was normalized against that of GAPDH.

2.8. Immunohistochemistry

Immunohistochemistry (IHC) staining was performed on paraffin sections as de-
scribed previously [39,41]. Briefly, after performing heat-mediated antigen retrieval with
Tris/EDTA buffer (pH 9.0) for 30 min, slides were blocked with normal blocking serum
for 20 min, followed by incubation with the desired antibody for 2 h after serial washing
for 5min. All the antibodies used are shown in Table S1. Assays were completed with a
Vectastain elite ABC peroxidase (HRP) kit (Vector Laboratories, Burlington, ON, Canada)
and counterstaining with hematoxylin. Images were collected using an Olympus BX43
microscope (Olympus, Tokyo, Japan) at 20x and 40x magnification with an Infinity 3S
digital camera (Teledyne Lumenera, Ottawa, ON, Canada) in bright-field mode. Images
were taken using Infinity Analyze 7 software (Teledyne Lumenera, Ottawa, ON, Canada)
and further processed to 600 dpi using Photoshop CS6 (64 bit) (Adobe, San Jose, CA, USA).

2.9. Statistical Analysis

All values are expressed as mean =+ standard error of the mean unless indicated
otherwise. A paired two-tailed t-test was used to analyze the quantitative RT-PCR data for
mRNA expression using GraphPad Prism 9.4.0 (GraphPad Software, San Diego, CA, USA).
Differences were considered statistically significant at p < 0.05.

3. Results
3.1. CD31-eAVM-ECs Are Surrounded by an Expanded Perivasculature of MCs

EC-MC communication is essential for vascular development, and their defective
association results in multiple human diseases [18,42—46]. To illustrate the EC and MC
composition of eAVMs compared to adjacent normal tissues, we first examined the expres-
sion of EC markers CD31, CD34, and VE-Cadherin (CDH5) [47-49] and the MC markers
PDGEFR-{ [50] and o-SMA [51] in sequential paraffin-embedded sections of eAVM patient
biopsies and in adjacent normal tissue biopsies from the same patients using IHC. eAVM
sections contained a mixture of both large, dilated “abnormal” appearing BVs and regions
of “normal” appearing, smaller BVs, similar to the BVs observed in the normal tissue
biopsies. The expression of EC markers was detected in all samples by IHC but was con-
fined to the vessels of normal caliber (Figure 1). The endothelium of the morphologically
abnormal vessels did not express CD31, CD34, or CDH5 (Figure 1). RT-PCR analysis did
not demonstrate a significant difference in the expression of EC markers between eAVM
tissues and controls (Figure S1). Staining for the MC marker PDGFR-3 demonstrated that
all CD31+CD34+ endothelium-lined BVs (found in both eAVM and control tissue) were
surrounded by a thin perivascular layer. In contrast, CD31-CD34-endothelium-lined BVs
(found only in eAVM samples) were surrounded by a dramatically expanded perivascu-
lar layer (Figure 1). IHC staining for x-SMA showed a similar staining pattern to that
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CDH5

PDGFR-B/

observed for PDGFR-f3, confirming that all CD31+CD34+ endothelium-lined BVs (found
in both eAVM and control tissue) were surrounded by a thin perivascular layer, while
CD31-CD34-endothelium-lined BVs (found only in eAVM samples) were surrounded by
a dramatically expanded perivascular layer (Figure 1). This suggests eAVMs contain a
population of morphologically abnormal BVs lined by ECs that have lost expression of
CD31, CD34, and CDHS5, a known hallmark of EndMT, and are surrounded by an expanded
eAVM-MC perivasculature.

eAVM tissue Normal tissue

Figure 1. Analysis of mature EC markers and MC markers in consecutive sections of eAVM biopsies
and normal adjacent tissue biopsies. Adjacent paraffin sections of eAVM tissue and normal tissue
harvested from a nearby unaffected region were stained for the mature EC markers CD31 (first row),
CD34 (second row), and CDHS5 (third row) and MC markers PDGFR-f+ (fourth row) and «-SMA
(fifth row). Examples of normal caliber CD31+/CD34+ EC-lined vessels are indicated by black
arrows, and dilated CD31-/CD34- vessels are indicated with red arrows. CD31+/CD34+/CDHb5+
vessels are surrounded by a thin layer of PDGFR-f+ and «-SMA+ MCs (black arrows), while dilated
CD31-/CD34-/CDHB5- vessels are surrounded by an expanded PDGFR-f3+ and «-SMA+ (red arrows)
MC perivasculature. Magnification = 20x and 40x; bar = 200 um and 100 pm.

3.2. CD31- eAVM-ECs Undergo EndMT

EndMT is a complex process characterized not only by the loss of endothelial surface
markers but also the upregulation of several EndMT-associated transcription factors, mes-
enchymal proteins, and extracellular matrix (ECM) proteins. To determine whether the loss
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of CD31 expression in eAVM-ECs is due to EndMT, we first compared the expression of the
EndMT-specific transcription factors SNAIT and SNAI2 [52] between eAVM and normal
adjacent tissues using RT-PCR (Figure 2A). We observed significantly higher expression of
SNAIT (p < 0.03) and SNAI2 (p < 0.03) in eAVM tissues compared to adjacent tissue controls.
In addition, the mesenchymal genes smooth muscle alpha-2 actin (ACTA2/x-SMA) [51],
vimentin (VIM) [53], and N-cadherin (CDH2) [54,55] were all upregulated in eAVM tissues
compared to adjacent tissue controls, although ACTA2 did not reach statistical significance.

A SNAI1 SNAI2 ACTA2 VIM CDH2
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Figure 2. (A). EndMT-associated markers are elevated in eAVM tissues compared to paired control
tissues. Expression levels of EndMT-associated transcription factors SNAI1 and SNAI2 and mes-
enchymal markers ACTA2, VIM, and CDH2 were analyzed by RT-PCR. Paired two-tailed t-tests were
performed to determine statistical significance (p < 0.05 was considered significant). (B). Expression of
EndMT-specific N-cadherin (CDH2) and SNAI1 occurred in the endothelium of dilated CD31- eAVM
BVs but not in regions of CD31 expression. Adjacent paraffin consecutive sections of eAVM tissue
from three patients were stained with anti-CD31, anti-CDH2, and anti-SNAI1. Red arrows indicate
ECs from the same region of eAVM containing a dilated vessel with expanded perivasculature. White
arrows indicate ECs from an adjacent region from the same eAVM specimen containing a high density
of CD31+ ECs. Magnification = 20 x; bar = 200 pum.

To determine whether EndMT was occurring in eAVM-ECs, we performed IHC on
eAVM tissues for the EndMT-specific markers such as SNAI1, CDH2, and endothelial
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eAVM-MCs

CD31 and found that SNAI1 and CDH2 was significantly upregulated in CD31- eAVM-ECs
compared to CD31+ ECs (Figure 2B). Again, CD31 expression was maintained in the ECs
of adjacent normal appearing BVs but lost in the eAVM-ECs that upregulated SNAI1 and
CDH2. These findings suggest that the CD31- eAVM-ECs surrounded by expanded MC
perivasculature are undergoing EndMT.

3.3. eAVM-MCs Can Induce EndMT in Adjacent ECs

To determine whether eAVM-MCs could induce EndMT in ECs, we first isolated
eAVM-MCs and MCs from normal adjacent tissue biopsies (NMCs), using PDGFRf as an
MC marker from three patients by flow cytometry (Figure S2) and confirmed their identities
using immunofluorescence for the MC markers CD13 and PDGFR-f3 (Figure 3).

DAPI CD13

Figure 3. Characterization of mural cell-specific expression of CD13 (green) and PDGFR-f3 (red) in
NMCs (top row) and eAVM-MCs (bottom row) using immunofluorescence in samples isolated from
the same patient. Magnification = 20x; bar = 200 pm.

We also confirmed the expression of CD31 and PDGFR-f3 in HUVECs and isolated MCs,
respectively, prior to co-culture (Figure S3). To determine whether eAVM-MCs or normal
MCs isolated from adjacent tissue biopsies could induce loss of endothelial expression
of CD31, we co-cultured isolated MCs with HUVECs and analyzed the expression of
CD31 using immunofluorescence (Figure 4). Co-culture of HUVECs with NMCs did
not affect the endothelial expression of CD31 (Figure 4, top row), while co-culture with
eAVM-MCs resulted in a dramatic reduction of CD31 expression (Figure 4, bottom row).
The fluorescence intensity of CD31 in HUVECs also showed a significant decrease in its
expression when co-cultured with eAVM-MCs compared to NMCs (Figure 54).

To determine whether this induction of endothelial CD31 expression was mediated by
soluble factors released by eAVM-MCs, an indirect co-culture experiment was performed
with eAVM-MCs and HUVECs grown on opposite sides of a 0.4 um permeable membrane
(Figure S5). In this indirect co-culture experiment, we did not observe any changes in
endothelial CD31 expression in HUVECs cultured with either eAVM-MCs or NMCs, sug-
gesting that the loss of endothelial CD31 expression induced by eAVM-MCs is dependent
on EC-MC contact.
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NMC + HUVEC

eAVM-MC + HUVEC

DAPI

CD31 PDGFR-B MERGE

Figure 4. Loss of CD31 (green) expression in HUVECs co-cultured with eAVM-MCs (PDGFR-f3 red).
Representative image shows that CD31 expression was not affected in HUVECs when co-cultured
with MCs isolated from normal tissue (NMCs, top row), whereas CD31 expression was reduced in
HUVECs when co-cultured with eAVM-MCs (bottom row). White circles highlight regions of CD31
expression. Magnification = 20x; bar = 200 pum.

4. Discussion

EC-MC interaction is critical for normal BV development, and its disruption con-
tributes to numerous disorders such as blood-brain barrier dysfunction [45], diabetic
retinopathy [46], and tumor angiogenesis [56]. To understand the EC-MC interaction in
the pathogenesis of eAVMs, we collected eAVM tissue specimens along with adjacent
unaffected subcutaneous tissue, which appears unaffected by eAVM, as a control from
the same patient. The decision to use adjacent unaffected tissue was made to minimize
inter-individual variability and better control for genetic and environmental factors, ensur-
ing that the comparison between diseased tissue and control tissue came from the same
patient. This approach helps reduce the confounding factors that could arise from using
tissue from unrelated patients. Additionally, using tissue from patients with different
underlying conditions could introduce genetic and physiological differences, making direct
comparisons difficult. Furthermore, obtaining age- and region-matched controls from pa-
tients without eAVMs is challenging due to difficulties in acquiring appropriate tissue from
non-diseased patients undergoing similar surgical procedures. Given the limited cohort
size, we recognize that this represents a key limitation of the present study. Since eAVM
is a rare vascular disorder, it is challenging to harvest both diseased and normal samples
from the same patient. Larger studies with more diverse control groups are necessary to
substantiate the findings from this work.

While several reports have demonstrated that reduced MC coverage of BVs and
expansion of pericytes is associated with bAVMs in rodent models [20,22,23], no reports
have demonstrated this in human eAVMs. This study illustrates that eAVM tissues consist
of both “normal” appearing BVs lined by CD31+ ECs and “abnormal” dilated BVs lined by
CD31- ECs, the latter of which are surrounded by a dramatically expanded MC layer. In
addition to occurring in several cancers and inflammatory processes [57-59], the loss of
endothelial CD31 has been observed in other pathologies of the vascular system including
vasculitis [60] and formation of neovessels during atherosclerosis [61,62], suggesting that
the CD31-regions of eAVMs are distinct and potentially pathologic. While a previous study
demonstrated an increase in CD31 protein in eAVM-ECs [63], these cells were isolated
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using CD31 immunoprecipitation, which would not isolate the CD31-eAVM-ECs that we
have observed in proximity to the expanded MC layer. Our study did observe an increase
in CD31 mRNA in eAVM whole tissue samples (Figure S1) compared to controls, likely
due to the presence of a large number of CD31+ “normal” eAVM vessels present in these
samples. However, we also observed reduced expression of other EC markers such as
CD34 and CDHb) in some eAVM tissues (Figure S1). The reduced CDH5 expression in the
abnormal dilated BVs of eAVM sections (Figure 1) suggest that these BVs are undergoing
the process of EndMT.

Our observation that only the eAVM-ECs adjacent to expanded eAVM-MC regions
lose CD31 expression raises the possibility that eAVM-MCs induce pathologic changes
in the adjacent endothelium. This is consistent with previous studies demonstrating the
ability of MCs to modulate EC function [64,65] and the pathologic effects of CD31 loss
on BV integrity [66—69]. This is the first study to demonstrate that eAVM-MCs, but not
MCs, isolated from adjacent normal tissue (NMC), induce loss of CD31 in ECs when grown
in co-culture (Figure 4). This induction appears to require EC-MC contact, as indirect
co-culture of eAVM-MCs with HUVECs across a permeable membrane did not induce loss
of endothelial CD31 (Figure S5).

During EndMT, cells not only lose expression of endothelial cell surface markers
but also upregulate several EndMT-related transcription factors and other mesenchymal
genes [28,70-74], including SNAI1, SNAI2, ACTA2, VIM, and CDH?2, all of which were
upregulated in our eAVM tissue biopsies (Figure 2). Because the loss of normal EC surface
markers precluded the isolation of CD31- eAVM-ECs by flow cytometry, IHC for both
CD31 and EndMT markers CHD2 and SNAI1 was used to illustrate the location of CHD2
and SNAI1 expression and EndMT induction (Figure 2). Interestingly, only the regions of
eAVMs that contained grossly dilated CD31- BVs surrounded by expanded MC-containing
perivasculature expressed CDH2 and SNAI1, while other eAVM regions consisting of
smaller CD31+ BVs without thickened MC perivasculature did not. This raises the pos-
sibility that the initiation of EndMT in these “normal” appearing CD31+ vessels leads
to dilation, MC deposition, and loss of vascular integrity, all of which contribute to the
gradual increase in size and bleeding frequency eAVM patients experience.

While the mechanism of EndMT initiation in eAVMs is unknown, low-frequency
somatic single nucleotide variants (SNVs) of the RAS gene family, which regulates EndMT,
have been identified in both bAVMs and eAVMs [5,75-81]. Introduction of the KRASG12D
SNV into HUVECs triggers EndMT through activation of the TGF-{3 /BMP-SMAD4 path-
way [36], and a previous study from our laboratory demonstrated both upregulation of
TGEF-f1 and dysregulation of SMAD signaling in the perivasculature of eAVM tissues from
10 patients [82]. A separate study demonstrated that KRASG12D expressing HUVECs could
induce EndMT in neighboring wildtype HUVECs through exosomal miRNA-mediated
knockdown of PICK1 (protein interacting with PKC) [83]. While that study focused on
endothelial-to-endothelial cell communication, the present study demonstrates that eAVM-
MCs can induce EndMT in neighboring ECs. This raises the possibility that a small number
of SNV-containing eAVM-ECs trigger the propagation of EndMT across a wide distance of
genotypically normal tissue, potentially contributing to the rapidity of eAVM development,
growth, and associated morbidity. Reversing the initiation of EndMT has been studied
in a wide range of diseases, including bAVMs [36], but has not been explored in eAVMs.
The lipid-lowering drug lovastatin was found to alleviate EndMT in rat kidneys [84] and
attenuated EndMT in KRASG12D-expressing HUVECs by inhibiting TGF-f3/BMP-SMAD4
signaling [36]. The repurposing of medications that inhibit EndMT in the treatment of
recalcitrant eAVMs warrants further exploration.

5. Conclusions

Extracranial arteriovenous malformations (eAVMs) contain a heterogeneous pop-
ulation of both CD31+ and CD31- vascular endothelial cells (eAVM-ECs), the latter of
which line grossly dilated vessels and are surrounded by an expanded perivasculature
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of PDGFRf+ mural cells (eAVM-MCs). These regions of CD31- eAVM-EC-MC contact
undergo endothelial-to-mesenchymal transition (EndMT). Isolated eAVM-MCs induce loss
of CD31 in HUVECs in co-culture. This suggests that the initiation of EndMT may trigger
the transformation of normal vessels into the friable vessels prone to bleeding that are
characteristic of eAVMs and highlights the need to explore agents that reverse EndMT in
the treatment of these patients.
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eAVMs tissues: A-B) CD31 and CD34 expression levels were analyzed by RT-PCR, compared between
normal tissue and eAVM tissue, and mRINA levels were normalized to those of GAPDH. Paired two-
tailed t-tests were performed to determine statistical significance (p < 0.05 was considered significant).
Figure S2: Flow cytometric analysis and live cell sorting of mural cells isolated from eAVM and
paired normal specimens. Figure 53: Representative image shows expression of CD31 and PDGFR-f3
in HUVEC and isolated mural cells before co-culture. Magnification = 20x; bar = 200 um. Figure S4:
Indirect contact of eAVM’s MCs does not affect CD31 expression in HUVECs. Representative image
shows that CD31 expression is not reduced in HUVECs when co-cultured with eAVM MCs in an
indirect manner. White arrows indicate CD31 expression. White arrows indicate the same cellular
location. Magnification = 20x and 40x; bar = 200 um and 100 um. Table S1: Antibodies used
for immunohistochemistry, flow cytometry, and immunofluorescence. Table S2: Primer/probe for
mRNA assay.

Author Contributions: Conceptualization: S.J.M., G.T.R. and G.M.S.; Methodology: S.J.M.; Resources:
G.T.R. and G.M.S,; Investigation: S.].M., RW.S. and H.Z.; Data curation: S.J. M., RW.S. and H.Z.;
Writing—original draft preparation: S.J.M.; Writing—review and editing: H.Z., RW.S., G.T.R. and
G.M.S,; Visualization: S.J.M., G.T.R. and G.M.S,; Supervision: G.T.R. and G.M.S.; Project adminis-
tration: G. T.R.; Funding acquisition: G.T.R. and G.M.S.; All authors have read and agreed to the
published version of the manuscript.

Funding: Funding for this project was provided by the National Heart Lung and Blood Institute
(NHLBI 1R01HL173107), the National Institute of General Medical Sciences (NIGMS P20GM121293),
and the Siebert and Hamlen Endowed Chairs of the Department of Otolaryngology-Head and Neck
Surgery of the University of Arkansas for Medical Sciences.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of University of Arkansas for Medical
Sciences Institutional Review Board (number 114012; 07/03/2024).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study
and de-identified before using the samples for the proposed study.

Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors are grateful to Jeffrey Flowers for collecting the samples and
maintaining the records of the involved subjects, as well as the Arkansas Vascular Biology Program.
The authors also acknowledge the contribution of staffs of the UAMS and ACRI core facility.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Eivazi, B.; Werner, J.A. Extracranial vascular malformations (hemangiomas and vascular malformations) in children and
adolescents—Diagnosis, clinic, and therapy. GMS Curr. Top. Otorhinolaryngol. Head Neck Surg. 2014, 13, Doc02. [CrossRef]

[PubMed]

2. Lee, ]JJW,; Chung, H.Y. Vascular anomalies of the head and neck: Current overview. Arch. Craniofac. Surg. 2018, 19, 243-247.

[CrossRef] [PubMed]

3. Bokhari, M.R.; Bokhari, S.R.A. Arteriovenous Malformation of the Brain. In StatPearls; StatPearls Publishing: Treasure Island, FL,

USA, 2024.

4. Greene, A K.; Orbach, D.B. Management of arteriovenous malformations. Clin. Plast. Surg. 2011, 38, 95-106. [CrossRef] [PubMed]
5. Couto, J.A.; Huang, A.Y,; Konczyk, D.J.; Goss, J.A.; Fishman, S.J.; Mulliken, ].B.; Warman, M.L.; Greene, A K. Somatic MAP2K1
Mutations Are Associated with Extracranial Arteriovenous Malformation. Am. J. Hum. Genet. 2017, 100, 546-554. [CrossRef]

[PubMed]


https://www.mdpi.com/article/10.3390/cells13242122/s1
https://www.mdpi.com/article/10.3390/cells13242122/s1
https://doi.org/10.3205/cto000105
https://www.ncbi.nlm.nih.gov/pubmed/25587362
https://doi.org/10.7181/acfs.2018.02383
https://www.ncbi.nlm.nih.gov/pubmed/30613084
https://doi.org/10.1016/j.cps.2010.08.005
https://www.ncbi.nlm.nih.gov/pubmed/21095475
https://doi.org/10.1016/j.ajhg.2017.01.018
https://www.ncbi.nlm.nih.gov/pubmed/28190454

Cells 2024, 13, 2122 11 of 14

11.
12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

Liu, A.S.; Mulliken, J.B.; Zurakowski, D.; Fishman, S.J.; Greene, A.K. Extracranial arteriovenous malformations: Natural
progression and recurrence after treatment. Plast. Reconstr. Surg. 2010, 125, 1185-1194. [CrossRef]

Eivazi, B.; Werner, ].A. Management of vascular malformations and hemangiomas of the head and neck—An update. Curr. Opin.
Otolaryngol. Head Neck Surg. 2013, 21, 157-163. [CrossRef]

Rosenberg, T.L.; Suen, J.Y.; Richter, G.T. Arteriovenous Malformations of the Head and Neck. Otolaryngol. Clin. N. Am. 2018, 51,
185-195. [CrossRef] [PubMed]

Uller, W.; Alomari, A.L; Richter, G.T. Arteriovenous malformations. Semin. Pediatr. Surg. 2014, 23, 203-207. [CrossRef] [PubMed]
Hirakow, R.; Hiruma, T. Scanning electron microscopic study on the development of primitive blood vessels in chick embryos at
the early somite-stage. Anat. Embryol. 1981, 163, 299-306. [CrossRef] [PubMed]

Risau, W. Mechanisms of angiogenesis. Nature 1997, 386, 671-674. [CrossRef] [PubMed]

Carmeliet, P; Jain, R K. Angiogenesis in cancer and other diseases. Nature 2000, 407, 249-257. [CrossRef] [PubMed]

Folkman, J. Angiogenesis in cancer, vascular, rheumatoid and other disease. Nat. Med. 1995, 1, 27-31. [CrossRef]

Cheng, Y.S.; Champliaud, M.F; Burgeson, R.E.; Marinkovich, M.P.; Yurchenco, P.D. Self-assembly of laminin isoforms. J. Biol.
Chem. 1997, 272, 31525-31532. [CrossRef]

Foss, EW,, Jr.; Clemens, ].J.; Davis, M.D.; Snyder, A.H.; Zigler, M.A.; Lynch, K.R.; Macdonald, T.L. Synthesis, stability, and
implications of phosphothioate agonists of sphingosine-1-phosphate receptors. Bioorganic Med. Chem. Lett. 2005, 15, 4470-4474.
[CrossRef] [PubMed]

Davis, G.E,; Stratman, A.N.; Sacharidou, A.; Koh, W. Molecular basis for endothelial lumen formation and tubulogenesis during
vasculogenesis and angiogenic sprouting. Int. Rev. Cell Mol. Biol. 2011, 288, 101-165. [CrossRef] [PubMed]

Hellstrom, M.; Gerhardt, H.; Kalen, M.; Li, X.; Eriksson, U.; Wolburg, H.; Betsholtz, C. Lack of pericytes leads to endothelial
hyperplasia and abnormal vascular morphogenesis. J. Cell Biol. 2001, 153, 543-553. [CrossRef] [PubMed]

Wei, T.; Shalin, S.; Draper, E.; Miller, E.; Zhang, H.; Sun, R.; Lee, M.; Albert, G.; Richter, G.T. Abnormal elastin and collagen
deposition is present in extracranial arteriovenous malformations: A comparison to intracranial disease. Histol. Histopathol. 2019,
34, 1355-1363. [CrossRef]

Baeyens, N.; Larrivee, B.; Ola, R.; Hayward-Piatkowskyi, B.; Dubrac, A.; Huang, B.; Ross, T.D.; Coon, B.G.; Min, E.; Tsarfati, M.;
et al. Defective fluid shear stress mechanotransduction mediates hereditary hemorrhagic telangiectasia. . Cell Biol. 2016, 214,
807-816. [CrossRef]

Chen, W.; Guo, Y.; Walker, E.J.; Shen, F; Jun, K.; Oh, S.P;; Degos, V.; Lawton, M.T.; Tihan, T.; Davalos, D.; et al. Reduced mural cell
coverage and impaired vessel integrity after angiogenic stimulation in the Alkl-deficient brain. Arterioscler. Thromb. Vasc. Biol.
2013, 33, 305-310. [CrossRef]

Zhu, W.; Chen, W.; Zou, D.; Wang, L.; Bao, C.; Zhan, L.; Saw, D.; Wang, S.; Winkler, E.; Li, Z.; et al. Thalidomide Reduces
Hemorrhage of Brain Arteriovenous Malformations in a Mouse Model. Stroke 2018, 49, 1232-1240. [CrossRef]

Crist, AM.; Lee, A.R,; Patel, N.R.; Westhoff, D.E.; Meadows, S.M. Vascular deficiency of Smad4 causes arteriovenous malforma-
tions: A mouse model of Hereditary Hemorrhagic Telangiectasia. Angiogenesis 2018, 21, 363-380. [CrossRef]

Nadeem, T.; Bogue, W.; Bigit, B.; Cuervo, H. Deficiency of Notch signaling in pericytes results in arteriovenous malformations.
JCI Insight 2020, 5, €125940. [CrossRef]

Selhorst, S.; Nakisli, S.; Kandalai, S.; Adhicary, S.; Nielsen, C.M. Pathological pericyte expansion and impaired endothelial
cell-pericyte communication in endothelial Rbpj deficient brain arteriovenous malformation. Front. Hum. Neurosci. 2022, 16,
974033. [CrossRef] [PubMed]

Lin, A.; Peiris, N.J.; Dhaliwal, H.; Hakim, M.; Li, W.; Ganesh, S.; Ramaswamy, Y.; Patel, S.; Misra, A. Mural Cells: Potential
Therapeutic Targets to Bridge Cardiovascular Disease and Neurodegeneration. Cells 2021, 10, 593. [CrossRef] [PubMed]

Davis, R.B.; Pahl, K.; Datto, N.C.; Smith, S.V.; Shawber, C.; Caron, K.M.; Blatt, J. Notch signaling pathway is a potential therapeutic
target for extracranial vascular malformations. Sci. Rep. 2018, 8, 17987. [CrossRef] [PubMed]

Dejana, E.; Hirschi, K.K.; Simons, M. The molecular basis of endothelial cell plasticity. Nat. Commun. 2017, 8, 14361. [CrossRef]
[PubMed]

Dejana, E.; Lampugnani, M.G. Endothelial cell transitions. Science 2018, 362, 746-747. [CrossRef] [PubMed]

Kovacic, J.C.; Dimmeler, S.; Harvey, R.P.; Finkel, T.; Aikawa, E.; Krenning, G.; Baker, A.H. Endothelial to Mesenchymal Transition
in Cardiovascular Disease: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2019, 73, 190-209. [CrossRef]

Alvandi, Z.; Bischoff, ]. Endothelial-Mesenchymal Transition in Cardiovascular Disease. Arterioscler. Thromb. Vasc. Biol. 2021, 41,
2357-2369. [CrossRef] [PubMed]

Zhou, K;; Tian, K.J.; Yan, B.J.; Gui, D.D.; Luo, W.; Ren, Z.; Wei, D.H,; Liu, L.S,; Jiang, Z.S. A promising field: Regulating imbalance
of EndMT in cardiovascular diseases. Cell Cycle 2021, 20, 1477-1486. [CrossRef] [PubMed]

Strelnikova, E.A.; Kalinin, R.E.; Suchkov, I.A.; Korotkova, N.V.; Mzhavanadze, N.D. Molecular and Cellular Aspects of the
Endothelial-Mesenchymal Transition in Cardiovascular Diseases. Mol. Biol. 2023, 57, 563-572. [CrossRef]

Bravi, L.; Malinverno, M.; Pisati, F.; Rudini, N.; Cuttano, R.; Pallini, R.; Martini, M.; Larocca, L.M.; Locatelli, M.; Levi, V.;
et al. Endothelial Cells Lining Sporadic Cerebral Cavernous Malformation Cavernomas Undergo Endothelial-to-Mesenchymal
Transition. Stroke 2016, 47, 886-890. [CrossRef]


https://doi.org/10.1097/PRS.0b013e3181d18070
https://doi.org/10.1097/MOO.0b013e32835e15a9
https://doi.org/10.1016/j.otc.2017.09.005
https://www.ncbi.nlm.nih.gov/pubmed/29217062
https://doi.org/10.1053/j.sempedsurg.2014.07.005
https://www.ncbi.nlm.nih.gov/pubmed/25241099
https://doi.org/10.1007/BF00315706
https://www.ncbi.nlm.nih.gov/pubmed/7340557
https://doi.org/10.1038/386671a0
https://www.ncbi.nlm.nih.gov/pubmed/9109485
https://doi.org/10.1038/35025220
https://www.ncbi.nlm.nih.gov/pubmed/11001068
https://doi.org/10.1038/nm0195-27
https://doi.org/10.1074/jbc.272.50.31525
https://doi.org/10.1016/j.bmcl.2005.07.057
https://www.ncbi.nlm.nih.gov/pubmed/16125386
https://doi.org/10.1016/B978-0-12-386041-5.00003-0
https://www.ncbi.nlm.nih.gov/pubmed/21482411
https://doi.org/10.1083/jcb.153.3.543
https://www.ncbi.nlm.nih.gov/pubmed/11331305
https://doi.org/10.14670/HH-18-129
https://doi.org/10.1083/jcb.201603106
https://doi.org/10.1161/ATVBAHA.112.300485
https://doi.org/10.1161/STROKEAHA.117.020356
https://doi.org/10.1007/s10456-018-9602-0
https://doi.org/10.1172/jci.insight.125940
https://doi.org/10.3389/fnhum.2022.974033
https://www.ncbi.nlm.nih.gov/pubmed/36147294
https://doi.org/10.3390/cells10030593
https://www.ncbi.nlm.nih.gov/pubmed/33800271
https://doi.org/10.1038/s41598-018-36628-1
https://www.ncbi.nlm.nih.gov/pubmed/30573741
https://doi.org/10.1038/ncomms14361
https://www.ncbi.nlm.nih.gov/pubmed/28181491
https://doi.org/10.1126/science.aas9432
https://www.ncbi.nlm.nih.gov/pubmed/30442789
https://doi.org/10.1016/j.jacc.2018.09.089
https://doi.org/10.1161/ATVBAHA.121.313788
https://www.ncbi.nlm.nih.gov/pubmed/34196216
https://doi.org/10.1080/15384101.2021.1951939
https://www.ncbi.nlm.nih.gov/pubmed/34266366
https://doi.org/10.1134/S0026893323030111
https://doi.org/10.1161/STROKEAHA.115.011867

Cells 2024, 13, 2122 12 of 14

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Maddaluno, L.; Rudini, N.; Cuttano, R.; Bravi, L.; Giampietro, C.; Corada, M.; Ferrarini, L.; Orsenigo, F; Papa, E.; Boulday, G.;
et al. EndMT contributes to the onset and progression of cerebral cavernous malformations. Nature 2013, 498, 492-496. [CrossRef]
[PubMed]

Ren, J.; Xiao, X,; Li, R.; Lv, C.; Zhang, Y.; Wang, L.; Hong, T.; Zhang, H.; Wang, Y. Single-cell sequencing reveals that endothelial
cells, EndMT cells and mural cells contribute to the pathogenesis of cavernous malformations. Exp. Mol. Med. 2023, 55, 628-642.
[CrossRef]

Xu, H.; Huo, R;; Li, H; Jiao, Y.; Weng, J.; Wang, J.; Yan, Z.; Zhang, ].; Zhao, S.; He, Q.; et al. KRAS mutation-induced EndMT of
brain arteriovenous malformation is mediated through the TGF-beta/BMP-SMAD4 pathway. Stroke Vasc. Neurol. 2023, 8, 197-206.
[CrossRef] [PubMed]

Huang, L.; Bischoff, J. Isolation of Stem Cells, Endothelial Cells and Pericytes from Human Infantile Hemangioma. Bio Protoc.
2020, 10, €3487. [CrossRef]

Mehdi, S.J.; Johnson, S.K.; Epstein, J.; Zangari, M.; Qu, P; Hoering, A.; van Rhee, F,; Schinke, C.; Thanendrarajan, S.; Barlogie,
B.; et al. Mesenchymal stem cells gene signature in high-risk myeloma bone marrow linked to suppression of distinct IGFBP2-
expressing small adipocytes. Br. |. Haematol. 2019, 184, 578-593. [CrossRef]

Mehdi, S.J.; Moerman-Herzog, A.; Wong, H.K. Normal and cancer fibroblasts differentially regulate TWIST1, TOX and cytokine
gene expression in cutaneous T-cell lymphoma. BMC Cancer 2021, 21, 492. [CrossRef] [PubMed]

Mehdi, S.J.; Ghatak, K.; Ling, W.; Johnson, S.K.; Epstein, J.; Nookaew, I.; Zangari, M.; Schinke, C.; Thanendrarajan, S.; van Rhee, E;
et al. Growth and dormancy control of myeloma cells by mesenchymal stem cells. Leuk. Res. 2023, 133, 107355. [CrossRef]

Sun, RW.; Zhang, H.; Mehdi, S.J.; Richter, G.T.; Bowman, H.H.; Sifford, J.; Smith, C.; Burnett, A.K,; Layman, A.; Washam, C.L,;
et al. Upregulated MicroRNA-21 Drives the Proliferation of Lymphatic Malformation Endothelial Cells by Inhibiting PDCDA4. J.
Investig. Dermatol. 2023, 143, 2085-2089.E1. [CrossRef]

Hellstrom, M.; Kalen, M.; Lindahl, P.; Abramsson, A.; Betsholtz, C. Role of PDGF-B and PDGFR-beta in recruitment of vascular
smooth muscle cells and pericytes during embryonic blood vessel formation in the mouse. Development 1999, 126, 3047-3055.
[CrossRef] [PubMed]

Armulik, A.; Abramsson, A.; Betsholtz, C. Endothelial/pericyte interactions. Circ. Res. 2005, 97, 512-523. [CrossRef] [PubMed]
Kemp, S.S.; Aguera, KN.; Cha, B.; Davis, G.E. Defining Endothelial Cell-Derived Factors That Promote Pericyte Recruitment and
Capillary Network Assembly. Arterioscler. Thromb. Vasc. Biol. 2020, 40, 2632-2648. [CrossRef] [PubMed]

Sengillo, ].D.; Winkler, E.A.; Walker, C.T.; Sullivan, J.S.; Johnson, M.; Zlokovic, B.V. Deficiency in mural vascular cells coincides
with blood-brain barrier disruption in Alzheimer’s disease. Brain Pathol. 2013, 23, 303-310. [CrossRef]

Hammes, H.P; Lin, J.; Renner, O.; Shani, M.; Lundqvist, A.; Betsholtz, C.; Brownlee, M.; Deutsch, U. Pericytes and the pathogenesis
of diabetic retinopathy. Diabetes 2002, 51, 3107-3112. [CrossRef] [PubMed]

Leong, A.S.Y.; Cooper, K.; Leong, FJ.W. Manual of Diagnostic Antibodies for Immunohistology; Greenwich Medical Media Ltd.:
London, UK, 2003; Volume 2nd.

Jennings, R.N.; Miller, M.A.; Ramos-Vara, ].A. Comparison of CD34, CD31, and factor VIII-related antigen immunohistochemical
expression in feline vascular neoplasms and CD34 expression in feline nonvascular neoplasms. Vet. Pathol. 2012, 49, 532-537.
[CrossRef] [PubMed]

Evrard, S.M.; Lecce, L.; Michelis, K.C.; Nomura-Kitabayashi, A.; Pandey, G.; Purushothaman, K.R.; d’"Escamard, V.; Li, ].R.; Hadri,
L.; Fujitani, K.; et al. Endothelial to mesenchymal transition is common in atherosclerotic lesions and is associated with plaque
instability. Nat. Commun. 2016, 7, 11853. [CrossRef] [PubMed]

Bonney, S.; Mishra, S.; Pleasure, S.J.; Siegenthaler, J.A. Chapter 43—Meninges and Vasculature. In Patterning and Cell Type
Specification in the Developing CNS and PNS; Rubenstein, J., Rakic, P., Chen, B., Kwan, K.Y., Eds.; Academic Press: Cambridge, MA,
USA, 2013.

Xu, C.; Chen, J.; Liang, L.; Chen, S.; Niu, X,; Sang, R; Yang, C.; Rong, R. Midkine promotes renal fibrosis by stabilizing C/EBPbeta
to facilitate endothelial-mesenchymal transition. Commun. Biol. 2024, 7, 544. [CrossRef] [PubMed]

Gong, H.; Lyu, X.; Wang, Q.; Hu, M.; Zhang, X. Endothelial to mesenchymal transition in the cardiovascular system. Life Sci. 2017,
184,95-102. [CrossRef]

Ciszewski, WM.; Wawro, M.E.; Sacewicz-Hofman, I.; Sobierajska, K. Cytoskeleton Reorganization in EndMT-The Role in Cancer
and Fibrotic Diseases. Int. J. Mol. Sci. 2021, 22, 11607. [CrossRef]

Gaikwad, A.V,; Lu, W,; Dey, S.; Bhattarai, P.; Haug, G.; Larby, ].; Chia, C.; Jaffar, J.; Westall, G.; Singhera, G.K.; et al. Endothelial-to-
mesenchymal transition: A precursor to pulmonary arterial remodelling in patients with idiopathic pulmonary fibrosis. ER] Open
Res. 2023, 9. [CrossRef] [PubMed]

Loh, C.Y,; Chai, ].Y,; Tang, T.E; Wong, W.E,; Sethi, G.; Shanmugam, M.K.; Chong, P.P; Looi, C.Y. The E-Cadherin and N-Cadherin
Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118.
[CrossRef]

Morikawa, S.; Baluk, P; Kaidoh, T.; Haskell, A.; Jain, R.K.; McDonald, D.M. Abnormalities in pericytes on blood vessels and
endothelial sprouts in tumors. Am. J. Pathol. 2002, 160, 985-1000. [CrossRef] [PubMed]

Zeisberg, E.M.; Potenta, S.; Xie, L.; Zeisberg, M.; Kalluri, R. Discovery of endothelial to mesenchymal transition as a source for
carcinoma-associated fibroblasts. Cancer Res. 2007, 67, 10123-10128. [CrossRef] [PubMed]


https://doi.org/10.1038/nature12207
https://www.ncbi.nlm.nih.gov/pubmed/23748444
https://doi.org/10.1038/s12276-023-00962-w
https://doi.org/10.1136/svn-2022-001700
https://www.ncbi.nlm.nih.gov/pubmed/36418055
https://doi.org/10.21769/BioProtoc.3487
https://doi.org/10.1111/bjh.15669
https://doi.org/10.1186/s12885-021-08142-7
https://www.ncbi.nlm.nih.gov/pubmed/33941102
https://doi.org/10.1016/j.leukres.2023.107355
https://doi.org/10.1016/j.jid.2023.04.007
https://doi.org/10.1242/dev.126.14.3047
https://www.ncbi.nlm.nih.gov/pubmed/10375497
https://doi.org/10.1161/01.RES.0000182903.16652.d7
https://www.ncbi.nlm.nih.gov/pubmed/16166562
https://doi.org/10.1161/ATVBAHA.120.314948
https://www.ncbi.nlm.nih.gov/pubmed/32814441
https://doi.org/10.1111/bpa.12004
https://doi.org/10.2337/diabetes.51.10.3107
https://www.ncbi.nlm.nih.gov/pubmed/12351455
https://doi.org/10.1177/0300985811429312
https://www.ncbi.nlm.nih.gov/pubmed/22262349
https://doi.org/10.1038/ncomms11853
https://www.ncbi.nlm.nih.gov/pubmed/27340017
https://doi.org/10.1038/s42003-024-06154-0
https://www.ncbi.nlm.nih.gov/pubmed/38714800
https://doi.org/10.1016/j.lfs.2017.07.014
https://doi.org/10.3390/ijms222111607
https://doi.org/10.1183/23120541.00487-2022
https://www.ncbi.nlm.nih.gov/pubmed/37077555
https://doi.org/10.3390/cells8101118
https://doi.org/10.1016/S0002-9440(10)64920-6
https://www.ncbi.nlm.nih.gov/pubmed/11891196
https://doi.org/10.1158/0008-5472.CAN-07-3127
https://www.ncbi.nlm.nih.gov/pubmed/17974953

Cells 2024, 13, 2122 13 of 14

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Potenta, S.; Zeisberg, E.; Kalluri, R. The role of endothelial-to-mesenchymal transition in cancer progression. Br. ]. Cancer 2008, 99,
1375-1379. [CrossRef] [PubMed]

Montorfano, I.; Becerra, A.; Cerro, R.; Echeverria, C.; Saez, E.; Morales, M.G.; Fernandez, R.; Cabello-Verrugio, C.; Simon, F.
Oxidative stress mediates the conversion of endothelial cells into myofibroblasts via a TGF-betal and TGF-beta2-dependent
pathway. Lab. Investig. 2014, 94, 1068-1082. [CrossRef]

Gros, A.; Syvannarath, V.; Lamrani, L.; Ollivier, V.; Loyau, S.; Goerge, T.; Nieswandt, B.; Jandrot-Perrus, M.; Ho-Tin-Noe, B. Single
platelets seal neutrophil-induced vascular breaches via GPVI during immune-complex-mediated inflammation in mice. Blood
2015, 126, 1017-1026. [CrossRef] [PubMed]

Li, H.; Kobayashi, M.; Blonska, M.; You, Y.; Lin, X. Ubiquitination of RIP is required for tumor necrosis factor alpha-induced
NF-kappaB activation. J. Biol. Chem. 2006, 281, 13636-13643. [CrossRef] [PubMed]

Davies, M.]J.; Gordon, J.L.; Gearing, A.J.; Pigott, R.; Woolf, N.; Katz, D.; Kyriakopoulos, A. The expression of the adhesion
molecules ICAM-1, VCAM-1, PECAM, and E-selectin in human atherosclerosis. J. Pathol. 1993, 171, 223-229. [CrossRef] [PubMed]
Lee, ].S.; Cho, H.G; Ryu, J.Y.,; Oh, EJ.; Kim, HM.; Kwak, S.; Lee, S.J.; Lee, ].; Lee, S.Y.; Huh, S.; et al. Hypoxia Promotes Angiogenic
Effect in Extracranial Arteriovenous Malformation Endothelial Cells. Int. J. Mol. Sci. 2022, 23, 9019. [CrossRef] [PubMed]
Payne, L.B.; Tewari, B.P.; Dunkenberger, L.; Bond, S.; Savelli, A.; Darden, J.; Zhao, H.; Willi, C.; Kanodia, R.; Gude, R.; et al.
Pericyte Progenitor Coupling to the Emerging Endothelium During Vasculogenesis via Connexin 43. Arterioscler. Thromb. Vasc.
Biol. 2022, 42, e96—e114. [CrossRef]

Kruse, K.; Lee, Q.S,; Sun, Y,; Klomp, J.; Yang, X.; Huang, F.; Sun, M.Y.; Zhao, S.; Hong, Z.; Vogel, S.M.; et al. N-cadherin signaling
via Trio assembles adherens junctions to restrict endothelial permeability. J. Cell Biol. 2019, 218, 299-316. [CrossRef] [PubMed]
Tada, Y.; Koarada, S.; Morito, F; Ushiyama, O.; Haruta, Y.; Kanegae, F.; Ohta, A.; Ho, A.; Mak, T.W.; Nagasawa, K. Acceleration of
the onset of collagen-induced arthritis by a deficiency of platelet endothelial cell adhesion molecule 1. Arthritis Rheum. 2003, 48,
3280-3290. [CrossRef] [PubMed]

Graesser, D.; Solowiej, A.; Bruckner, M.; Osterweil, E.; Juedes, A.; Davis, S.; Ruddle, N.H.; Engelhardt, B.; Madri, ].A. Altered
vascular permeability and early onset of experimental autoimmune encephalomyelitis in PECAM-1-deficient mice. J. Clin.
Investig. 2002, 109, 383-392. [CrossRef] [PubMed]

Cheung, K; Ma, L.; Wang, G.; Coe, D.; Ferro, R.; Falasca, M.; Buckley, C.D.; Mauro, C.; Marelli-Berg, FM. CD31 signals confer
immune privilege to the vascular endothelium. Proc. Natl. Acad. Sci. USA 2015, 112, E5815-E5824. [CrossRef]

Cheung, K.C.P; Fanti, S.; Mauro, C.; Wang, G.; Nair, A.S.; Fu, H.; Angeletti, S.; Spoto, S.; Fogolari, M.; Romano, F; et al.
Preservation of microvascular barrier function requires CD31 receptor-induced metabolic reprogramming. Nat. Commun. 2020,
11, 3595. [CrossRef] [PubMed]

Ursoli Ferreira, F.; Eduardo Botelho Souza, L.; Hassibe Thome, C.; Tomazini Pinto, M.; Origassa, C.; Salustiano, S.; Marcel Faca,
V.; Olsen Camara, N.; Kashima, S.; Tadeu Covas, D. Endothelial Cells Tissue-Specific Origins Affects Their Responsiveness to
TGF-beta2 during Endothelial-to-Mesenchymal Transition. Int. J. Mol. Sci. 2019, 20, 458. [CrossRef] [PubMed]

Man, S.; Sanchez Duffhues, G.; Ten Dijke, P.; Baker, D. The therapeutic potential of targeting the endothelial-to-mesenchymal
transition. Angiogenesis 2019, 22, 3-13. [CrossRef]

Hoya, K.; Asai, A.; Sasaki, T.; Kimura, K.; Kirino, T. Expression of smooth muscle proteins in cavernous and arteriovenous
malformations. Acta Neuropathol. 2001, 102, 257-263. [CrossRef] [PubMed]

Uranishi, R.; Baev, N.I.; Kim, J.H.; Awad, I.A. Vascular smooth muscle cell differentiation in human cerebral vascular malforma-
tions. Neurosurgery 2001, 49, 671-679, discussion 679-680. [CrossRef] [PubMed]

Li, Y,; Girard, R.; Srinath, A.; Cruz, D.V,; Ciszewski, C.; Chen, C.; Lightle, R.; Romanos, S.; Sone, ].Y.; Moore, T.; et al. Transcriptomic
signatures of individual cell types in cerebral cavernous malformation. Cell Commun. Signal. 2024, 22, 23. [CrossRef]

Palmieri, M.; Curro, A.; Tommasi, A.; Di Sarno, L.; Doddato, G.; Baldassarri, M.; Frullanti, E.; Giliberti, A.R.; Fallerini, C.;
Spinazzola, A.; et al. Cell-free DNA next-generation sequencing liquid biopsy as a new revolutionary approach for arteriovenous
malformation. JVS Vasc. Sci. 2020, 1, 176-180. [CrossRef]

Dekeuleneer, V.; Seront, E.; Van Damme, A.; Boon, L.M.; Vikkula, M. Theranostic Advances in Vascular Malformations. J. Investig.
Dermatol. 2020, 140, 756-763. [CrossRef]

Smits, PJ.; Konczyk, D.J.; Sudduth, C.L.; Goss, ].A.; Greene, A K. Endothelial MAP2K1 mutations in arteriovenous malformation
activate the RAS/MAPK pathway. Biochem. Biophys. Res. Commun. 2020, 529, 450-454. [CrossRef] [PubMed]

Kunimoto, K.; Yamamoto, Y.; Jinnin, M. ISSVA Classification of Vascular Anomalies and Molecular Biology. Int. . Mol. Sci. 2022,
23, 2358. [CrossRef] [PubMed]

Al-Olabij, L.; Polubothu, S.; Dowsett, K.; Andrews, K.A ; Stadnik, P; Joseph, A.P; Knox, R.; Pittman, A.; Clark, G.; Baird, W.; et al.
Mosaic RAS/MAPK variants cause sporadic vascular malformations which respond to targeted therapy. J. Clin. Investig. 2018,
128, 1496-1508. [CrossRef]

Nikolaev, S.I.; Vetiska, S.; Bonilla, X.; Boudreau, E.; Jauhiainen, S.; Rezai Jahromi, B.; Khyzha, N.; DiStefano, P.V.; Suutarinen, S.;
Kiehl, T.R.; et al. Somatic Activating KRAS Mutations in Arteriovenous Malformations of the Brain. N. Engl. J. Med. 2018, 378,
250-261. [CrossRef]

Li, H,; Nam, Y.; Huo, R.; Fu, W,; Jiang, B.; Zhou, Q.; Song, D.; Yang, Y.; Jiao, Y.; Weng, J.; et al. De Novo Germline and Somatic
Variants Convergently Promote Endothelial-to-Mesenchymal Transition in Simplex Brain Arteriovenous Malformation. Circ. Res.
2021, 129, 825-839. [CrossRef]


https://doi.org/10.1038/sj.bjc.6604662
https://www.ncbi.nlm.nih.gov/pubmed/18797460
https://doi.org/10.1038/labinvest.2014.100
https://doi.org/10.1182/blood-2014-12-617159
https://www.ncbi.nlm.nih.gov/pubmed/26036804
https://doi.org/10.1074/jbc.M600620200
https://www.ncbi.nlm.nih.gov/pubmed/16543241
https://doi.org/10.1002/path.1711710311
https://www.ncbi.nlm.nih.gov/pubmed/7506307
https://doi.org/10.3390/ijms23169109
https://www.ncbi.nlm.nih.gov/pubmed/36012380
https://doi.org/10.1161/ATVBAHA.121.317324
https://doi.org/10.1083/jcb.201802076
https://www.ncbi.nlm.nih.gov/pubmed/30463880
https://doi.org/10.1002/art.11268
https://www.ncbi.nlm.nih.gov/pubmed/14613294
https://doi.org/10.1172/JCI0213595
https://www.ncbi.nlm.nih.gov/pubmed/11827998
https://doi.org/10.1073/pnas.1509627112
https://doi.org/10.1038/s41467-020-17329-8
https://www.ncbi.nlm.nih.gov/pubmed/32681081
https://doi.org/10.3390/ijms20030458
https://www.ncbi.nlm.nih.gov/pubmed/30678183
https://doi.org/10.1007/s10456-018-9639-0
https://doi.org/10.1007/s004010100362
https://www.ncbi.nlm.nih.gov/pubmed/11585250
https://doi.org/10.1097/00006123-200109000-00027
https://www.ncbi.nlm.nih.gov/pubmed/11523679
https://doi.org/10.1186/s12964-023-01301-2
https://doi.org/10.1016/j.jvssci.2020.08.002
https://doi.org/10.1016/j.jid.2019.10.001
https://doi.org/10.1016/j.bbrc.2020.06.022
https://www.ncbi.nlm.nih.gov/pubmed/32703450
https://doi.org/10.3390/ijms23042358
https://www.ncbi.nlm.nih.gov/pubmed/35216474
https://doi.org/10.1172/JCI98589
https://doi.org/10.1056/NEJMoa1709449
https://doi.org/10.1161/CIRCRESAHA.121.319004

Cells 2024, 13, 2122 14 of 14

82. Wei, T.; Richter, G.T.; Zhang, H.; Sun, RW.; Smith, C.H.; Strub, G.M. Extracranial arteriovenous malformations demonstrate
dysregulated TGF-beta/BMP signaling and increased circulating TGF-betal. Sci. Rep. 2022, 12, 16612. [CrossRef] [PubMed]

83. He, Q.; Huo, R,; Wang, J.; Xu, H.; Zhao, S.; Zhang, J.; Sun, Y,; Jiao, Y.; Weng, J.; Zhao, J.; et al. Exosomal miR-3131 derived from
endothelial cells with KRAS mutation promotes EndMT by targeting PICK1 in brain arteriovenous malformations. CNS Neurosci.
Ther. 2023, 29, 1312-1324. [CrossRef] [PubMed]

84. Ma, Z.; Zhu, L Liu, Y,; Wang, Z.; Yang, Y.; Chen, L.; Lu, Q. Lovastatin Alleviates Endothelial-to-Mesenchymal Transition in
Glomeruli via Suppression of Oxidative Stress and TGF-betal Signaling. Front. Pharmacol. 2017, 8, 473. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-022-21217-0
https://www.ncbi.nlm.nih.gov/pubmed/36198763
https://doi.org/10.1111/cns.14103
https://www.ncbi.nlm.nih.gov/pubmed/36718590
https://doi.org/10.3389/fphar.2017.00473

	Introduction 
	Materials and Methods 
	Study Approval 
	Primary Human Samples 
	Isolation of Mural Cells from Extracranial AVM and Paired Normal Specimens 
	Flow Cytometry 
	Cell Culture 
	Immunofluorescence Staining 
	Total RNA Isolation and Real-Time PCR 
	Immunohistochemistry 
	Statistical Analysis 

	Results 
	CD31-eAVM-ECs Are Surrounded by an Expanded Perivasculature of MCs 
	CD31- eAVM-ECs Undergo EndMT 
	eAVM-MCs Can Induce EndMT in Adjacent ECs 

	Discussion 
	Conclusions 
	References

