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Introduction

Abstract

Objective: Brain arteriovenous malformations (AVMs) are devastating, hemor-
rhage-prone, cerebrovascular lesions characterized by well-defined feeding arter-
ies, draining vein(s) and the absence of a capillary bed. The endothelial cells
(ECs) that comprise AVMs exhibit a loss of arterial and venous specification.
Given the role of the transcription factor COUP-TFII in vascular development,
EC specification, and pathological angiogenesis, we examined human AVM
tissue to determine if COUP-FTII may have a role in AVM disease biology.
Methods: We examined 40 human brain AVMs by immunohistochemistry
(IHC) and qRT-PCR for the expression of COUP-TFII as well as other genes
involved in venous and lymphatic development, maintenance, and signaling.
We also examined proliferation and EC tube formation with human umbilical
ECs (HUVEC) following COUP-TFII overexpression. Results: We report that
AVMs expressed COUP-TFII, SOX18, PROXI1, NFATCI, FOXC2, TBXI,
LYVE], Podoplanin, and vascular endothelial growth factor (VEGF)-C, con-
tained Ki67-positive cells and heterogeneously expressed genes involved in
Hedgehog, Notch, Wnt, and VEGF signaling pathways. Overexpression of
COUP-TFII alone in vitro resulted in increased EC proliferation and dilated
tubes in an EC tube formation assay in HUVEC. Interpretation: This suggests
AVM ECs are further losing their arterial/venous specificity and acquiring a
partial lymphatic molecular phenotype. There was significant correlation of
gene expression with presence of clinical edema and acute hemorrhage. While
the precise role of these genes in the formation, stabilization, growth and risk
of hemorrhage of AVMs remains unclear, these findings have potentially impor-
tant implications for patient management and treatment choice, and opens new
avenues for future work on AVM disease mechanisms.

There is evidence that AVMs are actively angiogenic and
dynamic, express proliferation-associated proteins,' > and

Brain arteriovenous malformations (AVMs) are vascular
lesions characterized by the absence of a capillary bed and
dilated vessels comprised of endothelial cells (ECs) with
ambiguous venous and arterial identity. Diagnosis is com-
monly made following presentation of progressive neuro-
logical deficits, seizures, or hemorrhage. AVMs can occur
anywhere in the brain and vary in size, blood flow
volume, and venous drainage, all of which are factors that
guide a challenging choice of treatment including moni-
toring, embolism, radiosurgery, and surgical resection.

contain ECs that are highly proliferative, migrate more
quickly and respond differently to various factors such as
TGEF-f in vitro, compared to control ECs.*© The disease
is rare, with an incidence of <2 cases per 100,000 and
a < 0.2% prevalence rate.” No clear genetic link has yet
been made, although several proteins have been impli-
cated, including vascular endothelial growth factor
(VEGEF), angiopoietins, fibronectin, and matrix metallo-
proteinases.®® AVM research has been advanced by
several animal models that exhibit vascular abnormalities,
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but it is not clear if these completely recapitulate human
disease.'” "> Many questions remain, including the under-
lying disease mechanism, the risk of hemorrhage and the
most efficacious treatment plan.

The orphan steroid/thyroid hormone nuclear receptor
COUP-TFII (also known as Apolipoprotein A-I regulatory
protein 1 or NR2F2) has well described roles in angiogen-
esis, neural development, organogenesis, metabolism and
disease.'* COUP-TFII serves as a key regulator in EC fate
determination to establish both the venous system
through inhibition of Notch signaling,'>'® and the lym-
phatic system through interactions with SOX18 and
PROX1." ' In the adult, COUP-TFII is expressed at low
levels in venous ECs and arterial smooth muscle cells but
is largely absent in arterial ECs.'® Constitutive loss of
COUP-TFII is lethal by embryonic day 10.5 (E10) in a
murine model,”® while an EC-specific loss of COUP-TFII
is lethal at E12.'® Overexpression of COUP-TFII in ECs
in transgenic mouse embryos results in malformations
that resemble AVMs, with the loss of a capillary bed,
fusion of arteries and veins, and arterial acquisition of
venous-associated proteins.'® COUP-TFII also has a role
in regulating cell proliferation and has been implicated in
cancer, modulating both angiogenesis, and tumorigenesis
via TGF-f signaling in human and mouse.'>*" >

Given the key role of COUP-TFII in specifying venous
and lymphatic fate and in pathological angiogenesis, we
asked if COUP-TFII also plays a role in human brain
AVMs. We report that AVMs expressed COUP-TFII and
other lymphatic-associated genes, and that preoperative
edema and acute hemorrhage were significantly correlated
with the expression of a subset of these genes. Expression

Table 1. Summary of AVM patient demographics and clinical history.

Lymphatic Gene Expression in Human Brain AVMs

analysis of selected genes involved in Hedgehog (HH),
Notch, Wnt, and VEGF signaling pathways revealed hetero-
geneity in a subset of these AVMs. We also show that
in vitro overexpression of COUP-TFII in human umbilical
ECs (HUVECGs) was sufficient to increase EC proliferation
and tube dilation. These results suggest that human brain
AVMs may be partially acquiring a lymphatic EC molecular
signature. Given that the brain does not have a lymphatic
system, these findings may have direct clinical relevance to
the management and treatment of patients with brain
AVMs and has highlighted future avenues for research.

Materials and Methods

Human AVM and control tissue

Tissue from 40 human brain AVM samples was obtained
under consent during surgery in the Department of
Neurosurgery at Stanford University with approval from
Stanford’s Institutional Review Board. AVM tissue was
paraffin embedded for routine pathology. Depending on
AVM size, additional portions were fresh frozen and
stored at —80°C. A summary of patient demographics,
AVM grade and treatment is outlined in Table 1. Normal
human control brain (cortex) was obtained from the
Stanford Cancer Center Tissue Bank.

Immunohistochemistry

Paraffin-embedded AVMs (n = 29) were sectioned into
4 pum sections and deparaffinized. Appropriate antigen
retrieval was performed for the following antibodies in

IHC expression subjects (n = 29)

Gene profiling subjects (n = 20)

Female Male Female Male

Number of patients 13 16 1 9
Median age at surgery £SD (y) 21 +£11.9 36 + 14.7 26 +13.2 41 4+ 15.1
Self-reported Ethnicity (H/C/A/O) 5/3/2/3 6/1/217 3/3/3/2 3/2/1/3
Acute hemorrhage 3 11 6 4
Treatment modalities (S/ES/ERS) 9/4/0 2/13/1 2/8/1 5/3/1
Spetzler-Martin

Grade 1 7 7 1 3

Grade 2 3 5 2 4

Grade 3 1 3 4 1

Grade 4 1 1 3 1

Grade 5 1 0 1 0

AVMs from 29 patients were analyzed by immunohistochemistry (IHC), from 20 patients by qRT-PCR and from nine patients by both techniques.
Acute hemorrhage was defined as clinical presentation of hemorrhage immediately proceeded by surgery. AVM, arteriovenous malformation; IHC,
immunohistochemistry; H/C/A/O, Hispanic/Caucasian/Asian/Other; S/ES/ERS, Surgery (S)/Embolization and Surgery (ES)/Embolization, Radiosurgery

and Surgery (ERS).
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serial sections: COUP-TFII (mouse monoclonal, R&D
Systems, Minneapolis, MN, 1:200), PROX1 (mouse
monoclonal, Abcam, Cambridge, MA, 1:100), LYVEI1
(rabbit polyclonal, Abcam, Cambridge, MA, 1:100), D2-
40 (Podoplanin, mouse monoclonal, Dako, Carpinteria,
CA, 1:100), CD31 (PECAM, rabbit monoclonal, Millipore,
Temecula, CA, 1:300), Ki67 (rabbit polyclonal, Abcam,
Cambridge, MA, 1:50). Sections were exposed to primary
antibody at 4°C overnight and secondary antibody for
1 h, visualized with 3,3’-diaminobenzidine (DAB) and
hematoxylin, and imaged using a Zeiss Axio Imager M2
microscope (Thornwood, NY).

Quantitative RT-PCR

Total mRNA was extracted from 20 fresh frozen AVM sam-
ples (10-300 mg) using QIAzol Lysis Reagent, a TissueRup-
tor, and RNeasy kit with on-column DNAse-digestion
(Qiagen, Valencia, CA). ¢cDNA was generated using the
iScript cDNA Synthesis kit (Invitrogen, Grand Island, NY).
A standard program was used (50°C for 2 min, 95°C for
10 min and (95°C 15 sec, 60°C 1 min) for 40 cycles) for the
BioRad CFX96 Real-Time qPCR System. Human-specific
primers are listed in Table S1 (Applied Biosystems, Foster
City, CA). Primer efficiency and specificity were determined
using a pooled sample of brain AVM ¢DNA and normal
human brain tissue. Samples were analyzed in duplicate with
threshold cycle (CT) values all within 0.5. CT values were
averaged, converted to ACT (relative to glyceraldehyde
3-phosphate dehydrogenase (GAPDH)) and to 2*“", which
was defined as “Relative expression”.

Tissue culture

HUVECs were purchased from Lonza (Walkersville, MD)
and grown according to supplier’s instructions in
Endothelial Basal Medium-2 (EBM-2) supplemented with
Endothelial Growth Medium-2 (EGM-2) SingleQuots.
HUVECs were not used beyond passage 10.

Lentiviral-mediated COUP-TFIl expression

Lentiviral particles were generated using a vector contain-
ing an internal ribosomal entry site (IRES) preceding GFP
(pHR-IG) and packaging (p-delta) and envelope plasmids
(VSVG). COUP-TFII-IRES-GFP was constructed using
c¢DNA for COUP-TFII (Genbank NM_021005.3; OpenBio-
systems, Lafayette, CO). The empty plasmid (IRES-GFP)
was used as a control. Lentivirus was produced in
HEK293Ts, filtered, concentrated, re-suspended in
phosphate buffered saline (PBS), and stored at —80°C.
Lentivirus was titered and used at a 1:500. Expression of
COUP-TFII was confirmed by western blot analysis using
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anti-f-Actin (Sigma-Aldrich, St. Louis, MO, 1:5000) as a
loading control and qRT-PCR.

EC proliferation assay

HUVEC:s stably expressing either COUP-TFII-IRES-GFP or
IRES-GFP (“HUVEC-COUP-TFII” and “HUVEC-GFP”,
respectively) were cultured at 70,000 cells/mL in EGM-2
for 48 h. Live cells were counted using trypan blue
exclusion in triplicate for four separate lentiviral-infected
cultures. Data were normalized to HUVEC-GFP cell
growth.

EC tube formation assay

EC tube formation assays were established as previously
described in triplicate for three separate lentiviral-infected
cultures.”* Briefly, low passage HUVECs overexpressed
IRES-GFP or COUP-TFII-IRES-GFP 24 h prior to the
assay. ECs were grown for 48 h at 1.5 x 10° cells/mL in
Geltrex-coated 96 well plates (BD Biosciences, Minneapolis,
MN), labeled with Calcein AM and Hoechst 33342 (Invi-
trogen, Eugene, OR) and imaged with a Zeiss Axio Obser-
ver Al microscope. Images were processed identically with
Image]J (v.1.46r; National Institutes of Health (NIH), USA)
for analysis of tube length, diameter, surface area, and
number of branches. For surface area, the images were con-
verted to binary with a set scale and analyzed with the Par-
ticle Analyzer. For both tube length (the distance between
cell clusters) and width (the linear diameter of the tube), an
identical grid was applied to fluorescent images and both
were determined using the Region Of Interest (ROI) Man-
ager and measure functions. Tube length was determined
only for tubes that had clear start and end points. Tube
diameter was measured perpendicular from the length for
tubes that crossed the counting grid. Branches were defined
as the number of tubes radiating from a cell cluster. Hoe-
chst nuclear staining was used to determine the presence of
cells.

To ensure normal angiogenic responses following
lentiviral infection, EC response was evaluated in four
conditions consisting of EGM-2, EGM-2 containing
DL-sulforaphane (Sigma-Aldrich, St. Louis, MO), EBM-2
with hrbFGF (human recombinant fibroblast growth
factor, R&D Systems, Minneapolis, MN), and EBM-2 alone.

Statistical analyses

All analyses were carried out using SigmaPlot v 12.0. Spear-
man Rank Order Correlation was used to test the correla-
tion of gene expression with clinical observations. The
Mann-Whitney Rank Sum Test was used to determine sta-
tistical significance for in vitro cell proliferation assays.
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Results

Patient demographics and clinical history

Patients were treated with surgery alone (S), embolization
and surgery (ES), or embolization, stereotactic radiosur-
gery (CyberKnife), and surgery (ERS) (Table 1). AVMs
were evaluated for deep versus superficial and single ver-
sus multiple venous drainage, eloquence, edema, gliosis,
acute hemorrhage, and Spetzler-Martin (SM) grade. A
total of 40 unique AVMs were studied, of which 29 were
examined by immunohistochemistry (IHC), 20 by qRT-
PCR, and nine by both.

AVMs express COUP-TFIl and other proteins
associated with lymphatic EC identity

We examined paraffin-embedded AVMs for expression of
COUP-TFII, PECAM, PROXI1, LYVE], and D2-40 (Po-
doplanin). PECAM is a pan-EC marker, while PROX1 is

COUP-TFII

Lymphatic Gene Expression in Human Brain AVMs

essential for lymphatic EC development and interacts
directly with COUP-TFII to determine venous versus
lymphatic EC fate.'"”*> LYVEI is expressed in lymphatic
ECs but is also expressed in developing blood vessels and
macrophages.”® D2-40 (Podoplanin) labels lymphatic ECs
and is expressed in various tumors, including glioblasto-
mas.”’

COUP-TFII was heterogeneously expressed in all 29
AVM samples, with regions of intense and weak immuno-
reactivity. COUP-TFII protein was highly expressed in the
ECs of both large and small vessels, as shown for repre-
sentative AVMs in Figure 1B, G, and L. In contrast, nor-
mal brain vasculature expressed low levels of COUP-TFII
(Fig. 1Q). Interneurons also express COUP-TFII and this
is likely the identity of the small, positive cells in the nor-
mal brain tissue.”® Abundant and variable expression of
PROXI1 and LYVEI was evident in the ECs of all AVMs,
as illustrated in the representative AVMs in Figure 1C, H,
and M for PROX1 and Figure 1D, I, and N for LYVEL.
D2-40 (Podoplanin) expression was defined to discrete

AVM 2

AVM 9

AVM24 | &

Normal
brain

Figure 1. Human brain AVMs express COUP-TFIl and other lymphatic-associated proteins in PECAM-positive cells. Representative IHC images of
three human brain AVMs illustrate regions of co-expression of COUP-TFII (B, G, and L), PROX1 (C, H, and M), LYVE1 (D, I, and N), and D2-40
(Podoplanin) (E, J, and O) with PECAM-positive ECs (A, F, and K). PECAM-negative cells in the tissue of the AVM also express COUP-TFII. Normal
brain contained numerous PECAM-positive ECs (P) but there was minimal expression of COUP-TFII (Q), PROX1 (R), LYVE1 (S), and D2-40
(Podoplanin) (T). DAB-positive immunoreactivity appears as brown staining in the tissue. Scale bar is 50 um. AVMs, arteriovenous malformations;
IHC, immunohistochemistry; ECs, endothelial cells.
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AVM 30

AVM 35

Normal
brain

COUP-TFII

e &

Figure 2. Human brain AVMs contain proliferating ECs. All 29 AVMs contained ECs that were Ki67 positive. As shown in representative images
from two AVMs, Ki67-positive cells were present in the same region of the vessels as PECAM- and COUP-TFIl-expressing cells (A-F). Normal brain
tissue contained numerous PECAM-positive cells (G) but there was minimal expression of both Ki67 (H) and COUP-TFII (I). Higher magnification
images of the boxed regions are shown in (a—i). Arrowheads identify regions of co-expression. DAB-positive immunoreactivity appears as brown
staining in the tissue. Scale bar is 100 um for (A-l) and 50 um for (a—i). AVMs, arteriovenous malformations; ECs, endothelial cells; DAB, 3,3'-

diaminobenzidine.

regions of the AVMs (Fig. 1E, J, and O). In contrast,
normal human cortex expressed low levels of all of these
proteins (Fig. 1Q-T). We confirmed mRNA expression of
COUP-TFII, PROX1, and LYVEL for nine of these AVMs
and normal brain using qRT-PCR. Corresponding THC
images and qRT-PCR expression levels of COUP-TFII,
PROXI, and LYVEI for two representative AVMs and
normal human cortex are shown in Figure S1.

To determine if brain AVMs were actively proliferating,
we also examined expression of Ki67, a cell proliferation
marker. There was strong, heterogeneous Ki67 expression
in ECs of all 29 AVM samples, as shown for two repre-
sentative AVMs in Figure 2B(b) and E(e). Ki67 expression
corresponded to the region of COUP-TFII expression in
PECAM-positive ECs in the AVMs (Fig. 2C(c), and F(f)).
In contrast, normal brain contained few Ki67-positive
cells (Fig. 2H(h)), despite the presence of many PECAM-
positive ECs (Fig. 2G(g)).

AVMs express genes associated with
lymphatic specification

To determine if AVMs express other genes associated
with lymphatic development, we examined the expres-
sion of SOX18, FOXC2, NFATCI1, TBX1, and VEGE-C,
along with COUP-TFII, PROX1, and LYVE1l by qRT-
PCR. SOX18 regulates arteriovenous specification and
developmental lymphangiogenesis by regulating expres-
sion of PROXI, and is found at low levels in the adult

human brain.'®*® Similarly, FOXC2 functions in arterial
specification and lymphangiogenesis®® and its transcrip-
tional regulation involves NFATC1, a TF with roles in
lymphatic patterning.>® TBX1 regulates the expression of
VEGFR3 and is essential for lymphatic vessel matura-
tion.”> VEGF-C is a necessary ligand for PROX1-medi-
ated lymphatic development, interacts with SOX18 to
regulate lymphangiogenesis,”> and is the preferred ligand
of VEGFR3, a receptor with a role in lymphatic develop-
ment.”* We also examined the expression of two genes
not associated with a lymphatic phenotype: Nestin, a
gene that is expressed by neural stem/progenitor cells
and has also been observed in human AVMs,>>?° and
beta-2-microglobulin (B2M), a component of the major
histocompatibility complex and associated with periph-
eral arterial disease.”’”

The expression of these genes for all 20 AVMs and
normal cortex is shown in the heat map in Figure 3A,
while the expression of Nestin and B2M is shown in Fig-
ure 3B. We defined a “Lymphatic Signature” (LS) as the
sum of the expression of the lymphatic-associated genes,
including COUP-TFII, SOX18, PROXI, NFATCI,
FOXC2, TBX1, LYVEL, and VEGF-C. There was heteroge-
neity in both the profile and the level of expression of the
lymphatic-associated genes across all AVM samples. Of
note, PROX1 was highly expressed compared to other
genes in the subset of AVMs (13-17, 19) from patients
that presented with acute hemorrhage prior to surgery.
There was significant correlation between the expressions
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Figure 3. Summary of AVM and normal brain gene expression by gRT-PCR. (A) The heat map represents the relative expression levels of eight
lymphatic-associated genes for 20 AVM samples and normal human brain (NB). LS = sum of expression of lymphatic-associated genes (COUP-TFII,
SOX18, PROX1, NFATC1, FOXC2, TBX1, LYVE1, and VEGF-C). (B) Expression levels of Nestin (left panel) and B2M (right panel) for the same 20
AVM samples and normal human brain (NB). Samples were analyzed in duplicate with threshold cycle (CT) values all within 0.5. AVM,
arteriovenous malformation; VEGF, vascular endothelial growth factor.

of lymphatic-associated genes as outlined in Table 2. correlated negatively with SOX18, NFATC1, and FOXC2.
COUP-TFII expression positively correlated with SOX18, The LS set of genes correlated significantly with COUP-
NFATCI1, FOXC2, and TBX1; SOX18 expression posi- TFII, SOX18, NFATC1, FOXC2, TBX1, and LYVEI.
tively correlated with NFATC1, FOXC2, LYVEI, and While this does not indicate a direct interaction between
VEGEF-C; NFATCI expression positively correlated with these genes, there was very little correlation observed
FOXC2 and TBX1; and FOXC2 expression positively cor- between these genes and the expression of Nestin and
related with TBX1 and LYVEI. The expression of PROX1 B2M. Significant correlation existed only between Nestin
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pathways. A subset of 14 AVM samples and normal brain (NB) were analyzed by gRT-PCR in duplicate with CT values within 0.5 CT. AVM,
arteriovenous malformation; VEGF, vascular endothelial growth factor; CT, threshold cycle.

proliferation (P < 0.001) relative to control. Overexpres-
sion of COUP-TFII mRNA and protein was confirmed by
qRT-PCR and western blot (Fig. S2A and B).

COUP-TFII overexpression results in dilated
EC tubes

To determine if COUP-TFII had an effect on angiogene-
sis, we used the in vitro EC tube formation assay to
examine tube formation at 48 h for HUVEC-GFP and
HUVEC-COUP-TFII. HUVECs maintained normal angio-
genic responses to EGM-2, EGM-2 with sulforaphane (a
broad-based inhibitor of angiogenesis), EBM-2 with FGF
and EBM-2 (Fig. S3). Representative images of tube for-
mation for HUVEC-GFP and HUVEC-COUP-TFII visual-
ized with Calcein AM are shown in Figure 6A and B,
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respectively. There was no significant difference in tube
length (Fig. 6C) but there was a trend toward increased
branch points with COUP-TFII overexpression (Fig. 6D).
There was a significant increase in tube surface area
(Fig. 6E, P = 0.002) and tube width (Fig. 6F, P < 0.001)
in HUVEC-COUP-TFII compared to HUVEC-GFP cells.
This effect was not due to differences in proliferation, as
confirmed by quantitation of RNA extracted from indi-
vidual wells of HUVEC-COUP-TFII and HUVEC-GFP
(data not shown).

Discussion

The mechanisms by which AVMs develop are still largely
unknown. There is exquisite control over EC specification
and arterial, venous, and lymphatic development, with
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Figure 5. COUP-TFIl overexpression results in increased proliferation
in HUVECs. Cell proliferation was determined at 48 h for HUVEC-GFP
and HUVEC-COUPTFIl (n =4 independent lentiviral-infected HUVEC
cultures). Data are presented relative to HUVEC-GFP proliferation.
SEM, standard error of the mean; **P < 0.001. HUVECs, human
umbilical endothelial cells.

key roles for Notch, COUP-TFII and PROX; dysregula-
tion of any of these genes, and other genes involved in
vascular development and maintenance, results in vascular
pathology as demonstrated in both animal models and
humans. In rodents, both loss-of- and gain-of-function
Notch signaling have been shown to generate vascular
malformations,***’ while normalization of Notch signal-
ing leads to malformation regression.'’ Overexpression of
COUP-TFII in vivo also resulted in vascular malforma-
tions in a conditional, EC-specific mouse model'® and in
vitro overexpression of COUP-TFII alone can downregu-
late HEY2, a downstream target of Notch signaling.**
Finally, EC-specific overexpression of PROX1 results in
hemorrhage, edema, anemia, and embryonic lethality at
E13.5, possibly due to alterations in tight junction pro-
teins such as ZO-1 and Occludin.*® Expression of these
proteins in human AVMs has not been fully studied pre-
viously, although there is some evidence for activated
Notch-1 signaling.***” AVMs are known to occur via
other mechanisms, however. Hereditary hemorrhagic tel-
angiectasia (HHT), a disease with a high incidence of
brain AVMs, is frequently associated with gene mutations
in ENG (HHT type 1), ACVRL1 (HHT type 2), or
SMADA4, all of which ultimately result in disrupted TGEf
signaling.*® The recent report of the disruption of TGEf
signaling via a direct interaction between COUP-TFII and
SMAD4 suggests a role for COUP-TFII in modulating
TGFp signaling directly.”’ These diverse molecular path-
ways provide support that AVMs may form via indepen-
dent mechanisms despite a seemingly homogeneous
disease phenotype. While the varied expression of selected
signaling pathway genes shown here does not illustrate a

Lymphatic Gene Expression in Human Brain AVMs

clear signaling pathway or mechanism, it does suggest
that the underlying disease biology of human brain AVMs
is complex, and points to potential underlying disease
heterogeneity or to changes in AVM biology from patient
to patient depending on when the AVM was diagnosed
and removed. Future experiments will address these
issues.

The work we present here suggests a previously unde-
scribed role for COUP-TFII, PROX1, and other angiogen-
esis/lymphatic-associated genes in human brain AVMs.
We have shown that human brain AVMs express COUP-
TFII and other genes known to regulate key aspects of
angiogenesis and lymphangiogenesis. The expression of
these genes significantly correlated with each other, and a
subset significantly correlated with the presence of preop-
erative edema and acute hemorrhage. We have also
shown that AVMs contain Ki67-positive proliferating cells
and that overexpression of COUP-TFII in vitro resulted
in both increased EC proliferation and dilated tubes in an
EC tube formation assay. The trend toward comparatively
higher levels of PROX1 expression in the AVMs from
patients presenting with acute hemorrhage is also intrigu-
ing, given that PROXI1 alone is capable of reprogramming
vascular ECs to the lymphatic fate in vivo,* and is nor-
mally involved in the development of the lymphatic sys-
tem.** COUP-TFII has previously been shown to initiate
PROXI1 transcription, and although not necessary for the
maintenance of expression, may potentially be initiating
PROXI expression in AVMs."” Increased levels of PROX1
may also simply be a consequence of acute hemorrhage
and future work will be required to address the question
of PROXI1 expression and compromised vascular integ-
rity, edema, and hemorrhage.

It remains unclear whether COUP-TFII overexpression
is an initiating event in AVM formation, or if normal
COUP-TFII expression is dysregulated during develop-
ment or activated post development. A challenge to
studying human tissue is that it is not possible to exam-
ine the temporal or dynamic expression that might be
occurring throughout the initiation, development, and
maintenance of the AVM. The question also remains by
what mechanism COUP-TFII, a transcription factor lar-
gely absent from normal mature cerebrovasculature, is
being expressed in brain AVMs. The transcriptional regu-
lation of COUP-TFII is not well understood, including
how cerebrovascular ECs are restricted in their ability to
acquire a lymphatic fate during development. Interest-
ingly, a HH response element has been identified in the
COUP-TFII promoter 1region,39 and more recent work
has shown the chromatin-remodeling enzyme BRG1 func-
tions during normal development to promote the expres-
sion of COUP-TFII in vascular endothelium.*' It is also
critical to assess is the contribution of flow-induced
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Figure 6. COUP-TFIl overexpression results in dilated EC tubes. Representative images of tube formation of HUVEC-GFP (A) and of HUVEC-
COUP-TFII (B) after 48 h. Tube length was not significantly different in HUVEC-COUP-TFII (C), while there was a trend toward more branching in
HUVEC-COUP-TFIl (D). Both the surface area (E) and the tube width (F) were significantly increased in HUVVEC-COUP-TFIl cultures. N = 3
independent lentiviral-infected cultures. Scale bar 200 umol/L; **P < 0.002. EC, endothelial cell, HUVEC, human umbilical endothelial cell.

mechanical stress. Studies in a zebrafish model of HHT
demonstrate the crucial role of hemodynamic forces in
AVM formation and gene expression'*; however, the con-
tribution of aberrant blood flow to gene expression in
human brain AVMs is currently unknown. AVMs present
a lower resistance vascular bed owing to the lack of a cap-
illary network, and experience nonuniform wall shear
stress ranging from 40 to 72 dynes per cm?®, well beyond
the normal range.! Development of additional in vivo

and in vitro models of AVMs may address these questions
and further elucidate disease mechanisms.

The expression of lymphatic-associated genes in brain
AVMs is interesting, given that the normal brain does not
have the classic lymphatic vascular system that exists in the
rest of the body. There is evidence for additional cerebro-
vascular irregularities in AVMs including the presence of
Weibel-Palade bodies which are largely absent in normal
brain ECs, a compromised blood-brain barrier, as well as

992 © 2014 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



L. D. Shoemaker et al.

reduced mural cell coverage.*”*® As the molecular events
controlling the normal specification, development, and
maintenance of the vascular and lymphatic systems are
elucidated, so too will those pathological processes involved
in cerebrovascular malformations and diseases, including
AVMs and brain aneurysms. The work presented here iden-
tifies additional potential contributors to AVM disease
biology and has highlighted further avenues for research.
Clinically, one of the most significant challenges in treating
patients with AVMs is the evaluation of hemorrhage risk,
upon which hinges the choice of appropriate treatment
plan. To gauge the risks of surgical intervention, brain
AVMs are commonly classified according to the SM grade;
no such criterion is yet available to gauge hemorrhage risk,
although there is some preliminary association of AVM
size, protein expression, and single nucleotide polymorph-
isms (SNPs) with higher risks of hemorrhage.l’8 This work
may have important future implications for improving cli-
nicians’ abilities to predict AVM hemorrhage risk. Addi-
tional studies of AVM patients and state-of-the-art imaging
techniques may address this question and provide addi-
tional clinical correlates to these basic research findings.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. A comparison of protein and mRNA expres-
sion of COUP-TFII, PROX1, and LYVEl in human
AVMs and normal brain. As shown for two representative
AVM samples and normal brain, protein expression by
IHC (A,A-I) reasonably corresponded to the expression
of these proteins by qRT-PCR (B). DAB immunoreactiv-
ity appears as brown staining. Samples were analyzed in
duplicate with threshold cycle (CT) values all within 0.5.
Scale bar is 100 um.
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Figure S2. Lentiviral-mediated overexpression of IRES-
GFP and COUP-TFII-IRES-GFP in HUVECs. Both
COUP-TFII mRNA (A) and protein (B) were abundantly
expressed in HUVECS following lentiviral-mediated over-
expression. GAPDH was the reference gene for qRT-PCR
while f-actin was used as loading control for western
blot.

Figure S3. Lentiviral-infected HUVECs maintain a nor-
mal response in the endothelial tube formation assay.
Representative images of HUVEC-GFP and HUVEC-
COUP-TFII tube formation using Calcein AM in the
presence of fully supportive medium (EGM-2), no tube
formation in fully supportive medium containing the
angiogenesis inhibitor sulforaphane (EGM-2+ Inhibitor),
and reduced tube formation with minimally supportive
medium (EBM-2) or in the presence of FGF alone (EBM-
2+ FGF). Scale bar is 100 um.

Table S1. List of FAM™ gRT-PCR primer sets against
human genes (Applied Biosystems, Foster City, CA).
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